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INTRODUCTION 
‘The Fifth International Conference on Nondestructive Testing 

was held in the Mount Royal Hotel, Montreal, Canada, May 21 
to 26, 1967 for the purpose of promoting international collaboration 
in all matters rslating to the development and use of nondestructive 
test methods. Canada’s invitation to host the Conference was 
approved by the Standing Committee for International Cooperation 
in the Field of Nondestructive Testing, now the International Com- 
mittee for Nondestructive Testing, at the fourth meeting of the 
committee held in London, England, September 10, 1963. 

The conference was sponsored by the Canadian Council for 
Nondestructive Technology Inc., who solicited aid from many 
organizations, and individuals. An Organizing Committee was 
formed and given the responsibility of preparing and conducting 
the conference within the terms of reference established by the 
International Committee for Nondestructive Testing. 

Members of the International Committee and the recognized 
nondestructive testing societies in the member countries publicized 
the conference and promoted interest among members. Several 
countries established committees for the purpose of reviewing and 
screzning technical papers prior to their submission for presentation 
at the Conference. 

The languages of the conference were English and French and 
facilities for simultaneous translation were provided at all sessions. 
In addition to the technical sessions there were two principal 
sessions where invited papers were presented and discussed. 

The conference was attended by 736 delegates from 23 coun- 
tries. From more than 150 papers submitted 82 were selected for 
presentation by authors from 14 different countries. All session 
meetings and social activities were held in the Mount Royal Hotel, 
in which most of the conference delegates were housed. 

Activities related to the Conference included a program for 
the ladies in which more than 80 participated, local plant visits, a 
post conference tour of southern Ontario, a banquet and other 
social events. 

The International Committee for Nondestructive Testing held 
two meetings at which requests for committee membership were 
approved and a revised form of the committee’s Terms of Reference 
were adopted. The Committee accepted an invitation from Germany 
to host the Sixth International Conferznce on Nondestructive 
Testing in May 1970. 

The Canadian Welding Society and the Canadian Council of 
the American Society for Metals held regional meetings in Montreal 
in conjunction with the Fifth International Conference on Non- 
destructive Testing. 

ference in the Laurentian Hotel. Technical papers presented at the 
three-day conference featured the special applications of welding, 
fabrication and design used in turbo trains, hydrofoil vessels, tur- 
bines, bridge and building construction, locomotives etc. The papers 
dealt with many of the new welding processes. 

The Canadian Council of the American Society for Metals 
sponsored a Regional Conference on Metal Processing, a two-day 
conference held in the hotel Chateau Champlain. The technical 
papers presented were concerned with solidification and coasting, 
drawing and forming, metal cutting, heat treating and finishing. 

The Canadian Welding Society and the American Society for 
Metals sponsored an International Exposition for Metals, Testing, 
Welding and Fabricating at the Show Mart Building. This exposition, 
which included one of the largest displays of nondestructive testing 
equipment ever shown, was attended by more than 6,000 visitors. 

Several thousand visitors from around the world, interested in 
the production, fabrication and testing of metals gathered in Mont- 
real as a result of the Exposition and the combination of Society 
Conferences. 

The success of the Fifth International Conference on Non- 
destructive Testing was due in large measure to the interest displayed 
by the societies, government agencies, industry and organizations 
and individuals who participated. 

The Canadian Welding Society held its Sixth National Con- 

To all of them is due a sincere vote of thanks. 

. - - . . . . . - . . . . . . . - . - . -. . . , . . - . . . . ... -, . . . . . . . . . - 
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International Exposition for Metals, Testing, Welding 
and Fabricating 

An International Exposition sponsored by the Canadian Welding 
Society and the American Society for Metals was held in the Show 
Mart, Montreal, May 22-25. More than 100 companies and their 
affiliates from Canada, United States, Europe and Asia presented 
exhibits, covering operations on the production, selection and use 
of metals, equipment and methods for nondestructive testing, 
physical testing, welding, brazing and all types of metal fabrication 
machines. 

The display of NDT equipment and scientific equipment was 
provided by the following companies: 

Automation Industries Inc., Sperry Products Division 
Balteau Electric Corporation 
Bausch & Lomb Inc. 
L. E. Baxter Limited 
Branson Instruments, Inc. 
The Budd Company, Instruments Division 
Canadian Eastman-Kodak 
Carveth Metallurgical Ltd. 
W. E. Carveth Ltd. 
Central Scientific Company 
Electro-Physical Instruments Ltd. 
Geoscience Instruments Ltd. 
Instrom Canada Ltd. 
Isotopin-Laboratorium 
Karl Deutsch Germany 
Krautkramer Ultrasonics Inc. 
Drs. J & H Krautkramer 
M.T,S. Systems Corporation 
Magnaflux Corporation 
Magnetic Analysis Corporalion 
Mohr and Federhalf A.G. 
Philips Electronic Instruments & C .  H. F. Muller 
Photo Import Agencies-Gevaert Films 
Picker X-Ray Corporation-Holger Andreason 
Polaroid Corporation of Canada Ltd. 
Rich. Seifert and Company 
Spectra Research Ltd. 
Wilhelm Tiede 
Toshiba, Tokyo Shibaura Electric Company Limited 
Technical Marketing Services 
Vickers Instruments 
Welsh Scientific Co. 
Some 80 other exhibitors displayed metals, welding and shop 

fabrication equipment. 

SUPPORTING COMPANIES 
H. G. Acres & Co. Ltd. 
Algoma Steel Corporation Ltd. 
Anaconda American Brass Ltd. 
Associated Inspection Services 
Atomic Energy of Canada 

Babcock Wilcox & Goldie-McCullogh 
L. E. Baxter Limited 
B & W Heat Treating Ltd. 
Branson Instruments Ltd. 
Bristol Aerospace Limited 
Budd Instruments Ltd. 

Canadair Ltd. 
Canadian Council A.S.M. 
Canadian General Electric Co. Ltd. 
Canadian Iron Foundries Ltd. 
Canadian Kodak Company Ltd. 
Canada Machinery Corporation 
Canadian National Railways 
Canadian Oxygen (1963) Ltd. 
Canadian Pacific Railway 
Canadian Steel Foundries 
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Catalytic Construction of Canada Ltd. 
Canadian Welding Bureau 
Canadian Welding Society 
Canadian Westinghouse Company Ltd. 

De Havilland Aircraft of Canada Ltd. 
Dominion Bridge Company Ltd. 
Dominion Foundries and Steel Ltd. 
Dominion Steel & Coal Corporation 
3. & H Krautkramer 

Electro Physical Instruments Ltd. 

Fahralloy Canada Ltd. 
Ferrania Photo Sales Ltd. 
Ferranti Packard Ltd. 
Frankel Structural Steel Ltd. 

Horton Steel Works Ltd. 
Phillip A. Hunt Co. (Canada) Ltd. 

Imperial Oil Ltd. 
Independent Inspection Service 
Industrial Nondestructive Testing Ltd. 

Lake Ontario Steel Company 

National Steel Car Corporation 
North American Inspection Services 
Northern Electric Co. Ltd. 

Ontario Chapter Society for N.D.T. 
Orenda Ltd. 

Philips Electronic Industries Ltd. 
Picker X-Ray Engineering Ltd. 
Procor Limited 

Renfrew Aircraft & Engineering Co. Ltd. 
Rich-Seifert (J .  Roch) 

Steel Company of Canada 

Toronto Iron Works Ltd. 

Union Carbide Canada Ltd. 
United Aircraft of Canada Ltd. 
United Electrical X-Ray Company Ltd. 

Visu-Ray Limited 

Warnock-Hersey Company Ltd. 
Williams and Wilson 
Wilhelm Tiede 

X-Ray and Radium Ltd. 

The Government of the United States of America 
-The Naval Air Systems Command 
-The Office of Naval Research 

Many companies, both Canadian and foreign, provided assistance 
to the conference. Their contributions were essential to the organ- 
ization of a conference of this scope, and were wholeheartedly 
appreciated by all registrants. 

The Organizing Committee of the 5th ICNDT wishes to sincerely 
thank the following organizations for their distinct and invaluable 
contribution to the organization of this conference; 
The Society for Nondestructive Testing Inc. 
The Standing Committee for International Co-operation within the 

Field of Nondestructive Testing 

The Department of Industry, Government of Canada 
The Department of Trade and Commerce, Government of Canada 
The Department of Energy, Mines and Resources, Government of 

The Montreal Convention Bureau. 
Canada 

SOCIAL ACTIVITIES 

The official delegates from the participating countries and 
members of the International Committee for Nondestructive Testing 
were welcomed at a reception held on Sunday, May 21, at “The 
Expo ’67 Club” on the Expo site. 

The official banquet on Thursday, May 25,  was the highlight of 
the many receptions held during the Conference. More than 500 
guests of the Canadian Council for Nondestructive Technology, the 
Canadian Welding Society, the American Society for Metals and 
of the International Exposition for Metals, Testing, Welding and 
Fabricating, were in attendance. Professor J .  Gordon Parr, Dean of 
Engineering, University of Windsor, Windsor, Ontario, as an excel- 
lent Master of Ceremonies, maintained the spirit of international 
friendship expressed by the delegates and guests. Dancing and 
entertainment followed the banquet. 

LADIES’ PROGRAM 

More than 80 ladies who had accompanied delegates to the 
meetings of the three participating Societies took part in a program 
of visits and social activities arranged by the Conference Ladies 
Reception Committee. A hospitality room provided a meeting place 
to obtain information and to get acquainted. Visitors enjoyed a 
bus tour of greater Montreal, attended a fashion show, visited the 
Planetarium and a large modern shopping centre. Luncheons were 
arranged and time provided for a day at Expo ’67. 

POST-CONFERENCE TOUR 
May 28-June 3,  1967 

The post conference tour was attended by 23 delegates from the 
United Kingdom, the U.S.S.R. and the U.S.A. The tour began in 
Montreal on Sunday, May 28, and terminated in Toronto on June 3. 
The delegates visited industrial plants, government laboratories and 
a university and were entertained at several social gatherings. The 
itinerary was as follows: 
Monday, May 29, Ottawa 

The National Research Council Radiological and Mechanical 
Laboratories and the Parliament Buildings of Canada. A City tour. 
Tuesday, May 30, Kingston 

The Aluminium Research Laboratories and the Aluminum Com- 
pany of Canada. A tour of Fort Henry. 
Wednesday, May 31 

Travel to Toronto with a visit to Edwards Botanical Gardens. 
Thursday, June 1 ,  Toronto 

Sheridan Park Research Complex with visits to the British 
American Oil Company Research Centre and laboratories of the 
Atomic Energy of Canada. The Steel Company of Canada new 
Research Laboratory. 
Friday, June 2, Hamilton 

and Nuclear Reactor of McMaster University. 
Saturday, June 3, Niagara Falls 

beauty of Niagara Falls and the nearby points of interest. 

Dominion Foundries and Steel Ltd. The Engineering Buildings 

The delegates were given the opportunity of seeing the scenic 

PLANT VISITS 

An organized tour was arranged to Air Canada Ltd., Airline 
Maintenance Base, Dorval, Que. In the modern nondestructive 
testing laboratory the latest equipment and test methods used in 
the aircraft industry were seen by the delegates. 

Individual plant visits to other organizations were arranged at 
the request of the delegates. 
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OPENING SESSION 

Welcoming addresses were given by W. E. Havercroft, General Chairman; V. G. Behal, General Co-Chairman and by L. Hanigan, City Councillor 
on behalf of His Worship the Mayor of Montreal. 
The keynote address was delivered by Dr. John Convey, Director, Mines Branch, Department of Energy, Mines and Resources, Ottawa. 

WELCOMING ADDRESSES 
W. E.  Havercroft, General Chairman 

On behalf of the Organizing Committee of the Canadian Council for Nondestructive Technology it is my privilege to welcome YOU to the Fifth 
International Conference on Nondestructive Testing. 

It is very gratifying to know that so many distinguished visitors from Canada and from many parts of the world are gathering here this week to 
share information in the rapidly expanding field of nondestructive testing. 

Previous successful conferences held in Brussels, Belgium; Chicago, U.S.A. ; Tokyo, Japan; and London, England, taught us to have confidence 
in each other and in our profession. It is this confidence, which I hope will be fostered this week, that has made possible this Fifth International Con- 
ference on Nondestructive Testing. 

YOU will have the opportunity to share information and record the progress of nondestructive testing as it is presented by authors of 82 technical 
papers from 13 different countries. 

You will also have the opportunity to renew old friendships and to create new international friendships among the many people you will meet. 
We hope our visitors from abroad will get to know their Canadian hosts and will help Canada celebrate her 100th birthday. 
Some of you will have an opportunity to see other parts of Canada, to visit EXP0'67. We hope you retain fond memories of Canada and of the 

With the hope that the international cooperation and friendship established at the previous conferences will be maintained and continued at future 
Fifth International Conference on Nondestructive Testing. 

conferences I have the honour to officially open the Fifth International Conference on Nondestructive Testing. 

Y. G. Behal, General Co-Chairman 
As Chairman of the Organizing Committee of the Fifth International Conference on Nondestructive Testing, it is my pleasure and great privilege, 

to welcome you to participate in the conference and acquaint you with some of the other activities we have arranged for, or co-sponsored, for your 
added enjoyment and benefit. 

Firstly, about 82 technical papers will be presented here, at the Mount Royal Hotel, the headquarters of the Conference, by representatives of 13 
nations to visitors from 24 countries. Our pre-registration and current registration figures indicate that a total attendance at this conference will exceed 
700 visitors. 

The First Eastern Canadian Regional Conference of the American Society for Metals, organized by representatives of eight of the fourteen 
Canadian Chapters, with headquarters at the Chateau Champlain, will present 14 papers on Modern Metal Processing, during their two-day con- 
ference, held May 24th and 25th. 

The Sixth National Convention of the Canadian Welding Society will be held on May 23rd, 24th and 2Sth, with 36 papers being given at the 
Convention Headquarters, the Laurentian Hotel. 

The Canadian Welding Society, together with the American Society for Metals, headquarters at Metals Park, have organized and will operate 
an International Exposition for Metals, Testing, Welding and Fabricating, sponsored by all the participating societies, and this show, held at the Show 
Mart, covers 75,000 square feet of space, containing what is believed to be the largest exhibition of nondestructive testing equipment ever assembled 
under one roof, with the balance representing metals and materials industries. The Exposition will be open daily throughout the week of our conference, 
until Thursday night, while our conference continues throughout Friday. 

The Organizing Committee of the Conference has planned a comprehensive ladies program and ladies of the other participating societies are 
welcome to join this group, as provisions have been made, based upon pre-registration, to accommodate all who wish to participate. 

Conversely, registrants to the NDT Conference are cordially invited to attend any of the ASM or CWS lectures they might be interested in, and 
we urge all delegates to visit the Metals Exposition; all these activities are free to conference registrants. 

The ASM group expect an attendance of 300, while the CWS will have as many as SO0 registrants. 
There have been four successful conferences held prior to this one, but when again will you be able to gather for such an occasion in a country 

celebrating the centennial of its Confederation, in a large, cosmopolitan centre such as Montreal, a city combining the new-world efficiency with an 
old-world charm, and during Expo '67, or its equivalent? 

You may note that we shall have simultaneous sessions, served by bilingual translation, further adding to the truly international flavour of our 
gatherings. 

The simultaneous sessions were necessary to provide and cover all of the material thought to be required for a group of this calibre, gathered here 
from around the globe. 

As stated before, we were fortunate in being able to arrange our conference during Expo '67, the first Class I International Exposition ever held 
on this continent, and while this has created some problems, for which under the circumstances we feel that you will forgive us, it was well worth it, 
as we are certain that you will find this event unforgettable, and the highlight of this week's nontechnical activities. 

Anyone wishing to join in the post-conference tour or any of the several tours arranged for plants in Montreal, is asked to please contact the 
registration desk. 

On Sunday, May 28, the now reinstated post-conference tour departs from Montreal for Ottawa, and the following week will be spent travelling 
by bus through Kingston, Upper Canada Village, Toronto, Sheridan Park, Hamilton, to Niagara Falls, with visits to research establishments, industrial 
concerns, and also points of interest for scenic beauty along the way. The tour will spend Saturday, June 2, at Niagara Falls, and participants will 
be returning to Montreal that night. 

Receptions along the way have also been provided for and we do hope that each one of you will enjoy his visit to Canada, and during your stay 
you will meet some of the people, too numerous to introduce, but whose great efforts over an extended period have made our plans a reality, and who 
I wish to thank publicly for their magnificent support. 

I hope you will find your visit here both enjoyable and profitable and that we shall have the opportunity to meet with each one of you personally, 
throughout the week, to either renew old acquaintances or make new ones, to help develop the sDirit of international co-operation and understanding, 
so badly needed in the world today. 
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KEYNOTE ADDRESS 

Dr. John Convey, Director, Mines Branch 
The response shown by this gathering to an international conference on nondestructive testing is indicative of the rapid progress and expansion 

that is occurring in this area of technology. 
The rate of increased knowledge and of the scientific achievements of today demands a more rapid exchange of information between nations and 

individuals than ever before. The advanced communications of today by means of satellites etc. merely paves the way for a personal contact between 
individuals and for distinguished scientists, engineers, educators etc. to gather together at international conferences such as this. The exchange of 
scientific information on an international level is essential to maintain progress in any scientific field and to provide an attitude of trust between 
nations. 

Although we are blessed with an abundance of minerals and elements which can be extracted from our environment and made to serve us in many 
ways, our supply of raw materials is not inexhaustible. We already feel the shortage of these materials in numerous ways and must seriously begin to 
consider the wastage of time and materials. 

Nondestructive testing, although a relatively new part of our technology, is playing an important role in this endeavour. With it we have a means of 
assuring the serviceability of a single part whose failure can lead to the loss of a structure that wastes expensive and critical materials and thousands 
of man hours of labour. Or we can use it to assure the reliability of thousands of commonplace articles of everyday life in which we must soon expect 
built-in quality and a reasonable life, rather than built-in obsolescence. 

Much waste could be avoided if more thought were given at the time of design of a component as to how its quality can be determined. Many 
times inspection costs could be appreciably reduced if this had been done. Perhaps the day will come when the quality-control expert will be a part of 
the design team. 

Material savings are quite evident where quality control is maintained at each step of the fabricating process. More and more quality control 
through nondestructive testing is being integrated into assembly operations as an integral part of the production cycle and more and more use is made 
of the automatic feed back of computerized data to prevent the occurrence of anomalies during the process. 

Management’s responsibility to operate at a profit demands proper quality control. Quality control, and in particular some nondestructive testing 
personnel, are making decisions whose value in dollars to an organization may be equal or higher than decisions made by top management. It is 
management’s responsibility to encourage these people to keep abreast of new developments in their field. One manner of doing this is by participation 
in meetings such as this. 

The extensive research and development occurring in the field of nondestructive testing will be exemplified this week. We are more demanding of 
the properties of many of our materials than we were in the past, and of course we have much to learn of the properties of newer materials. In space 
technology and nuclear activities, for example, we are demanding nondestructive tests capable of finding discontinuities, fluctuations etc. that were 
relatively unimportant a short time ago. We now concern ourselves with a misplaced atom and its effect upon the properties and serviceability of the 
part. We expect materials to withstand higher stresses under greater extremes of temperature and in extremely difficult environments. 

At the other end of the scale we must be more and more concerned with the safety of the individual and of entire populations in an area. In daily 
life we are becoming encircled with more and greater hazards such as the transportation or storage of gases and chemicals which could wipe out an 
entire town or city. 

The importance of nondestructive testing in this area should not be ignored. 
During this week you will learn of the development of many new and fascinating nondestructive testing methods. For example, you will learn 

of recent developments in the electronic imaging of X-rays which provide instantaneous information on the structure of materials. As mentioned 
earlier, you will find this method, in common with so many other test methods, has applications in the automatic in-line process control of materials. 

In the field of ultrasonics we now have television. ultrasonic imaging systems to provide information comparable to the fluoroscopic and radio- 
graphic test methods. 

The use of heat as the probing medium for nondestructive tests is also expanding. Thermal sensitive phosphors and paints are being used as in- 
dicating coatings to show unbonded areas on such things as honeycomb panels. Thermal and infrared nondestructive test techniques appear to have 
a great future in aerospace applications. It has been suggested that structures or machines subject to heating during service may have built-in sensing 
and alarm systems which will indicate overloading, deterioration of the part or even the initiation of discontinuities. 

There has been definite progress in recent years, especially in Europe, in the development and application of electromagnetic methods of non- 
destructive testing. There have been several advances in the production of eddy-current and magnetic analysis test systems adaptable to in-service 
plant inspection. 

The use of neutron radiography and microwaves, newcomers to the family of nondestructive tests has already shown promise as a probing me- 
dium for use in areas where present test methods are inadequate. 

The ultimate value of all these commonplace and exotic test methods depends upon the integrity of the equipment used and the skill and knowl- 
edge of the operators. The increased use of computerized systems, with automatic read-out of information is dependent upon the equipment and its 
operator. With the development of miniaturized NDT equipment it is most important that the training and education of nondestructive testing person- 
nel be not neglected. It is to be hoped that the information absorbed during this week by the highly qualified people attending this conference will be 
passed on for the benefit of those who cannot obtain it at first hand. 
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CANADIAN COUNCIL FOR NONDESTRUCTIVE TECHNOLOGY INC. 

HAVERCROFT, W. E., President, Dept. of Energy, Mines and Re- 

BEHAL, V. G., Vice-president, Dominion Foundries and Steel Ltd., 

DALY, M. O., Secretary, Hawker Siddeley Canada Ltd., Canadian Steel 

GILL, E. A., Treasurer, Canadian General Electric Co. Ltd., Toronto, 

BAXTER, L. E., Director, L. E. Baxter Ltd., Montreal, Que. 
VEZINA, G. E., Director, Canadian National Railways, Montreal, Que. 
MICHAUD, R., Director, Electro Physicai Instruments Ltd., Montreal 

BARER, R. D., Director, Pacific Naval Laboratories, Esquimalt, B.C. 
VAN DEN ANDEL, J., Director, Canadian Westinghouse Ltd., Hamil- 

BOWE, E., Director, Warnock-Hersey Co. Ltd., Montreal, Que. 
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HAVERCROFT', W. E., General Chairman, Dept. of Energy, Mines and 
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GILL, E. A., Chairman Finance, Canadian Genera1,Electric Co. Ltd., 

MICHAUD, R., Secretary Organizing Committee, Electro Physical 

DALY, M. O., Chairman Publicity, Hawker Siddeley Canada Ltd., 

BENSON, J. E., Chairman Technical Papers, Canadian General Electric 

VEZINA, G. E., Co-Chairman Arrangements, Canadian National 

HERRING, R. D., Co-Chairman Arrangements, Williams & Wilson 

TARDIF, H. P., Co-Chairman Technical Papers, Canadian Armament 

BIRD, J. A., Co-Chairman Finance, The Steel Co. of Canada Ltd., 

PALMER, J. D., Co-Chairman Publicity, Ontario Research Foundation, 

Toronto, Ont. 

Instruments Ltd., Montreal 29, Que. 

Canadian Steel Foundries Div., Montreal, Que. 

Co. Ltd., Peterborough, Ont. 

Railways, Montreal, Que. 

Ltd., Montreal, Que. 

Research and Development Establishment, Quebec, Que. 

Hamilton, Ont. 
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LADIES' COMMITTEE 

BEHAL, V. G., General Co-Chairman, Chairman Organizing Committee, 

BAXTER, L. E., Co-Chairman Organizing Committee, Chairman DALY, MRS. M.9 Co-Chairman. 
Dominion Foundries and Steel Ltd., Hamilton, Ont. 

Arrangements, L. E. Baxter Ltd., Montreal, Que. 

MICHAUD, MRS. R., Chairman. 

CAIE, MRS. J. W., Secretary. 

MEMBERS OF INTERNATIONAL COMMITTEE FOR NONDESTRUCTIVE TESTING 

Australia. Mr. G. J. Timbs, Hon. Secretary, Non-Destructive Testing 
Association of Australia, N.S.W. Branch, Science House, 
1.57 Gloucester St., Sydney, Australia. 

Austria. Dr. E. Krainer, Eisenhutte Osterreich, Leoben, Montau 
Hochschule, Austria. 

Belgium. Prof. Dr. G. A. Homk, 118 rue Gabrielle Brussels 18, 
Belgium. 

Burma. Mr. H. H. Law Yone, Research Officer, Union of Burma 
Applied Research Institute, Pagoda-Kanbe Roads, Rangoon, 
Burma. 

sources, 568 Booth St., Ottawa, Canada. 

Technical Society, Praha 1, Siroka 5, Czechoslovakia. 

Denmark. 

search, Lonnrotinkatu 37, Helsinki, Finland. 

Canada. Mr. W. E. Havercroft, Dept. of Energy, Mines and Re- 

Czechoslovakia. Ing. L. Cizek CSC., Czechoslovak Scientific and 

Denmark. Mr. H. Vinter, 345 Park All&, Copenhagen, Glostrup, 

Finland. Dr. J. Salokangas, The State Institute for Tecbnical Re- 

France. Prof. Dr. P. G. Bastien, 15 rue Pasquier Paris 8", France. 
Germany. Dr. R. H. Seifert, Boganstrasse 41, 207 Ahrensburg, 

Great Britain. Dr. L. Mullins, Research Laboratories Kodak Ltd., 

Italy. Dr. F. Baldi, Centro Sperimentale, Metallurgica S.P.A., Rome, 

Germany. 

Harrow, Middlesex, England. 

Italy. 

Japan. Prof. Dr. H. Kihara, 483 Numabukuro, Nakano-ku, Tokyo, 
Japan. 

Netherlands. Mr. A. de Sterke, Chief Research Engineer, Rontgen 
Technische Dienst N.V., Delftweg 144, Rotterdam 8, 
Netherlands. 

Norway. Mr. J. C. Walter, Director, Rontgenkontrollen, Forsknings- 
veien 1, Oslo, Norway. 

Poland. Prof. Dr. I. Malecki, Nowowiejska 22 m. 12, Warsaw, 
Poland. 

Spain. Prof. Dr. M. de Miro, Instituto de la Soldadura, Director, 
Departamento Asistencia Technica Y Ensenanza, Serrano 
144-A Madrid, Spain. 

Sweden. Mr. H. Swedenborg, Tekniska Rontgencentralen AB, Huvud- 
kontoret 1, Stockholm 50, Sweden. 

Switzerland. Mr. R. Hornung, c/o Gebr. Sulzer AG., Abt. 15133, 
Winterthur, Switzerland. 

South Africa. Mr. P. Scribante, South African Bureau of Standards, 
Private Bag 191, Pretoria, South Africa. 

United States of America. Dr. G. H. Tenney, Society for Non- 
destructive Testing Inc., 704 Forty-Seventh St., Los Alamos, 
New Mexico, 87511, U S A .  

Union of Soviet Socialist Republics. Prof. Dr. P. K. Oshchepkov, 
States Committee of Devices and Automatisation, Ogarev 
St. 5 ,  MOSCOW, K-9, U.S.S.R. 
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INTERNATIONAL COMMITTEE FOR NONDESTRUCTIVE TESTING 
(formerly The Standing Committee for International Co-operation within the Field of Nondestructive Testing) 

Minutes of the 
FIFTH MEETING 

of the International Committee, held on Sunday, 21st May, 1967 
at 2:OO p.m. at the Mount Royal Hotel, Montreal, Canada. 

The following were present: 
Mr. W. E. Havercroft (Chairman) 
Mr. R. D. Barer (Vice-chairman) 
Mr. E. T. Watterud (Secretary) 
Prof. Dr. G. Homiis 
Dr. R. H. Seifert 
Mr. C. C. Bates 
Mr. W. C. Heselwood 
Dr. F. Baldi 
Prof. Dr. H. Kihara 
Mr. A. de Sterke 
Prof. Dr. I. Malecki 
Dr. Z. Pawlowski 
Mr. P. Scribante 
Mr. H. Swedenborg 
Mr. R. B. Socky 
Dr. G. H. Tenney 

Canada 
Canada 
Canada 
Belgium 
Germany 
Great Britain 
Great Britain 
Italy 
Japan 
Netherlands 
Poland 
Poland 
South Africa 
Sweden 
U.S.A. 
U.S.A. 

1. Apologies for Absence 
The Chairman reported that apologies for absence from the 

meeting had been received from Dr. E. Krainer (Austria), who had 
nominated Dr. Seifert to represent him; H. Vinter (Denmark), 
Dr. J.  Salokongas (Finland), Dr. M. de Miro (Spain) and R. Hor- 
nung (Switzcrland). Prof. Moravia had been prevented by illness 
from attending and had asked that Dr. Baldi act in his place. The 
Committee endorsed a suggestion by Dr. Tenney that a note of 
regret at Prof. Moravia’s absence and wishes for his recovery be 
signed by all members in attendance, and forwarded to him. 

The meeting expressed sincere regret at the announcement by 
the Chairman of the recent death of Mr. Pemberton of Great 
Britain. Mr. Pemberton was President of the Fourth Conference in 
London. 

2. Minutes of Previous Meeting 

10 September and 13  September in London, were adopted. 

3 .  Terms of Reference 
The Chairman reported that a Working Group composed of 

himself, Dr. Tenney, Dr. Seifert, Prof. Malecki and Dr. Mullins had 
developed Draft No. 4 of the Terms of Reference for the Committee, 
based on Draft No. 3 that was adopted at the London Conference. 
Copies of Draft No. 4 had been submitted to the Committee for 
comment in July 1966, with the result that official approval had 
been expressed by seven member countries and no indication of 
disapproval had been received. 

At the suggestion of Dr. Tenney the draft was given a general 
review. This resulted in agreement on a change in the title of 
Clause 3 from “Object” to “Objectives” and a corresponding change 
in Clause 3.1. Dr. Tenney suggested standardization of the spelling 
of the term “nondestructive”. After some discussion the Committee 
agreed, on a motion by Dr. Tenney, seconded by Prof. Malecki, to 
accept the one-word spelling of the term. This decision would be 
reflected in appropriate changes throughout the draft. 

Mr. Bates recommended that, since the draft had been provided 
to all members some months earlier, giving them ample time for 
consideration, its adoption should be resolved at this meeting. This 
was agreed and, on a motion by Mr. Bates, seconded by Mr. de 
Sterke, Draft No. 4 was adopted, subject to the editorial changes 
recorded above. 

Dr. Tenney expressed the congratulations of the Committee to 
the Chairman for his leadership in pushing development of the 
Terms of Reference through to successful completion. 

The Minutes of the two meetings of the Committee held on 

4.  Venue for  Sixth Conference 
The Chairman read a letter from Dr. Seifert confirming the 

offer made at the London Conference that Germany would be 
pleased to host the Sixth Conference in 1970. Dr. Seifert supported 
his written invitation with a verbal statement pointing out that 
1970 is an appropriate year in that it will be the 75th Anniversary 
of Roentgen’s discovery of X-rays. He indicated that the Conference 
would be planned for May, probably in Berlin. 

Dr. Seifert’s invitation was greeted with favour and enthusiasm. 
Prof. Malecki noted the possibility of difficulties, from a political 
point of view, in arranging for entry of delegates from some 
countries into West Berlin. 

Dr. Seifert stated that this possibility had been recognized, but 
expressed the hope that the choice of Berlin would pose no problem 
politically, since the city had much to commend it as the site for a 
nondestructive testing conference. It was agreed that the final choice 
of the site in Germany must be left to the discretion of Dr. Seifert 
and his colleagues according to the circumstances encountered at 
the time. The Committee agreed unanimously on a motion by Mr. 
Barer, seconded by Dr. Tenney, that the next conference be held 
in Germany in 1970. 
5 .  Invitation for  Seventli Conference 

The Chairman recalled that tentative invitations had been 
advanced by both Poland and France for future conferences. Prof. 
Malecki confirmed Poland‘s willingness to host a conference in 1973, 
but suggested that the matter be discussed at the meeting on 
Thursday when, it was hoped, Prof. Azou of France would be present. 
6. Mew~bership Changes 

The Chairman noted two changes in membership of the 
Committee since the London meetings. Mr. P. Scribante had replaced 
Mr. A. Middlecote as the representative of South Africa, and Mr. 
J. C. Walter was the new member from Norway, replacing Mr. A. 
Markestad. 

The Chairman reported also that interest has been expressed 
in committee membership by Argentine, Australia, Czechoslovakia 
and Hungary. A tentative request in writing from Australia would 
be raised for consideration on Thursday. 

Dr. Tenney reported that Yugoslavia also has indicated an 
interest in joining the Committee. He thought that a formal request 
could be expected from that country shortly. 

The meeting agreed with Dr. Seifert and Dr. Tenney that 
additions to the Committee membership should be encouraged, and 
promised a favourable reception to all membership requests that 
fulfil the conditions outlined in the Terms of Reference. 
7. Information Dissemination 

The Chairman invited general discussion on proposals advanced 
at various times in the past for particular activities that might be 
pursued by the Committee. Included amongst these were such items 
as the establishment of specific work projects, development of a 
multilingual glossary of Ndt terms, and exchange of information 
amongst member countries, He noted that the circulation of yearly 
progress reports from member countries, as recommended at the 
London meetings, had not been effectively carried forward. 

Mr. Bates reported on the formation of the Research Centre, 
set up in the United Kingdom, which would include an information 
and documentation service on nondestructive testing, and proposed 
that this might be used by members of the International Committee 
as a facility for exchange of information. 

Dr. Seifert thought that member countries should participate 
more actively in the exchange and circulation of reports on non- 
destructive testing. He promised to call for such reports from 
members on a regular basis during the period leading to the next 
conference. 
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Dr. Tenney agreed that dissemination of the rapidly growing 
body of knowledge in nondestructive testing is most desirable. He 
recommended the distribution to all member countries of the 
journals of national societies as one means of furthering circulation 
of information, 

Prof. Malecki referred to the program being pursued by 
UNESCO on the problem of information dissemination. He recom- 
mended that the International Committee keep in touch with this 
activity. 

Prof. Homts pointed out the problem created by the tremen- 
dous amount of data and information that is being developed. He 
stressed the importance of being selective in the quality and kind 
of information distributed. 

Mr. de Sterke stated that the International Institute of Welding 
has undertaken to establish liaison with the organizers of future 
conferences on nondestructive testing, and noted that this would have 
the effect of bringing all pertinent IIW documentation to the attention 
of Committee members. 

In closing the discussion on the topic of information distribu- 
tion, the Chairman expressed the hope that the opinions and ideas 

CONFERENCE INTRODUCTORY 

advanced would prove useful to Dr. Seifert and his colleagues 
in their plans and preparations for the Sixth IConference. 

8. New Business 
The Chairman invited discussion on a proposal that had been 

submitted to each of the members by Mr. L. E. Baxter concerning 
his establishment of an information distribution and international 
secretariat service. The Chairman noted that this proposal was an 
independent and personal effort on the part of Mr. Baxter, who felt 
that this service would prove beneficial to member countries in 
providing for the dissemination of information from a central agency. 

Prof. Homts, Mr. Bates, Mr. de Sterke and Prof. Malecki, in 
turn, stated general opposition to the principle and philosophy of 
Mr. Baxter’s proposal. The Committee concurred with these views 
and, though expressing appreciation of Mr. Baxter’s proposal, agreed 
that formation of an international secretariat was not desirable at 
this time. The Chairman undertook to notify Mr. Baxter of the 
Committee’s reaction. 

The meeting adjourned at 4:30 p.m., to reconvene on Thursday, 
25 May. 

INTERNATIONAL COMMITTEE FOR NONDESTRUCTIVE TESTING 

Minutes of the 
SIXTH MEETING 

of the International Committee held on Thursday, 25th May, 1967 
at 2:OO p.m. at the Mount Royal Hotel, Montreal, Canada 

The following were present: 
Mr. W. E. Havercroft (Chairman) Canada 
Mr. R. D. Barer (Vice-chairman) Canada 
Mr. E. T. Watterud (Secretary) Canada 
Prof. Dr. G. Homts Belgium 
Dr. M. Baimler Czechoslovakia 
Ing. L. Cizek Czechoslovakia 
Prof. P. Y. Azou France 
Dr. R. H. Seifert Germany 
Mr. C. C.  Bates 
Mr. W. C. Heselwood 
Dr. F. Baldi Italy 
Prof. Dr. H. Kihara Japan 
Mr. A. de Sterke Netherlands 
Prof. Dr. I. Malecki Poland 
Dr. Z. Pawlowski Poland 
Mr. P. Scribante South Africa 
Mr. H. Swedenborg Sweden 
Dr. Y. Badlevski U.S.S.R. 

U.S.S.R. Prof. Dr. P. K. Oshchepkov 
Mr. R. B. Socky U.S.A. 
Dr. G. H. Tenney U.S.A. 

1 .  Minutes of Previous Meeting 
It was agreed that the Committee name shown as the heading 

for the Minutes of the meeting held on 21 May should be changed 
to reflect the form accepted in the Terms of Reference. 

Mr. Bates asked that the second paragraph of Item 7 be altered 
to read as follows: 

“Mr. Bates reported on the formation of the Research Centre, 
set up in the United Kingdom, which would include an informa- 
tion and documentation service on nondestructive testing, and 
proposed that this might be used by members of the Jnterna- 
tional Committee as a facility for exchange of information.” 
The meeting agreed on a motion by Mr. Barer, seconded by 

Mr. Bates, that the minutes, amended as indicated above, be adopted. 
The corrected version would be distributed to the members by mail. 
2.  Business Arising out of the Minutes 

Prof. Azou reported, in connection with Item 5 of the minutes, 
that he had discussed the question of venue for the Seventh Confer- 
ence with Prof. Malecki, and expressed his support of the proposal 
that Poland host the conference. 
3 .  Committee Membership 

The Chairman tabled a letter from Czechoslovakia requesting 
membership on the International Committee. Statements of support 

Great Britain 
Great Britain 

for this request were made by Prof. Oshchepkov, Dr. Tenney, Prof. 
Malecki and Dr. Seifert, and these were enthusiastically endorsed 
by the other members. The result of this was a motion by Prof. 
Oshchepkov, seconded by Dr. Tenney and carried unanimously to 
welcome Czechoslovakia as a full member of the Committee. At 
this point the two Czechoslovakian delegates, Ing. L. Cizek and Dr. 
M. Baimler joined the meeting, with Dr. Cizek expressing apprecia- 
tion on behalf of Czechoslovakia for acceptance of their member- 
ship application. 

The Chairman reported that a considerable interest has been 
expressed on the part of Australia in obtaining membership on the 
Committee although no official request has yet been made. Dr. 
Tenney suggested that the Australian membership interest be followed 
up by a letter from the Chairman with the suggestion that their 
official request for membership be submitted to Dr. Seifert who will 
be the next Chairman and who would handle the membership 
application by a postal ballot. 
(Note: Subsequent to the meeting it was learned that an official 
Australian request for membership had arrived. It has been decided 
therefore that Mr. Havercroft would submit the application to postal 
ballot, with completed ballots to be returned to Dr. Seifert.) 

4.  Comments on Fifth International Conference 
In inviting frank comments and opinions of the members on any 

and all aspects of the Fifth International Conference, the Chairman 
reported that the post conference tour, originally cancelled on 
account of the marginal interest displayed prior to the conference, 
had now been rescheduled in view of somewhat increased interest 
discovered since the conference had opened. He made the observa- 
tion that the unexpectedly large number of delegates had resulted 
in the shortage of some conference items such as portfolios and 
certain items of literature, and had posed as well certain registration 
problems and inconvenience for some delegates. 

Prof. Hombs noted that at least one of the sessions had encoun- 
tered some difficulty in that questions to the session panelists, written 
in French, had gone unanswered, presumably because of translation 
difficulties. He suggested that at least one bilingual or multilingual 
person should be included among the administrators of each session 
to avoid this kind of difficulty in future conferences. He stressed 
also the importance of maintaining a close liaison arrangement 
between session chairmen, slide projector operators and the audience. 

Dr. Tenney emphasized the desirability of having preprints of 
all papers made available to delegates prior to the conference. He 

xv 



CONFERENCE INTRODUCTORY 

suggested also, for future conferences, that the Terms of Reference 
of the International Committee should be provided to all delegates 
upon their registration. 

Mr. Bates strongly supported Dr. Tenney’s suggestion for paper 
preprints. He noted that some delegates had failed to obtain a copy 
of the conference program in advance of the conference, prior to 
their departure from home. He observed also that the holding of 
simultaneous sessions proved inconvenient in some instances, when 
delegates found themselves faced with the problems of having 
separate papers of equal interest to them being presented at the 
same time. 

Prof. Oshchepkov expressed the wish that technical sessions 
could be translated into more than one language. 

Mr. de Sterke, in commenting on the suggestion concerning 
preprints, stated that success was achieved at a technical conference 
held in Warsaw in the technique of providing rather full summaries 
of technical papers in place of complete preprints. He expressed 
appreciation of the arrangements for the Fifth Conference that 
permitted a majority of delegates to be housed in the same hotel as 
the venue of the conference itself. He recommended this arrange- 
ment for future conferences wherever possible. 

Prof. Malecki expressed his recognition of difficulties faced by 
a conference committee in selecting technical papers from the 
variety offered from the different countries concerned. He recom- 
mended the technique of having the National Committees in each 
of the countries provide assistance and recommendations on the 
choice of papers from their countries. H e  urged also that care be 
taken in the arrangement of session time-tables to avoid the 
simultaneous presentation of sessions on similar topics, thereby 
echoing the earlier comment of Mr. Bates. Prof. Malecki thought 
also that a better balance should be sought in the selection of papers 
of a scientific or research nature versus those of applied technology. 
He supported the point made earlier by Mr. de Sterke that sum- 
maries of technical papers in advance of a conference could serve 
almost as well as full preprints with less practical difficulty in 
execution. 

Mr. Heselwood asked whether delegates will have access to 
early press coverage of the conference or to copies of the technical 
papers, for purposes of reporting to their individual firms. 

Mr. Scribante stressed the desirability of having the technical 
paper presentations remain closely on schedule. Dr. Seifert com- 
mented also on the problem of keeping technical sessions to their 
time schedules. He thought that the use of such techniques as warning 
lights to speakers might be helpful in maintaining time schedules. 

Dr. Seifert expressed his appreciation of the criticisms and 
suggestions offered by the members, since he realized that these 
were intended largely for the benefit of the next conference. He made 

technical papers from those offered for a conference, stating that 
it would be the plan of the German Committee to accept only those 
papers that have been recommended by the National Committees of 
the countries concerned. The Chairman warned, through the 
experience of the Canadian group, that a problem of time could 
be encountered in arranging for acceptance of papers by National 
Committees prior to their final acceptance by the conference 
committee. 

In reply to a question by Dr. Tenney, the Chairman stated 
that 20 copies of preprints of their papers are being provided to all 
authors on a complimentary basis. Additional copies will be provided 
as required, at a nominal charge. 

5 .  New Business 

as follows: 

particular comment on the problem of selecting the most qualified 

Mr. Bates tabled a two-part proposal by the British delegation, 

1.  That the committee agree that the appropriate time has 
arrived for establishment of an International Committee to 
co-ordinate the preparation of International Recommenda- 
tions on Nondestructive Testing. 

2. That it be further agreed by all delegates that they will 
request their offcial National standards organizations to 
recommend to the International Organization for Standard- 
ization (ISO) that IS0  does establish and support a Tech- 
nical Committee to deal with Nondestructive Testing. 

The Committee joined Dr. Pawlowski in strong support for 
an approach to IS0  concerning establishment of a Technical Com- 
mittee on Nondestructive Testing. 

Dr. Pawlowski expressed the hope that a significant percentage 
of research and scientific type papers can be attracted to future 
conferences. He thought also that it would be desirable to arrange 
between-conference meetings of groups of nondestructive testing 
people who have a common interest in various aspects of the subject. 
This technique would prove valuable in the exchange of information 
between conferences. 

Prof. Homts supported Dr. Pawlowski’s suggestion concerning 
between-conference meetings of representatives having common 
nondestructive testing interests. 

Mr. Barer recommended that the term “Testing” in “Non- 
destructive Testing” be considered for replacement by a more 
appropriate term. He expressed the feeling that the term “testing” 
has a somewhat inferior connotation to some people. He thought 
that the term “technology” might be a better choice, and would 
have the added advantage of maintaining the well known and well 
established initials NDT. It was agreed, that no particular action 
could be taken at this time on Mr. Barer’s proposal, but Mr. Barer 
asked that the subject be introduced for formal discussion at the 
next International Committee meeting. 

The meeting adjourned at 4:15 p.m. 

TERMS OF REFERENCE 
(Adopted in Montreal, Canada, May 21, 1967) 

1. Definition 
1.1 Nondestructive testing is a procedure which covers the 
inspection and/or testing of any material, component or as- 
sembly by means which do not affect its ultimate service- 
ability. 
1.2 In the present state of the knowledge the following tech- 
niques of nondestructive testing are included. 

a )  radiography and fluoroscopy by X-ray, gamma-rays and 
neutrons. 

b)  X-ray diffraction, X-ray crystal analysis. 
c )  electron diffraction. 
d)  X-ray spectroscopy. 
e )  ultrasonic methods. 
f )  eddy-current methods. 
g)  electrical and thermal conductivity tests. 
h)  the use of surface penetrants. 
i )  the use of magnetic tests. 

This list is not intended to be exclusive but indicative of the 
nature of tests involved. 

2. Name 
The organization shall be known as the International Com- 

mittee for Nondestructive Testing. The abbreviated term 
“International Committee” used below will be taken to refer 
to this organization. 

3.1 The objectives of the International Committee shall be 
to promote international collaboration in all matters relating 
to the development and use of all methods of nondestructive 
testing. 
3.2 To this end, the International Committee shall, in associa- 
tion with National Organizations in nondestructive testing: 
3.2.1. Encourage the organization of international conferences 

on the methods and uses of nondestructive testing at 
intervals of three to four years. 

3.2.2. Assist in the formulation of international standards on 
nondestructive testing in collaboration with the Inter- 
national Organization for Standardization (ISO) and 
National Standards Bodies. 

3.2.3. Encourage the formation of national bodies so that 
accredited national representatives to this committee can 
be appointed. 

3.3 The International Committee shall not engage in com- 
mercial or trade activities, and shall not concern itself with 
wage rates, prices or markets. 

3. Objectives 
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4. Mem bersh ir, 
4.1 The International Committee shall be made up of one 
representative of each country, nominated by an appropriate 
national body in that country, which has registered its intention 
to collaborate and co-operate in the work of the International 
Committee. 
4.2 Each country may nominate a second representative to 
the International Committee. He shall not be entitled to vote 
except in the absence of the first representative. 
4.3 Although a country’s nominee may be attached to a com- 
mercial organization, it shall be understood that he represents 
his country’s interests in the development of the uses and 
methods of nondestructive testing and must not concern himself 
within the International Committee with those aspects debarred 
by paragraph 3.3 above. 
4.4 Countries that wish to join the work of the International 
Committee shall make written application to the President 
currently in office, and their application shall be voted on by 
the International Committee at the next international confer- 
ence, or by postal ballot. A majority vote in keeping with 10.3 
in favour of their application will be necessary to ensure their 
representation on the International Committee. 
4.5 It is desirable in the interests of continuiiy to maintain 
the same representative on the International Committee. How- 
ever, countries may change their representative provided the 
President currently in office is advised by the National Organi- 
zation concerned prior to the next meeting of the International 
Committee. 

5.1 The officers of the International Committee shall be a 
President, Vice-president and Secretary. 
5.2 All officers of the International Committee shall be 
appointed by the country that will host and organize the next 
International Conference, in accordance with the following: 
5.2.1 The President and Secretary shall be from, and located 

in, the host country. 
5.2.2. The Vice-president need not be from the host country. 

6.1 A Steering Committee shall be formed by the host country 
and shall consist of the Officers defined in Section 5 ,  and prefer- 
ably one or two other members. 
6.1.1. The other member or members may be from the host 

country or from National Organizations from other 
countries represented on the International Committee. 

6.1.2. It is suggested that a member of a former Conference 
Organizing Committee be a member of the Steering 
Committee in order to benefit from past experiences and 
to help maintain continuity between conferences. 

6.2 The functions of the Steering Committee shall be: 
6.2.1 To organize the forthcoming Conference. 
6.2.2 To make recommendations to the International Com- 

mittee as appropriate. 

5 .  Oficers 

6. Steering Committee 

7. Duties 
7.1 President-The President, during his term of office, and 
with the aid of the Steering Committee, shall organize and 
conduct the forthcoming international conference in accordance 
with direction put forward by the National Organization, or 
other such body responsible for the Conference. He shall 
administer all actions of the International Committee and act 
as Chairman or appoint an alternate for all meetings of the 
International Committee. 
7.2 Vice-President-The duties of the Vice-president shall be 
designated by the President. 
7.3 Secretary-In co-operation with the President, the Secretary 
shall be responsible for terminating as expeditiously as possible, 
all activities of the Conference, including the publication of the 
transactions. 

8. Term of Ofice  
8.1 The term of all officers shall start immediately following 
the completion of one conference, and shall terminate upon 
the completion of the next. 
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8.2 It is desirable that officers be named prior to the begin- 
ning of their term of office. 

9. Venue and Frequency of International Conferences 
9.1 At each conference, the International Committee shall 
decide on the country which will act as host for the next con- 
ference, and will also discuss venues of subsequent conferences 
and encourage tentative invitations from member countries. 
9.2 The normal interval between Internat,onal Confzrences 
under the aegis of the International Committee shall be three 
to four years. 
9.3 The time of the year and venue for each conference will 
be settled by the National Organization of the country acting 
as host. 

I O .  Procedure 
10.1 The International Committee shall meet at least once 
during each International Conference; and preferably at the 
beginning and the end of the conference. 
10.2 Between meetings, decisions where necessary, will be 
sought by postal ballot, in accordance with item 10.3. 
10.3 A majority vote corresponding to at least two-thirds of 
the countries represented on the International Commi.tee will 
be necessary on all matters put to a vote. In a postal vote, 
those countries which do not reply by the stipulated date will 
be considered to be in favour of the motion. 
10.4 At meetings of the International Committee, all voting 
shall be by show of hands of those present. 

11. Finance 
1 1 . 1  The expenses incurred in relation to an International 
Conference shall be borne by the host country. 
11.2 Such expenses as apply to an International Conference 
may be recovered from the registration fee charged for dele- 
gates attending the conference. 
11.3 The International Committee will not be expected to 
give any financial aid to countries organizing International 
Conferences. 

12. Official Languages 
The official language of each conference will be English. French, 
however, may also be used and contributions spoken in French 
may by request be translated into English. Contributions in 
English will not be translated into French. The language of the 
host country may be used if simultaneous translation into 
English is provided. Where a speaker wishes to use any other 
language, he must make available an English text at the time, 
or provide an interpreter. 

13 .  Changes o f  Terms of Reference 
13.1  Any proposed changes to these Terms of Reference must 
be communicated to each member of the International Com- 
mittee at least nine months before the next meeting. 
13.2 Such proposed changes, provided they are seconded, shall 
be voted upon by the International Committee at its next meet- 
ing. 

14. Relations with the International Organization for  Standardization 
Although the terms of reference allow for discussion of matters 
requiring standardization, it must be understood that all requests 
for standardization must be dealt with by the National 
Standards Organization of the countries represented on the 
International Committee, and all communications with the 
International Organization for Standardization shall be through 
the National Standards Organization, where they exist. 

15. Publications 
15.1 The publication of any official statement arising from 
the International Conference, or from the International Com- 
mittee, can be authorized only by the International Committee. 
15.2 In  general, the publication of such s!atements will be 
undertaken by each country represented on the International 
Committee. 
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Advances in the Application of Nondestructive 
Testing to Cast Iron 

A. G. FULLER, U.K. 

ABSTRACT: The properties of cast irons used for most engineering purposes depend 
upon the form and amount of  graphite in the casting and its matrix structure. For 
the routine inspection of the many thousands of castings used, reliable, easy to 
operate, nondestructive testing procedures are required. The British Cast Iron 
Research Association has been instrumental in developing resonant frequency 
methods of testing and demonstrating the application of established eddy-current 
procedures for these purposes. The application of these procedures and the 
development of suitable testing conditions are described and examples of 
typical foundry applications are illustrated. 

Introduction 
The function of engineering design is to devise and select 

methods of producing assemblies or components in such a way 
that while these components or assemblies will perform satisfac- 
torily in service their production costs are minimized. This 
involves consideration of the selection of materials having suit- 
able properties, the efficient use of this material and methods 
of forming this material to its required final shape. While the 
materials for producing some components are obvious, there 
are many cases in which more than one alternative method 
is feasible. 

A casting has many advantages over fabrications, particu- 
larly where components are to be produced in appreciable 
quantities. These advantages stem from the general freedom 
in design available for castings, with a resultant efficient use 
of material and a reduction in the number of parts required 
to complete the assembly. Iron castings in particular may be 
economically produced by the use of simple melting processes 
to produce castings having a wide range of mechanical proper- 
ties in combination with generally good machinability, while 
special properties such as heat, corrosion and abrasion resistance 
may be obtained by alloying. The extent of usage in engineering 
is reflected by the fact that in 1965 when the United Kingdom 
production of iron castings was about 4,000,000 tons, just 
over 24 per cent (1,000,000 tons) of the castings were used 
by the automobile industry alone.( 1) 

The cast irons most widely used for engineering purposes 
are of three types: grey (flake), nodular or malleable. During 
solidification of the flake and nodular graphite irons the eutec- 
tic is precipitated in the form of discreet grains containing aus- 
tenite and graphite. These grains are referred to as eutectic cells. 
In grey irons the graphite is present as a network of inter- 
connected flakes within each eutectic cell, whereas in nodular 
iron during the production of which the molten metal is 
treated with magnesium, the graphite is present as a spherulitic 
nodule at the centre of each eutectic cell. For a given matrix 
structure the tensile strength of both grey and nodular cast 
irons depends upon the form and amount of graphite. High- 
carbon, high-silicon irons containing large quantities of coarse 
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graphite flakes have the lowest tensile strength, irons of lower 
carbon and silicon content contain less graphite which is, in 
itself, present as finer flakes, have higher tensile strengths, 
while changing the form of the graphite from flake to nodular 
results in a large increase in strength. Malleable cast irons are 
produced by the heat treatment of low-carbon, low-silicon irons 
which, when originally cast contain no graphite which has 
formed during solidification; instead, the carbon in solution is 
precipitated as iron carbide. Heat treatment breaks down the 
iron carbide to produce nodules of aggregated graphite. 

The matrix structure of grey and nodular irons or the 
heat-treated white (malleable) irons may vary. Usually, in the 
as-cast condition flake and nodular graphite engineering irons 
have a substantially pearlitic matrix, while some malleable 
irons are heat-treated to give this structure. Pearlitic irons 
which have hardnesses ranging between 170 and 330 Brinell, 
depending on the fineness of the structure, have reasonable ma- 
chinability combined with good wear resistance and strength, the 
machinability decreasing with increasing amount of pearlite and 
with increasing fineness of the structure (increasing hardness). 
Generally by the heat treatment of cast irons having other 
types of matrix structure, a ferritic matrix may be obtained. 
Irons with this type of matrix are softer (hardness between 100 
and 150 Brinell) than the pearlitic irons, have a lower tensile 
strength for a given form and amount of graphite, but have 
improved ductility and machinability. Sorbitic, acicular or mar- 
tensitic structures may also be obtained by heat treatment or 
by appropriate alloying, producing iron having hardnesses be- 
tween 280 and 420 Brinell; provided that in these irons free 
carbides are not present, machining operations can be carried 
out without undue difficulty. The presence of free carbides, 
however, with hardnesses up to 800 DPN and above, even in 
small amounts, markedly reduce machinability and decrease 
tool life. This is particularly so if the carbides are present in 
a massive form. 

Typical properties ( 2 )  of a number of cast irons used for 
engineering purposes, which show the influence of the form and 
amount of graphite and the matrix structure upon properties, 
are illustrated in Table 1. 

In order to satisfy customers that castings do, in fact, have 
the required properties, foundries require nondestructive tests 
that will: 

1 .  Assess the form and amount of graphite 
2.  Assess the matrix structure 

With these tests available, the facility exists for the inspec- 
tion, if required, of every casting, giving to the designei and 
user of iron castings confidence in the selection of the material 
for even the most arduous engineering applications. 



Type of Iron 

r 

FREQUENCY 
METER 

High-carbon, 
coarse flake 
graphite 

Lower carbon, 
fine flake 
graphite 

Low-carbon, 
fine flake 
graphite 

Nodular 
graphite 

Nodular 
graphite 

Malleable 

Malleable 

Matrix 

Pearlitic 

Pearlitic 

Acicular 

Pearlitic 

Ferritic 

Pearlitic 

Ferritic 

Table I 

Mechanical Properties 

Tensile Strength 
Tons /in 2 Kg /mm2 

11-13 

15-19 

23-28 

40-48 

24-32 

28-38 

18-22 

17-2 1 

24-30 

36-44 

63-76 

38-50 

4460 

28-35 

Elon- 
gation 

per cent 

<1 

<1 

<1 

3 4  

8-25 

4-10 

6-14 

CATHODE 

Hardness 
BHN 

18C240 

190-250 

29C350 

24C290 

130-1 70 

15C240 

110-149 

AMPLIFIER T 

METER 

1 
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Figure 1. Block diagram of apparatus used for sonic testing. 

Developments in the Testing of Cast Iron at BCIRA 

Resonant Frequency Measurements 
The principal features of the apparatus developed for resonant 
frequency measurements are shown in Figure 1. The output from 
the variable-frequency oscillator is fed to a transducer which 
converts the electrical energy from the oscillator to mechanical 
vibrations in a component under test. The component is sup- 
ported near to the transducer on a rigid test bench. The frequency 
of the oscillator is adjusted and as it approaches resonant fre- 
quency the component will begin vibrating and may be heard to 
ring if the resonant frequency is within the audible range. When 
the frequency of the oscillator coincides with the resonant fre- 
quency, the amplitude of mechanical vibrations and noise emit- 
ted will be at maximum. Contact between a component to be 

tested must be reduced to a minimum to avoid the mass of the 
transducer affecting the resonant frequency. For metallic com- 
ponents electro-magnetic transducers may be used and an air 
gap left between the components and the transducers, thus 
overcoming problems of surface preparation. The amplitude of 
vibration in components being tested is measured using a detect- 
ing transducer, again separated from the casting by an air gap, 
this transducer being connected to a meter to indicate the 
amplitude of vibration and to a cathode ray tube to indicate the 
condition of resonance by the formation of Lissajous figures. 

For most materials, including cast irons, the resonant fre- 
quency is well defined, making the test simple to operate. How- 
ever, for any one material there are variations in the sharpness 
of its definition as the material and properties vary. This 
sharpness is a measure of the damping capacity of the material 
and may be used to demonstrate differences in the material 
structure and properties. Damping-capacity measurements are, 
however, very sensitive to extraneous noise and vibration and 
since in cast iron they provide no more information than can 
be obtained by resonant-frequency measurements, the use of 
damping capacity as a foundry control test has not been 
developed. 

Castings of complex shape will resonate at a number of 
fundamental frequencies and their corresponding under- and 
overtones. These frequencies result from a combination of 
longitudinal flexural and torsional stresses in the vibrating 
casting. One fundamental frequency (as identified by the 
appearance of a single loop on the cathode ray screen) 
will be found at which the amplitude of vibration is 
much greater than at any of the other frequencies. This pre- 
dominant fundamental resonant frequency is usually well sepa- 
rated from other resonant frequencies and is thus especially 
suited for use in assessing the graphite structure of the iron 
casting. 

For flake and nodular graphite cast irons the relationship 
between graphite form and resonant frequency is illustrated in 
Figure 2. The casting having the best nodular graphite struc- 
ture (top left) had the highest resonant frequency, while the 
casting having a flake graphite structure (bottom right) had 
the lowest resonant frequency. As the spheroidal form of the 
graphite degenerated towards a flake form the resonant fre- 
quency progressively decreased. The subtle difference in struc- 
ture between those at the top left and top right is easily 
recognizable by sonic testing, since the resonant frequency of a 
casting may easily be measured with an accuracy of 1 part in 
10,000. This application represents an important use of sonic 
testing in the foundry, namely the assessment of the perfec- 
tion of the nodular graphite structure obtained in magnesium- 
treated irons, and this type of test may be carried out irrespec- 
tive of the matrix structure of the cast iron, since no prediction 
of tensile strength, which the matrix also affects, is involved. 
When, however, the matrix structure remains consistent, that is, 
the castings are produced from similar charges and melted 
under similar conditions, sonic testing may be used as a method 
of predicting tensile strength, irrespective of whether the graph- 
ite is in a flake or nodular form. In order to do this a calibra- 
tion curve must be constructed relating the resonant frequency 
of each type of casting with its tensile strength. This is done 
by measuring the resonant frequency of a large number of cast- 
ings of this type, determining the range of variation in the pre- 
dominant fundamental resonant frequency expected, selecting 
castings having resonant frequencies within the range and carry- 
ing out destructive tests in the critical regions of interest to the 
designer. When the calibration curve has been completed a 
minimum resonant frequency may be determined, below which 
the casting should not be accepted, as is illustrated by the curve 
for pearlitic nodular iron crankshafts shown in Figure 3 .  The 
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accuracy with which the tensile strength may be predicted is 
t 5 per cent of the tensile strength determined by conventional 
destructive methods. However, because of the need to construct 
calibration curves relating resonant frequency with tensile 
strength, sonic testing is applicable only when large numbers of 
castings of the same type have to be inspected. Where only a 
small number of castings are to be inspected, the cost of con- 
structing calibration curves is not usually justified and in these 
circumstances ultrasonic-velocity measurements are most con- 
venient, since a calibration curve relating velocity with tensile 
strength may be established using separately cast test bars, the 
final tests, of course, being carried out on the castings them- 
selves. Often castings are subject to minor design changes to 
take account of modification in service conditions. Provided 
that these changes are small, it is usually unnecessary to con- 
struct a completely new calibration curve. An acceptable alterna- 
tive is to produce at the same time a number of castings of 
both the old and new design and to reposition the calibration 
curve by an amount equal to the difference in resonant fre- 
quency between castings of the two designs. 

The advantages of sonic testing over ultrasonic testing lie 
almost exclusively in its ease of operation. The separation of 
the castings from the transducers by an air gap, the size of 
which is not important, eliminates coupling problems. The 
apparatus itself is easy to use and well within the capability of 
an unskilled worker, who is required only to tune the oscillator 
until the casting resonates and then decide whether the fre- 
quency of resonance as recorded on a digital frequency meter 
exceeds the minimum specified. Furthermore, most castings 
are tested with their major axes between the transducers, SO 

that the effect of variations in casting size is small, particularly 
in relation to the changes in resonant frequency which occur 
as a result of changes in graphite structure, while additionally 
the apparatus is flexible, being suitable for the inspection of 
castings ranging in size from 1 or 2 in. (25-50 mm) up to 20 
f t  (6,000 mm) and in type from circular discs such as clutch 
plates, to 6-cylinder diesel engine blocks. 

Existing Nondestructive Testing Methods 

It has long been known that changes in the form and amount of 
graphite in a cast iron will cause changes in the velocity of the 
propagation of ultrasonic energy through the casting, or in the 
attenuation of the ultrasonic energy in its passage through ths 
casting. Both of these techniques have, in fact, been described in 
published papers (3 ,4 )  as nondestructive tests applicable in 
foundries for the assessment of casting quality, in which the 
tensile strength may be estimated to within k.5 per cent of the 
tensile strength determined by conventional destructive tests. 

For the routine checking of a large number of castings the 
ultrasonic techniques do have disadvantages. For ease of opera- 
tion, both velocity and attenuation methods depend upon the 
fact that two parallel surfaces on the casting can be found, 
one from which the ultrasonic energy can be transmitted and 
the other from which a well-defined reflection may be obtained. 
This limitation may make the application of these methods of 
testing difficult in the case of castings of complex design, where 
the need for testing may, in fact, be greatest. The use of coup- 
lants, either water or oil, will cause either rusting or staining of 
the casting surface. While in some cases this may not be im- 
portant, unsightly stains or smears will, for other applications, 
render the casting unacceptable or require additimal opera- 
tions before painting or other surface treatment. Also to en- 
sure good coupling some preparation of the casting surface may 
occasionally be necessary. If velocity measurements are used, 
the measured time for the travel of ultrasonic energy through 
the casting may have to be corrected for variations in casting 

dimension if these variations are large compared with the thick- 
ness of the section being tested. This may be particularly im- 
portant in the testing of thin-section castings. If attenuation 
measurements are made by the simplest technique of measur- 
ing the height of the trace on the cathode ray screen repre- 
senting the reflected energy, reproducibility in testing cannot 
be guaranteed unless the performance of all the probes and 
instruments used can be standardized, and will also vary sig- 
nificantly depending upon the efficiency of coupling between 
the probe and the casting. Jarvis ( 4 )  recognized the deficiency 
of attenuation measurements in this respect and developed a 
special testing system using concentrically arranged transmit- 
ting and receiving crystals in a probe coupled to a specially cast 
test bar through an oil column. A test on a separately cast bar 
is useful as an internal foundry control test, but iq not a substi- 
tute for tests carried out on castings themselves. Finally, in 
order to obtain good results, ultrasonic testing requires the 
services of skilled operators, but the recruitment of suitable 
people for this purpose is not particularly easy, since techni- 
cally trained personnel are reluctant to accept a job involving 
the routine testing of many thousands of components per 
week. 

Ultrasonic testing does, however, have the advantage that 
due to the directional properties of the ultrasonic waves, test- 
ing may be carried out in a critical location specified by the 
designer and will, of course, as well as assessing the physical 
properties, indicate whether or not a defect is present within 
its location. 

Hardness measurements have been and still are widely 
used for the assessment of matrix structure. There are, how- 
ever, a number of disadvantages, perhaps the most important 
being the need to prepare a flat, ground surface on the casting 
before testing can be carried out. This is a time consuming 
operation which may also, in certain circumstances, render 
the casting unacceptable for further use. In  this sense at least, 
hardness measurements do not constitute a completely non- 
destructive test. Furthermore, hardness testing itself is, wen 
with the use of automatic hardness testing machines, a com- 
paratively slow operation. 

For the assessment of the form and amount of tbe graph- 
ite and the matrix structure, there was a clear need for the 
development of nondestructive testing which fulfilled the fol- 
lowing conditions: 

1 .  No surface preparation of castings is necessary and 
hence completely nondestructive 

2.  Insensitive to small changes in the dimensions of the 
castings 

3. Rapid in operation 
4. May be used on a routine basis by unskilled labour 
5. Gives results of an acceptable standard of accuracy 

which are reproducible. 
The British Cast Iron Research Association has developed 

tests suitable for both purposes, the form and amount of the 
graphite being assessed by resonant frequency measuremsnts 
(sonic testing) and the matrix structure being assessed by eddy- 
current methods. The applications of these techniques are 
described below. 

While for simplicity of operation, sonic testing is most 
useful for the prediction of the tensile strength of castings hav- 
ing similar matrix structures, where, in the as-cast condition 
the matrix structure contains varying proportions of ferrite 
and pearlite, it is still possible to assess directly the form and 
amount of the graphite present, but if it is also required to 
predict tensile strength, an additional measurement sensitive to 
changes in matrix structure must be made and a combination of 
resonant frequency and the secondary measurement used in 
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Figure 4. Variation of tensile strength with Brinell hardness and graphite (form 
in terms of resonant frequency). 

predicting tensile strength. In  practice, hardness measurements 
fulfil the purposes of the secondary measurement and three- 
dimensional calibration curves may then be constructed (Fig- 
ure 4), which may be reduced to a nomogram form for routine 
control purposes. 

For internal foundry control purposes a useful extension 
of sonic testing procedures is the development of a simple 
test bar(5) which may be removed from the mould 15 min- 
utes after casting and sonically tested after removal of the gat- 
ing system used to fill the casting. The bar may then be tested 
without any further preparation, e.&. shotblasting or grinding, 
so that within 20 minutes an estimate of the quality of the 
metal used to produce the castings will have been obtained. This 
is not sufficiently rapid to prevent the pouring of unsatisfactory 
metal, but at least action can quickly be taken both to restore 
control of the melting process and to segregate castings of un- 
satisfactory quality so that no further additional money is 
spent in preparing them for sale. 

Eddy-Current Testing 

While the work carried out by the BCIRA on sonic testing 
represents the development of a completely new method of 
testing for determining the properties of cast irons, in the fol- 
lowing section the work of BCIRA in the field of eddy-current 
testing has involved the evaluation of well established proce- 
dures using commercially available equipment to provide knowl- 
edge of the conditions under which eddy-current-testing proce- 
dures may be used for the evaluation of the matrix structure. 
This work has formed the background to the successful appli- 
cation of eddy-current-testing procedures for this purpose in 
many foundries in the United Kingdom. 

While a substantial proportion of the flake and nodular 
graphite irons are required to be pearlitic, a considerable pro- 
portion of malleable irons are required to be substantially fer- 
ritic. Malleable iron castings are usually comparatively small 
components used in considerable numbers in automobile manu- 
facture, where high-speed machining is of great importance. 
I n  substantially pearlitic malleable irons the maintenance of the 
optimum ferrite-pearlite ratio is desirable in order to obtain 
the correct properties and machining characteristics, whereas 
in ferritic malleable iron, the presence of pearlite, particularly 
as a rim on the outside of the castings, while not seriously im- 
pairing the mechanical properties of the whole casting, will 
cause considerable machining difficulties. The BCIRA therefore 
undertook to investigate the use of eddy-current-testing proce- 
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dures primarily as a technique to differentiate between ferrite 
and pearlite or to measure the ferrite-pearlite ratio. 

With any graphite type, variation in remnant magnetism 
between ferritic and pearlitic structures is small and in no 
way consistent. The electrical resistivity of ferritic structures 
is always less than that of pearlitic structures but only by 
a small margin. The coercive force of ferritic structures is, 
however, always about one-third of that of pearlitic structures, 
while the maximum permeability of ferritic structures is about 
three times higher than that of pearlitic structures. Thus meas- 
urements of coercive force or maximum permeability were 
considered to be the most suitable for the development of an 
eddy-current-testing procedure. 

Variations in coercive force show as a change in phase of 
the cyclic signal on the cathode ray tube display of eddy- 
current-testing apparatus and changes in permeability which 
cause changes in induction show as variations in amplitude. 
Instrumentally it is much more convenient to measure changes 
in amplitude than changes in phase, so that sorting is most 
conveniently done by measurement of amplitude and by im- 
plication of permeability. However, because permeability chan- 
ges with field strength and since the permeability of ferrite is 
higher than that of pearlite by a factor of three at low field 
stengths but only by a small amount at high field strengths (6) 
ideally, conditions of testing require a measurement of per- 
meability at low field strengths. 

Using a Magnatest QP3/203 instrument operating with 
a magnetizing field frequency of 10 cycles/sec, BCIRA 
have demonstrated the sensitivity of the instrument in separat- 
ing structures over the range from fully ferritic to martensitic, 
produced by heat treating a series of castings of similar analysis. 
To obtain all these results on one span of the cathode ray tube, 
gain levels were set very low; under normal use higher gain 
levels would have been set to obtain greater speed over the 
hardness range being investigated. The results shown in Figure 
5 revealed a continuous variation of test indication from those 
obtained with a soft ferritic structure to those of an unannealed 
white iron. This would be expected from considerations of the 
metallurgy of the matrix since the change from ferritic to an 
unannealed white iron structure is a reflection of the amount 
of cementite (iron carbide) in the matrix, either as free car- 
bide or combined with ferrite in pearlite. The curve from the 
white iron to the martensitic structure is not necessarily con- 
tinuous because of the basic change of structure and insufficient 
results are available to be sure on this point which, for practical 
purposes, is at present of no great importance. 

Changes in the chemical composition of the iron will 
affect the relationship between hardness and the eddy-current 
indication. However, the effects of changes in carbon and 
manganese content could be ignored for practical purposes, 
but changes in silicon content could alter the readings con- 
siderably. This was not unexpected since it is well known that 
the presence of silicon in ferro-magnetic materials has a 
considerable effect upon their magnetic properties. These effects 
were, however, observed at low magnetic field. strengths. At 
high magnetic field strengths changes in carbon content could 
be expected to affect the eddy-current indication as a result 
of the effect of graphite on the saturation induction and man- 
ganese would be expected to have an effect similar to silicon. 

Variations in casting dimensions will also influence the 
eddy-current indication, this effect being most pronounced in 
the case of small castings lying wholly within the coil system. 
Variations in the size of the casting affect the distance between 
the casting and the coil and hence the magnetic coupling between 
the two, while variations in the length of the casting in the 
axial plane of the coil alter the air-path length of the magnetic 
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Figure 5. Eddy-current-test indications with varying matrix structure. 

field and hence the magnetic induction obtained in the casting. 
These effects may be minimized by making the axial length 
of the coil small compared to the axial length of the casting, 
the diameter of the coil 1; to 2 times the diameter of the cast- 
ing, when the casting may be considered as a disc in the plane of 
the coil, by arranging the testing system so that the parts of 
the casting least likely to be dimensionally inaccurate are in the 
magnetic field, and by jigging the castings so that they always 
occupy the same position relative to the magnetic field. When 
using hand probes placed against the casting for the inspection 
of large castings as opposed to the coil system described, the 
distance between the hand probe and the casting and the loca- 
tion of the hand probe must be kept constant. 

Alternating magnetic fields do not penetrate deeply into 
ferromagnetic materials since the outer layers screen the inner 
layers and prevent the magnetic field from building up. The depth 
of penetration is not a discreet value since the magnetic field 
does not have an absolute value at one internal layer and a zero 
value slightly farther on. However, the fact that the magnetic 
field is not uniform over a cross-section of the test-piece shows 
that eddy-current testing gives a greater indication of the mag- 
netic properties of the outer layers of the test-piece than of the 
inner. Experimental measurements, however, suggest that at a 
testing frequency of 10 c / s  material at a greater depth than 0.3 
in. has little effect on eddy-current indication, while at frequency 
of 50 c/s  the corresponding depth is of the order of 0.1 in. 
Eddy-current testing is, therefore, essentially a test on the surface 
properties of castings; since, however, machining usually only 
involves the removal of metal from the surface of castings this 
feature is not a serious disadvantage. 

Tests on commercial castings heat treated to various hard- 
ness levels have shown that eddy-current testing is a good in- 
dication of the hardness of the castings, the accuracy being 
obtained at a field strength of 12 oersteds, being 2 10 points 
Brinell in the range of hardness 180 to 300 BHN (Figure 6).  In 
practice, foundries using eddy-current-testing apparatus for the 
assessment of matrix structure usually find that its advantage 
lies in its speed of operation and absence of casting preparation 
necessary compared with conventional hardness testing. The 
speed that can be achieved, of course, depends on the mechanical 
handling of castings and then in order to use the full potential 
of the technique automatic sorting gates are incorporated, these 
gates being triggered by electronic sensing systems working from 
the cathode ray tube display. Such systems are in use in malle- 
able iron foundries in the United Kingdom. 
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Figure 6. Eddy-current reading vs. hardness. 

Because high testing rates are one of the main attractions 
of eddy-current testing and because a calibration curve must be 
produced for each type of casting to be inspected, eddy-current- 
testing systems are most suitable when many components of the 
same design have to be tested. To produce a calibration curve, 
readings are taken on a number of castings and destructive tests 
done on samples covering the range of reading obtainEd. Such 
castings can then not bz used for further setting of the range 
since the removal of the surface for Brinell reading necessarily 
changes the shape of the casting and if this occurs in an area 
in which eddy currents circulate the reading will be altered. 

Summary 

This paper describzs developments by the British Cast Iron 
Research Association applicable particularly to the testing of 
large numbers of iron castings of similar design. Sonic testing 
used to assess graphite form and amount, is an easily operated 
nondestructive test which, by the construction of calibration 
curves may be used to predict, under specifisd conditions, the 
tensile strength of castings to within & 5 per cent of their tensile 
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strength determined by conventional destructive methods. Eddy- 
current testing may be used as a replacement for hardness test- 
ing as a control procedure in the foundry industry for assessing 
the matrix structure of castings and is particularly useful when 
a mechanical handling system is used to take advantage of the 
high potential testing speed of the eddy-current apparatus, and 
when an accuracy of -I- 10 points Brinell is acceptable. 

These techniques are two of a number available to the 
inspection department of foundries to ensure that their products 
conform to the customer's specification. The quality of iron 
castings supplied to the customer is by no means dependent 
solely upon nondestructive tests carried out on finished castings. 
Throughout each stage of the production process, other control 
tests are applied to the sand used for producing moulds and to 
the metal as it is melted and before it is-cast. In the commonly 
accepted connotation of the words 'nondestructive testing', these 
tests are often overlooked since they do not apply to the finished 
product. However, in combination with the developments de- 
scribed in this paper, founders are able to operate a complete 
quality-control system for all grades of cast iron. This is re- 

flected by the increasing use of castings as replacements for 
fabrications and forgings, e.g. the use of nodular iron auto- 
mobile crankshafts. 
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The Evaluation of Small Surface Laps in Aluminium 
Alloy Die Forgings 

J. G. HARRIS, U.K. 

ABSTRACT: Surface laps, or folds, form during forging due to local metal-flow 
conditions. In certain circumstances, components can be  used containing laps, 
if they can be  evaluated. To determine the effectiveness of  evaluation by red 
dye penetrant, forgings of one type which exhibited small laps, were examined 
by an eddy-current crack-depth instrument and ultrasonic surface waves, 
followed by cut-up testing. 

Consideration of  the results from ten laps showed the limitations of the 
methods. The red dye penetrant test showed up open deep laps but not open 
shallow ones with constricted laps running from them. The eddy-current crack- 
depth meter indicated laps with a minimum, maximum depth of about 0.02 in. 
(0.5 mm). Surface-wave ultrasonic testing revealed the lap length along the 
surface and in the forging, and a simulative standard test block was developed. 

By using the results from the surface-wave ultrasonic and eddy-curreni 
testing in terms of  the cut-up test results, it is possible, with limitations, to evaluate 
a lap. 

Introduction 

Die forgings are usually made into highly stressed components 
which use the forged structure to maximum advantage. Light 
alloy forgings are of particular value in the aero space field 
of application. During the manufacture of the actual com- 
ponent, the forged surface is often machined away and with 
it go small surface laps. Sometimes the forged surface is used 
but a blemish-free surface is required, so careful cleaning and 
polishing procedures are employed to prepare the surface. 
This is then followed by careful inspection to ensure that the 
surface is satisfactory. In the case under consideration, ad- 
vantage is taken of the forged shape to obtain an efficient 
design without the high cost of elaborate machining in a part 
of the component which is highly stressed but which will 
tolerate small forging laps. Single forged components can 
contain areas of all three categories and, even when blemishes 
are to be removed by localized polishing, it is often an ad- 
vantage to be able to evaluate the laps before deciding upon 
the mode and degree of dressing. This can save the necessity 
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of repeated polishing ani inspection to determine if the lap 
has been removed. In practice the performance of forged com- 
ponents is proved first by static and dynamic tests simulating 
service conditions and then by subsequent service with the 
periodic inspection. 

The forging laps, which are surface folds, are due to 
several causes. Damage originating at a previous stage of 
manufacture-perhaps from a forging tool-is forged over and 
causes a fold. This type of lap can be random from random 
damage, but the process may regularly cause surface damage 
in a certain region. The blank which is die forged may, itself, 
have been previously forged or it may be a piece of cast, 
rolled or extruded material. The forging is carried out hot and 
the metal flow in the die is likely to be influenced by the local 
surface conditions which, in turn, are influenced by blank 
shape, position in the die, die roughness and lubricant condi- 
tions. This means that in practice, sometimes the metal finds 
i t  easier to flow locally in from the surface rather than to 
flow along the die surface, and this usually occurs in certain 
areas in the forging, depending upon shape. 

Procedures are adopted to minimize the lap formation, 
but with many forgings i t  is impossible to avoid them complete- 
ly and where the final forged shape is to be used on the 
component, they may have to be removed or, at least con- 
trolled. Before their removal, the laps have to be detected and 
then it is often impractical to remove them mxhanically 
from the final die forging, as the component would become too 
small in size. Control is exercised by not completely die 
forging, inspecting for laps, polishing them out and then finally 
die forging. As this operation does not move much metal, 
the severity of any laps formed on this last stage is limited 
and if any occur, they are more likely to be removable with 
light polishing. As forged, the surface is obscured by surface 



oxidation and burnt-on lubricant and this is removed by pick- 
ling with a 10% sulphuric acid and 1 %  sodium fluoride 
solution. At this stage, some evidence of laps can be seen 
visually as lines and roughness but there is little guide to the 
severity. There are various nondestructive methods available 
to help in their detection and possibly in their evaluation. There 
is little evidence available on what, in practice these methods 
will detect, so an investigation was carried out evaluating 
defects followed by cut-up tests. 

Investigation 

The nondestructive methods available for detection of defects 
and for assessment were penetrant tests, ultrasonic surface wave 
examination, and the use of an eddy-current instrument which 
indicates crack depth. The forgings selected for examination 
were about 20 in. (50 cm) in diameter and contained a series 
of deep radial recesses as shown in Figure 1A. The laps form 
towards the base of the slope where the surface metal tends 
to flow into the forgings rather than along the surface. The 
visible effect after pickling, is shown in Figure 1B. 

Three pickled Duralumin forgings were selected from a 
batch, a commercial red dye water-washable penetrant to 
DTD.929 was applied to the surface by hand and left for 
twenty minutes. This was then removed by spray rinsing with 
water and dried with compressed air. A light film of developer 
was applied to the surface and left to stand for up to twenty- 
four hours. Some of the laps in the recesses or pockets were 
revealed by red dye seepage and the length of the seepage 
was noted. 

Next, a commercial eddy-current instrument was used to 
evaluate the laps in the pockets. This instrument operates at a 
frequency of around 0.5 MHz with a small hand-held test probe. 
Lift-off effects on a curved surface can be phased out and the 
instrument indicates on a meter the depth of a crack. The meter 
calibration was known by comparison with, and from experience 
of, the depth of normal to the surface fatigue cracks. The instru- 
ment remained in balance on curved surfaces but near the 
pocket sides, the light alloy sides influenced the probe, causing 
an unbalance and deflection of the meter and this prevented 
complete lap evaluation. The pockets were examined for maxi- 
mum defect indication in terms of the maximum meter signal, 
and for indication of length of defect along the surface. 

The pockets were then examined by ultrasonic surface 
waves using commercial equipment with a miniature probe Ys in. 
(22 mm) x 0.6 in. (15 mm) at a frequency of 4 MHz. The 
equipment used was one which had an amplifier with a reason- 
ably linear response. Oil was used as a couplant but care was 
taken to avoid oil in front of the probe which would have 
absorbed and reflected some of the ultra sound. The instrument 
was standardized on a defective sample kept for the purpose. 
The probe directed towards the rim was moved across the 
pockets and angled for maximum defect signal. The defect 
length along the surface was assessed by measuring the distance 
between the position of the probe centre line at positions just 
either side of the defect which did not produce a defect signal. 

Lastly, ten defects were selected and sectioned. Micro sec- 
tions were examined and drawings made of the defects revealed. 
The micro sections were machined away on a lathe and the 

Figure 1A. General view of forging, showing recesses. Figure 1B. Appearance of the lap in the surface of  the recess after pickling. 
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Figure 2. Isometric view of laps. Magnification X 16. 

sections polished, etched, examined and drawn every 1/16 in. 
(1.6 mm). The results were combined and drawn on isometric 
graph paper and are shown in Figure 2. It will be seen that the 
laps revealed were most irregular in shape, angle and dimensions. 
The laps generally sloped away from the surface in the direc- 
tion of the ultrasonic test. The lap in the first one sectioned was 
not discovered as it was not wide and a satisfactory preparatory 
technique had not bzen developed, and in another it was not 
clear whether the lap had been found or whether the evidence 
had been confused with a damage mark but again, it was one 
of little width. 

The results of all the tests are summarized in Table 1 which 
lists the maximum indications and sizes. 

Consideration of Results 
Penetrant Tests 
Red dye penetrant tests clearly showed two of the defects as 
lines. These were the defects that were open about 0.004 in. 
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(0.1 mm) and were at least 0.02 in. (0.5 mm) deep. Three others 
showed seepage spots but two of these had open parts of some 
depth while the third was a tight lap except near the surface, 
where it was about 0.002 in. (0.05 mm) wide and 0.004 in. 
(0.1 mm) deep. Three of the defects which did not reveal seep- 
age, tended to be open and shallow with tight or constricted laps 
running from them. Lap (A4) 0.036 in. (0.91 mm) deep and 
7/10 in. (1 1 mm) along the surface was not detected by this means 
and thus shows the limitations of the process as an aid in indi- 
cating which pockets need polishing before final die forging, or 
as a means of evaluation of the finally forged surface. 

The penetrant testing was a standard process carried out 
under works conditions and is probably capable of improvement. 
There is a need to study the performance of various penetrants 
using different test conditions on the shop floor to obtain opti- 
mum performance. 



Forging and No. 

A1 

A2 

A3 

A4 

F1 

FIX 

F2 

J3 

J4 

J5 

0.02 1" 
(0.53 mm) 

Penetrant 

0.028" 
(0.71 mm) 

3 small 
spots 

nil 

$" line 
(6 mm) 

nil 

nil 

nil 

3 spots 

3 small 
spots 

I+'' line 
(38 mm) 

nil 

0.024" 
(0.61 mm) 

0.036" 
(0.91 mm) 

0.02 1" 
(0.53 mm) 

Eddy Current 

0.029" 
(0.74 mm) 

0.036" 
(0.91 mm) 

0.021" 
(0.53 mm) 

Max. 
Signal 

2 

nil 

2 

10 

2 

nil 

2 

nil 

5 

nil 

Surface 
Length 

*If 2 

(13 mm) 

Table I 

Ultrasonic 

Max. 
Signal 

4 

3.8 

5 

7 

4 

3 

3 

4.5 

8 

4.2 

Surface 
Length 

1" 
(25 mm) 

(6 mm) 

(22 mm) 

1 Y  4 

I w 
8 

v 

t" 
(16 mm) 

(19 mm) 

(6 rnm) 

I t"  

y 

2" 

1" 

(32 mm) 

(13 mrn) 

(50 mrn) 

:" 
(13 mm) 

Eddy-Current Test 

The eddy-current inspection was carried out at a frequency of 
about 0.5 MHz. The probe was circular and had a spread 
with a reduction to about half signal strength of about & 0.04 
in. (1  mm).  Maximum signal was obtained when the lap was 
along a probe diameter. The probe presumably produces a flux 
normal to the surface in the material under test and the eddy- 
current flow is disturbed by the lap surfaces. The lap has greater 
influence on the probe and hence the instrument reading, the 
deeper it penetrates and, for a given length, the more normal to 
the surface it lies. The more acute the lap is to the surface, the 
less disturbance there is, presumably, to the eddy-current flow. 
The largest value of the lap length multiplied by the sine of its 
angle at the surface, obtained from the cut-up tests, is plotted 
against maximum meter reading in Figure 3. As the instrument 
was working at maximum sensitivity the figure indicates that it 
cannot detect laps below about 0.018 in. (0.46 mm) deep even 
when they are normal to the surface. The slope of the response 
line was similar to that expected from normal-to-the-surface 
fatigue cracks. The maximum lap length multiplied by the sine of 
the angle to the surface is not necessarily the same as the 
maximum depth, as the lap can change angle in the metal and 
the longer the lap in the metal, the more likely this is to occur. 

To confirm the effect of lap length on the instrument 
response, simulative test blocks were prepared. Slots 0.014 in. 
(0.35 mm) wide were sawn into blocks of aluminium alloy. The 
blocks were heated and then squeezed so that the slots were 
closed. The blocks were then machined down so that the defects 
were of the required depth. The surface was finally prepared by 

Size from Sections 

0.021" 
(0.53 mm) 

0.013" 
(0.33 rnm) 

0.048" 
(1.22 rnm) 

0.004" 
(0.10 mm) 

0.021" 
(0.53 mm) 

0.038" 
(0.96 mm) 

0.071" 
(1.8 mm) 

0.024" 
(0.61 mm) 

Surface 
Length 

0.5" 
(13 mm) 

0.003" 
(0.08 mm) 

0.31" 
( 8mm) 

0.44" 
(11 mm) 

0.31" 
( 8mm) 

1" 
(25 mm) 

0.19" 
( 5 mm) 

1.5" 
(38 mm) 

0.12" 
( 3mm)  

Angle 

30145" 

15 190" 

50-(S0°) 

90" 

85" 

20" 

25" 

15" 

001 0.02 0.03 0.04'' 
0- 5 I MM 

Figure 3. Eddy-current test results. Line A-relates lap length in the component 
multiplied by sine of the angle to the surface a t  the surface, with meter reading. 
Line B-relates length of normal to the surface "defects" in test blocks, with meter 
reading. 
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hand grinding, with graded silicon-carbide and then the blocks 
were solution-treated by heating at their solution-treatment tem- 
perature and quenching in cold water. This procedure seemed 
to yield a consistent response. The compressional surface residual 
stresses induced by quenching no doubt tended to keep the 
“defect” closed. 

The results from the blocks with normal-to-the-surface 
“defects” confirmed that the instrument meter reading increased 
largely linearly with defect depth and that it increased from 
zero to a maximum of 10 with an increase in depth of about 
0.020 in. (0.5 mm).  Although the same sort of response was 
obtained from the simulative test blocks as the actual laps 
described, the actual meter readings were greater from the former 
as also were meter readings from fatigue cracks. This means 
that the laps were longer than originally estimated, rather like 
discontinuities detected by longitudinal ultrasonic waves which 
are usually larger than estimated by comparison with flat bot- 
tomed holes drilled in test blocks. The eddy-current-instrument 
meter reading increased for a given size of “defect” with increase 
in conductivity of the material and as this varies with alloy and 
heat-treatment condition, it is important to bear this in mind 
when making comparisons. There was an effect of surface shape, 
which was small with a concave surface of 6 in. (15.5 cm) 
diam and with a convex surface of 4 in. (10 cm) diam but 
with more concave surfaces there is more surrounding metal 
and the lap has less influence on the probe. With a concave 
surface of 1 in. (25 mm) diam which is similar to the forging 
under consideration, the signal was reduced by 30%. Tests with 
test blocks spaced apart with feeler gauges indicated that the 
meter reading decreased with increase in gap width. The signal 
had fallen to half with a gap of about 0.04 in. (1 mm) so a 
gap of a few 0.001 in. (0.025 mm) had only a small effect. An 
attempt was made to demonstrate the effect angle of “defects” 
using simulative test blocks of the type described but this was 
unsuccessful using this equipment. With another similar eddy- 
current instrument indicating conductivity operating at a lower 
frequency and with a larger diameter probe, the signal, expressed 
as a charge in conductivity due to the presence of a discon- 
tinuity, was found to vary with “defect” length multiplied by 
the sine of the angle to the surface. 

Simulative test blocks are of use in checking instrument 
performance and in setting the controls to obtain a consistent 
response. 

Due to the lack of sensitivity in the tests, the instrument 
did not perform well on estimating the length of the laps 
along the surface. The narrow ones measuring less than 0.2 in. 
(0.51 mm) along the surface were not detected at all and 
only in the case of the lap which gave a full-scale signal, did 
it provide good agreement with the determined size. The 
probe was influenced by the side walls of the pockets, which 
caused an unbalance and a meter deflection. This effect could 
probably be reduced by using a probe with improved screening. 

Ultrasonic Tests 
Ultrasonic examination at 4 MHz revealed a defect in all ten 
pieces. A variety of signal heights were obtained and the 
lengths of the laps along the surface were estimated. The sur- 
face waves were able to detect the laps even when they occur- 
red near the pocket wall. The ultrasonic test overestimated the 
lap length along the surface compared with the length found 
in the cut-up tests, which, due to the difficulty of determining 
the end of the defect, probably underestimated the true length. 
The difference was generally 0.3 in. (0.76 mm).  

Ultrasonic surface-wave inspection is sensitive to surface 
defects and is of considerable help in their detection but it 
was not known to what extent the quantitative information 
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obtained would be useful. Work with standard blocks consisting 
of plates with machined grooves across their surfaces did not 
look promising. With the grooves normal to, and sloping away 
in the direction of, the ultrasonic wave, the defect signal 
height increased with the depth of the groove until it was 
half a wave length deep, then it decreased to an amount de- 
pending upon the groove angle, as shown in Figure 4A. The 
peak was reduced and broadened by roughening the groove 
surface and there was a tendency for the signal to increase 
slightly again with increases in groove depth. The effect was 
explained by the ultra sound being reflected at the groove 
barrier when it was a proportion of the wave length; the 
larger the barrier, the more was reflected and the bigger the 
signal. As the groove became longer, some of the ultra sound 
travelled along it and the signal height was primarily controlled 
by the angle of the sharp corner. The larger the angle to the 
surface, the larger the signal as more was reflected and less 
travelled along the groove (Figure 4B). 

The results from test blocks indicated that at a test fre- 
quency of 4 MHz, a sloping defect 0.01 in. (0.25 mm) long 
in the component would be indicated by a larger signal than 
from one 0.02 in. (0.5 mm) long in the component and that 
for defects longer than 0.02 in. (0.5 mm),  the signal height 
would be largely dependent upon angle and not on its length. 
This was not borne out in practice and the maximum u l t r p  
sonic signal was found to vary substantially with the maximum 
lap length in the component, and to be largely independent of 
angle, as shown in Figure 5.  It was concluded that there was 
not a sharp corner to produce a signal and that the signal 
was being produced by the roughness of the lap; the longer 
the lap was, the greater the roughness and the greater the 
signal. The effect can be demonstrated by machining 0.001 in. 
(0.025 mm) deep, 45’ grooves adjacent to one another on a 
plate surface. The signal height increases with the number of 
grooves. 

This work suggested the construction of a simulative test 
block. Test blocks used for surface-wave work often contain 
slots and in use, the edges become damaged, coated with oil 
and dirty and this affects the signal. It was decided to coat the 
test block containing the 0.001 in. (0.025 mm) grooves with 
epoxy resin. This was done and at first the layer of resin 
absorbed much of the ultra sound, so it was polished down to 
reduce its thickness until a signal of the required height was 
obtained from the grooves. In practice one groove is sufficient. 
The resin protects it and prevents contamination by oil and 
dirt. 

‘P 
01 I 1 I I 1 I I 

0.02 0.04 0.06 o h t  
0.5 I 1.5 2 MM 

Figure 4A. Ultrasonic surface-wave test at 4 MHz relating ultrasonic signal height 
with the length of the groove machined into the test blocks. This length is the length 
of the groove face from the surface. 



Ultrasonic surface-wave testing indicates the lap length 
in the component substantially independent of the angle. If 
a sharp corner does occur, a signal from this will contribute 
to that from the lap and its length will be overestimated. This 
errs on the side of safety. The signal was not influenced by 
the length of the lap along the surface, owing to the narrow- 
ness of the beam. The laps would be expected to be longer 
along the surface compared with the maximum length found 
in the component, and sectioning revealed ratios of between 
5 : l  and 48: l ;  most of them being in the range 11:l to 22:l. 
The longest lap in the component was found to be 0.071 in. 
(1.8 mm).  The smallest length of lap in the component that 
can be detected depends upon the instrument sensitivity setting, 
but if this is too high minor surface imperfections are de- 
tected. Laps 0.01 in. (0.25 mm) long or less in the component 
and 4 in. (6 mm) along the surface can be detected if re- 
quired. 

General Consideration 

In deciding whether the component which contains laps is 
acceptable, it is necessary to know the lap length, angle in the 
component, depth and its surface length. The long lap normal 
to the surface is likely to be more dangerous than one at an 
acute angle to the surface. Using the experimentally determined 
results an evaluation is possible. The ultrasonic test assesses 
the length of the lap on the surface and the length in the 
component, and this is followed by the eddy-current test. Thus, 
if a lap is long on the ultrasonic test and yet reacts as a 
shallow one on the eddy-current test, then the long lap is at 
an acute angle to the surface. The sizes can be estimated using 
the experimentally determined information in Figures 3 and 
5. Table 2 compares the estimated values with the measured 
values. 

The ultrasonic estimate of length from the graph was 
within about 10% of that measured with the exception 
of lap A4, which was considerably overestimated. The eddy- 
current estimates from the graph of length multiplied by the 
sine of the angle to the surfaces was within t 3% of that 
measured. Owing to these inaccuracies the angle was not 
estimated well, particularly at large angles to the surface when 
a small variation of length multiplied by the sine of the angle 
is equivalent to a disproportionate variation in angle. The 
results at less than 40’ appeared better but the result for 
lap A3 is misleading because the lap consisted of two parts, 
one at a large angle and the other at a small angle. It would 
appear, however, that when the eddy-current indication is 
small compared with the ultrasonic indication then the Ian 
is at a small anqle to the surface. The maximum lap length 
multiplied by the sine of the angle to the surface at the surface 
agreed well with the maximum depth except when the lap was 
long, when it had more opportunity to change direction in the 
forging. 

Having evaluated the laps, it is possible to run tests 
simulating the use of the component to show that this region 
of the component has a longer life than more critically stressed 
parts. It is also possible to check this region during the actual 
life of the component. 

For more general application of these methods of evalua- 
tion there is a need for a more sensitive eddy-current crack- 
depth meter with perhaps a more finely focused probe with 
better screening and it is necessary to determine the limitations 
of the methods by studying more forging laps, both the random 
type and others of the same type in similar and in different 
geometric circumstances. 
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Figure 48. Ultrasonic surface-wove test relating ultrasonic signal height with the 
angle of 0.04“ (I  mm)-deep grooves cut in test blocks. 

lor 

004 0.06 2 MM 
1.5 

0.02 
0 . 5  

0 
I 

Figure 5. Ultrasonic surface-wave test relating ultrasonic signal height with the 
length of  the laps a t  various angles in the forgings. 

Conclusion 

Despite the limitations, nondestructive means can provide in- 
formation on small forging laps, particularly those that occur 
regularly in the same area due to local conditions, and have the 
same sort of characteristics. After pickling the forging, the laps 
show surface markings and roughness and with some knowledge 
of the size and direction, it is possible, with certain com- 
ponents, to use them without incurring the considerable ex- 
pense of completely removing them by localized polishing. 

Examination by red dye penetrant as normally carried out 
under production conditions, has considerable limitations. “Deep” 
open laps were the only ones well indicated while constricted 
ones with rounded openings were not indicated. The deepest 
one not shown was of 0.036 in. (0.91 mm) maximum depth and 
7/l6 in. (11 mm) long, along the surface. 

The eddy-current methods produced a meter reading that 
was proportional to the length of the lap in the forging, multi- 
plied by the sine of the angle of the lap to the surface at the 
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Table 2 

Forging and No. 

A1 

A2 

A3 

A4 

F1 

F1X 

F2 

53 

J4 

J5 

Maximum measured 

Length in 
forging L1 

0.028" 
(0.71 mm) 

- 

0.029'' 
(0.74 mm) 

0.036" 
(0.91 mm) 

0 .02 1" 
(0.53 mm) 

- 

0 ,02 1" 
(0.53 mm) 

(0.96 mm) 

0.07 1" 
(1 .8  mm) 

0.024" 
(0.61 mm) 

0.038" 

L1 x sine 
angle to 

surface A1 

0.020" 
(0.51 mm) 

0.023'' 
(0 .58  mm) 

0.036" 
(0.91 mm) 

0.021" 
(0.53 mm) 

0.021" 
(0.53 mm) 

0.01 3" 
(0.33 mm) 

0.029" 
(0.74 mm) 

0.006" 
(0.15 mm) 

surface. The minimum lap that it would detect normal to the 
surface was about 0.018 in. (0.46 mm) long. Maximum lap 
length multiplied by the sine of the lap angle agreed well with 
the maximum lap depth except when the lap was long and 
altered its angle in the forging. The instrument was insufficiently 
sensitive to indicate lap surface lengths successfully. 

Ultrasonic surface-wave inspection was the most sensitive 
method. It provided an indication of the length of the lap in 
the component and by moving the probe, an indication of the 
length along the surface. Laps 0.01 in. (0.25 mm) long and 
less in the component, and ?4 in. (6 mm) along the surface were 
detectable. The principal can be used to construct a simulative 
test block consisting of a machined notch covered with an epoxy 
resin, which is more resistant to the effects of dirt and damage 
than the usual slotted blocks. 

The present equipment combined provides much informa- 
tion about laps in a particular circumstance. By reference to 
experimentally determined results, the 4-MHz ultrasonic surface 
wave indicates defect length along the surface and in the com- 
ponent, and the eddy-current test indicates the lap length multi- 
plied by the sine of the angle to the surface at the surface. By 
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Measured 

Angle 
AI 

45" 

- 

90" 

77" 

90" 

- 

85" 

20" 

25" 

15" 

Estimated from Figures 3 and 5 

Length in 
forging LZ 

0.025" 
(0.64 mm) 

0.021" 
(0.53 mm) 

0.033" 
(0.84 mm) 

0.056'' 
(1.4 mm) 

0.025" 
(0.64 mm) 

0.01 8" 
(0.46 mm) 

0.01 9" 
(0.48 mm) 

0.030" 
(0.76 mm) 

0.07 1" 
(I .8 mm) 

0.028" 
(0.71 mm) 

L2 x sine 
angle to 

surfzcz A2 

0.020" 
(0.51 mm) 

< 0.01 8l' 

(<0 .46  mm) 

0.020" 
(0.51 mm) 

0.037" 
(0.94 mm) 

0.020" 
(0.51 mm) 

< 0.01 8" 
( < O  .46mm) 

0.020" 
(0.51 mm) 

(<0 .46  mm) 

0.026" 
(0.66 mm) 

<o .018" 

< 0.01 8" 
(<0 .46  mm) 

Angle 
A2 

53" 

<59" 

36" 

42" 

53" 

< 90" 

90" 

< 36" 

21" 

< 40" 

considering the geometry of the two results, it is possible to 
estimate whether the lap is at an acute angle to the surface or 
45" and greater. With zero signal on the eddy-current test, a 
maximum angle can be estimated. If the lap is ''long'' it may 
alter its angle in the forgings and become deeper than the length 
and angle would at first suggest. 

The results indicate that some success has been achieved 
in evaluating laps and that for more general application there 
is a need for the development of the techniques. A more sensi- 
tive eddy-current crack-depth instrument with a more finely 
focused probe is required and more laps of similar and different 
forms in various geometric circumstances require evaluation 
followed by cut-up examination. 
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Dynamic Tests for Nondestructive Analysis of 
Lumber Quality 

WILLIAM L. GALLIGAN and ROY F. PELLERIN, U.S.A. 

ABSTRACT: Structural lumber has been used as a versatile engineering material 
for many years. Building practice in the last fifty years in the United States has 
required that lumber be segregated into quality classes; however, this segregotion 
has been relatively inoccurate. Nevertheless, until recently this grading system, 
based on visual inspection of the lumber and on clear woad strength, has been 
considered adequate. As engineering practice in building has improved and the 
competition of other materials has increased, the inefficiencies of the visual grading 
system have become more evident and the need for accurate grading of lumber 
for modulus of elasticity and modulus of rupture has become more apparent. 

Nondestructive testing machines capable of measuring the modulus of 
elasticity of lumber came into use in 1962. These machines also assign eoch piece 
of lumber an allowable fibre stress based on o correlation between modulus of 
elasticity ,and modulus of rupture. Several of these machines are in use. 

Two new, dynamic methods of machine grading lumber ore under develop- 
ment a t  Woshington State University. One method, using transverse vibrations, 
measures both frequency of vibration and rate of vibration decay in order to 
more accurately predict modulus of rupture. The second method yields the modulus 
of elasticity of lumber through measurement of the rate of propagotian of longi- 
tudinal stress waves which are induced by impact. Features of each of these new 
methods suggest commercial applications. 

Application of both transverse vibration and wave-propagation methods 
for measurement of lumber properties have illustrated the improvement in grading 
efficiency that is possible with piece-by-piece nondestructive analysis. 

Introduction 
List of Symbols 

AI Amplitude of first cycle 
An Amplitude of nth cycle 
c Velocity of propagation, ft/sec (cm/sec) 
E Modulus of elasticity, pounds per square inch (psi), (kiloponds 

per square centimetre, kp /cm2) 
Ed Modulus of elasticity, determined by dynamic means, psi 

(kp /Cm2) 
Ev Modulus of elasticity determined by transverse vibration, 

psi (kp/cmZ) 
Modulus of elasticity determined by impact-induced stress 
wave propagation, psi (kp/cm2) 
Allowable design fibre stress, psi (kp /cm2) 

Acceleration due to gravity, 386 inches per second per second 
(980 cm per second per second) 
Moment of inertia, inches4 (centimetres4) 
E1 modified by instrumentation used for measurement of rate 
of wave propagation, psi (kplcm2) 
Constant dependent upon mode of support for a beam vi- 
brating at its fundamental frequency (e.s., k =  1.57 for beams 
supported at the ends) 

L Length, inches (centimetres) 
log, Natural logarithm 
n Number of cycles 
R 
W Weight, pounds (grams) 
6 Logarithmic decrement 
p 

E1 

f 
f, Natural frequency, hertz 
g 

I 
I 

k 

kilopond Weight of a kilogram mass 

Modulus of rupture, psi (kp/cm2) 

Density, pounds per cubic foot (grams per cubic centimetre) 

In engineering design and construction the world over, lumber 
plays a major role. Using 1962 figures from the United States 
as an example, the wood industry contributed $25 billion to the 
gross national product. (14) In  volume of product, lumber pro- 
duction alone in that same year was estimated at 37.3 billion 
board feet in the United States. Of this tremendous total about 
27 billion board feet were used for residential and industrial 
construction. In  this role as a structural material, lumber com- 
peted with many other products, most commonly concrete, steel, 
plywood and composition materials. 

As a construction material, lumber is placed in different 
categories depending upon size and intended use. The category 

of interest in this paper is structural lumber, a product defined 
as lumber which is 2 in. or more thick and 4 in. or more wide. 
This lumb-r is intended for use where allowable working stresses 
must be known. In the lumber industry today there are two 
dislinctly different bases for assigning these working stress values. 
The traditional method, visual grading, is truly nondestructive, 
but is not sufficiently accurate to provide a product that can 
reach its potential as an engineering material. It is the basic 
purpose of this paper both to illustrate the need for new, 
accurate nondestructiv, methods of assigning lumber properties 
and to discuss two dynamic methods that are under active de- 
velopment at Washington State University. 

Lumber Grading Problenis 

The grading of lumbx in a nondestructive way for classification 
as an efficient engineering material poses many problems to the 
engineer and scientist. These problems involve the basic fact that 
wood is a heterogeneous and anisotropic natural product as a 
result of the manner of tree growth. (16) The anisotropy results 
from an orientation of wood-cell formation which produces an 
orthorhombic structure. The longitudinal properties of the wood 
are those corresponding to the longitudinal direction of tree 
growth while the tangential and radial properties of wood refer 
to the circular pattern of cell formation with respect to the 
vertical axis of the tree. The elasticity and strength values of the 
wood are highest in the longitudinal direction and, while there 
are differences between tangential and radial values, both are 
much lower than longitudinal properties. 

The heterogeneity of lumber is commonly characterized by 
a wide range of sizes and types of flaws such as knots. Often 
these flaws may influence design or become stress risers in 
strength applications. Just as common as visible flaws, however, 
but often misunderstood, is the fact that clear wood (free of 
visible flaws) contributes to lumber heterogeneity also because 
of widely variable mechanical properties. Wood material is also 
hygroscopic and the moisture content of the wood influences the 
mechanical properties. 

Another variable which must be considered is species. 
The many biological differences between species influence 
the mechanical properties and, while the average strength 
and the average modulus of elasticity of one species may 
be higher than that of another, the wide variability of individual 
specimens causes wide overlapping of properties. 

One might ask why, with these problems, lumber is a 
popular construction material. This is because the ratios of 
strength and stiffness to weight are very advantageous. Also 
wood is available in many parts of the world, it is economical, 
and it is quite easy to fabricate into attractive and effective 
products. As an engineering material, lumber is. being chal- 
lenged more every day as other materials compete with ever- 
increasing effectiveness. This is parLially becauss of the adapta- 
bility of the other materials to quality-control programs. These 
quality-control programs, in turn, yield better estimates of cost 
of production, more efficient distribution and more assurance 
of reasonable factors of safety in design. I n  attempting to meet 
this challenge, the lumber industry is faced with grading a 
material that is highly variable. The characteristics of wood 
mentioned briefly above are the basic problems with which non- 
destructive testing must cope if  lumber is to remain effective 
as an engineering material. 
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Visual Grading 
During the early years of lumber stress-grading development, 
efficiency in the cutting, grading and distribution of lumber was 
not as critical as it is today. Grading rules were highly con- 
servative. These rules, based on limited sampling and on visual 
inspection, have been subject to review periodically ever since, 
in step with increasing competition and changes in mill practice, 
yet basic visual grading concepts remain largely intact. ( 5 )  

Visual grading is a method in which the average strength 
value of clear wood of each species is used as a basis for 
the strength of the actual lumber which, of course, is anything 
but clear in many cases. To arrive at design stress values, the 
clear-wood values first are adjusted downward by factors which 
recognize the variability of clear wood, the effects of long-term 
loading in actual use, and a “safety” or accidental overload 
factor. The adjusted clear-wood strength values then are multi- 
plied by a further reduction factor, termed the strength ratio, 
which estimates the effect that a certain size of knot or other 
defect will have on strength. This procedure is outlined in ASTM 
Standard D 245-64T. (1) Visual grading may be classed as a non- 
destructive test because the strength-ratio values have been used 
to develop criteria upon which a visual grader in the lumber 
mill applies judgment in order to classify each piece of lumber 
as it passes down the production line. 

Several problems are inherent in the visual grading tech- 
nique. Some of these are technical problems based on the fun- 
damentals of the method; several of them are practical problems 
present in the mill. Basically, visual grading is a method that 
tends to assure safety at the expense of efficient grading by 
undervaluing all pieces of a species through the use of a “vari- 
ability factor” not based on the actual sample being visually 
tested. The strength properties of clear wood have a wide 
degree of variation and this must be taken into consideration 
in the method since no test of the clear-wood properties is made 
on the production line. Modulus of elasticity values, for ex- 
ample, can vary by a factor greater than two, and strength 
values have approximately the same variation. Further, the 
application of a strength ratio to the clear-wood strength value 
assumes that the visual grader can assess at a glance which of 
the competing flaws in the lumber is controlling and that this 
decision is sufficient to assign proper grade to that particular 
piece of lumber. The variability and inaccuracy resulting from 
these procedures must be compensated for by the methods used 
in arriving at working stress values. 

A new visual grading practice has been developed which 
will be covered by ASTM Standard D-2555T. (1) Unfortunately, 
when viewed strictly from the point of view of nondestructive 
testing, this method does not remedy any of the weaknesses in the 
existing practice, but was adopted for other reasons. I t  allows 
the grouping of species of different over-all quality for estima- 
tion of mechanical properties. This new method is based on an 
extensive survey of density samples taken in the forests of the 
United States and uses a correlation between density and strength 
in clear wood to assign the allowable stresses. There is a wide 
variation in density within the tree, both vertically and trans- 
versely and one must be cognizant of the statistical problems 
that are present when assigning a strength value based on a 
density sample taken from a tree which must represent not only 
that tree but all the trees in its immediate area. 

This discussion of visual grading methods has been meant 
to be critical purely from the technical point of view of non- 
destructive testing, that is, from the position that an adequate 
nondestructive test must be accurate with regard to each piece. 
In practice, these two visual grading methods were not designed 
specifically to do this. For example, the modulus of elasticity 
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Figure 1. Variation of static modulus of elasticity (Es) measured on edge among 
four visual grades of nominal 2 x 6-in. Douglas fir lumber. 

allowed for all lumber of a given species has been the supposed 
average value for the species. This is an inaccurate base for 
design use since there are many values much higher and much 
lower than the average. Figure 1 illustrates this problem. The 
moduli of elasticity (E) for 172 pieces of Douglas fir nominal 
2 X 6 in. lumber were measured by static bending. The resulting 
E, values are plotted for the four visual grades represented 
among the lumber specimens. According to the visual grade 
rules all of these specimens would be used in design at a value 
of 1.92 x 10’ psi (135 x 10’kp/cm2). (15) Recent modifications to 
these grading rules have applied a sliding E-value scale so that 
the lower grades of lumber are restricted to lower moduli of 
elasticity for design. As is shown in Figure 1, however, this 
cannot be very effective because the visual method of classifying 
lumber by grade is inaccurate for modulus of elasticity. 

The great inaccuracies of visual grading with regard to 
single-piece properties are compensated for by a conservative 
system of assigning design stress values. Of course, statistically, 
many pieces are capable of use at higher design values, but 
cannot be so used because they cannot be identified by this 
visual grading system. ( 5 )  For illustration, a typical sample of a 
population from one visual grade with an allowable design 
fibre stress in bending of 1750 psi (123 kp/cm’) had actual 
rupture values of from 3675 psi (258 kp/cm’) to 13,808 psi 
(966 kp/cm’). When these rupture values were adjusted down- 
ward for long-term loading and for accidental overload, cor- 
responding allowable design values ranged from 6575 psi (460 
kp/ cm’) to approximately 1750 psi ( 123 kp/cmz). 

One effect of visual grading is to prevent the industry from 
marketing lumber at its design potential. To accomplish this 
latter goal, nondestructive testing must be employed in its true 
sense, for efficiency and quality control of each piece. 

Nondestructive Testing in the Lumber Industry 
Traditionally, the only nondestructive testing of lumber other 
than visual grading has been measurement of moisture content 
through the use of electrical resistance and capacitance methods. 
With these exceptions, nondestructive testing did not make 
its influence felt on the lumber industry until the advent 
of the machine graders, termed rapid-bending machines, in 
1962. These machines measure the modulus of elasticity of 
individual lumber specimens that are passed through them end- 
wise. (5) (3)  They accomplish this by measuring the bending de- 
flection resulting from a known load or by measuring the load 
required to accomplish a given amount of deflection. Special 



features of some machines include sensitivity to low-point 
elasticity; that is, the ability to detect sections of the lumber 
which may have modulus of elasticity much lower than the 
average of the piece. 

Working stresses are determined from the machine E- 
values by a very useful regression between E and modulus of 
rupture ( R ) .  (5) In some cases visual grading restrictions are 
placed on the machine results to achieve even greater accuracy. 
(13). The E-vs-R relationship is the result of years of research, 
and study continues in an effort to improve further the working 
correlation. 

Four basic types of rapid-bending machines have been 
developed. These are the “CLT-1” developed by Potlatch 
Forests, Inc., Lewiston, Idaho; the “Stress-0-Matic” lumber 
grader developed originally by the Western Pine Association 
in Portland, Oregon; a machine developed at the Forest Prod- 
ucts Laboratory, Princes Risborough, England; and a machine 
that sorts lumber in three structural grades and was developed 
in Australia by the Forestry Commission of New South Wales. 
Experiences with the Australian machine are typical. Species 
that have low average elasticity and strength have yielded a 
very useful percentage of material with safe working stresses 
well over that allowed by visual methods (3).  

Research is active in other areas of nondestructive testing 
for lumber, for example, optical systems for identifying splits, 
knots, and stain in lumber. In some of these applications, 
however, the objective is to determine flaws that will cause 
rejection of the material for a particular end use. An example 
is detection of areas that may be severe stress risers and thus 
precipitate failures. Need still exists, however, for improved 
methods that can examine anisotropic, heterogeneous lumber to 
estimate its basic working design values, since discrimination 
of flaws and defects alone will not permit optimizing lumber 
use as an  engineering material. Two new NDT systems now 
being studied at Washington State University show promise 
for prediction of lumber quality. These are characterized as 
dynamic systems operating under very low stress conditions. 
One system uses transverse vibrations while the other employs 
longitudinal wave propagation. High accuracy is expected from 
these systems. Fixed and portable commercial units are pos- 
sible since both systems are largely electronic in nature. 

Transverse Vibration 
A transverse vibration method for nondestructive testing of 
structural lumber was developed at Washington State University 
by Pellerin. The special virtue of this method is that it enables 
the assignment of fibre strength and modulus of elasticity values 
independently for each piece of lumber. This procedure should 
lead to a more accurate determination of strength than is now 
possible. 

The vibration approach is based on transverse oscillations 
that permit measurement of two fundamental properties of 
materials, namely energy storage and energy dissipation. These 
fundamental properties were hypothesized by Jayne (8,9) to be 
related to the same mechanisms that control the mechanical 
properties, i.e., modulus of elasticity and modulus of rupture, 
respectively. 

The outward manifestation of energy storage of material 
is its natural frequency in vibration and, through well estab- 
lished equations relating natural frequency to modulus of 
elasticity, a direct calculation of this modulus can be made. 
For a beam, the relationship is expressed for transverse vi- 
bration as follows: 

f n 2  WL3 
Ev = ___ (1)  

k* Zg 

Figure 2. Transverse vibration testing of structural lumber. The console in the 
background measures the frequency and the log decrement of free vibrations. 
The vibration amplitude is detected by the photocell unit in the foreground and i s  
observed in the oscilloscope. 

In contrast, the mathematical relationship involving energy 
dissipation and modulus of rupture has not been well established. 
However, Jayne’s hypothesis of causal relationship (8) indicated 
the possibility of developing a system by which energy dissipa- 
tion might be made to predict modulus of rupture. Thus, the 
problem was first to develop a means of measuring energy 
dissipation and, second, to develop correlative information suffi- 
cient to prove the existence of a useful relationship between 
energy dissipation and strength. 

The method developed for this purpose involved the use of 
free transverse vibration. (1 1) In this case, energy dissipation 
is measured as the rate of decay, or logarithmic decrement 
(6), of the amplitude of the vibration of the vibrating body and 
is expressed in the form: 

1 AI 
6 = - log, - 

n An 
where A I  and A n  are the amplitudes of two oscillations n cycles 
apart. 

The relationships between the vibrational parameters, E“ 
and 6,  described above and the mechanical properties of lumber 
have been investigated by several researchers, (7,8,9,10) all 
of whom agree on the relationship of frequency to modulus of 
elasticity, but have conflicting conclusions concerning the use- 
fulness of logarithmic decrement in predicting modulus of 
rupture. 

Application of both frequency and logarithmic decrement 
analysis to full-size lumber at Washington State University re- 
vealed correlation coefficients of 0.98 and higher between the 
dynamic modulus of elasticity, E , ,  and the static modulus, 
E,.  ( 1 1 ) More significant, however, were correlation coefficients 
as high as 0.92 which were revealed between a combination of 
vibration parameters ( E J 6 )  and the modulus of rupture. This 
success was attributed to newly developed electronic equipment 
and procedures which refined the measurement of logarithmic 
decrement and natural frequency of lumber subjected to free 
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transverse vibrations. A photograph of the present laboratory 
equipment is shown in Figure 2. 

The frequency of the vibrating lumber is determined by 
measuring the period of oscillation. The logarithmic decrement 
is measured by counting the number of oscillations which occur 
between two predetermined amplitudes, A I  and A.. The gates 
of the counter are set electronically to trigger at amplitudes such 
that the natural loga'rithm of the ratio AI to A .  is equal to unity. 
Hence, the number of oscillations that occur between these 
amplitudes is the reciprocal of logarithmic decrement. 

Following development of equipment and demonstration of 
technical feasibility, the transverse-vibration method was applied 
in studies pointed toward commercial applications. Another 
dynamic test method, stress-wave propagation, has been studied 
at Washington State University with a similar pattern of de- 
velopment, although it has not been under study for as long. 
Following a discussion of stress-wave propagation research, 
results of both methods are compared to visual grading. 

Stress- Wave Propagation 
Like transverse vibration, the stress-wave propagation 

method is a dynamic analysis, but it differs in that the direction 
of the excitation is longitudinal and the frequency of excitation 
is about 1000 times higher than for transverse vibration. Despite 
these basic differences, both methods yield very similar values 
of modulus of elasticity for construction lumber. 

The propagation of longitudinal stress waves in solids is 
influenced in a complex manner by both the mechanical and 
physical properties of the mzdium. To describe the propagation 
for practical use, the complex expressions commonly are simpli- 
fied to elementary, one-dimensional wave propagation theory as 
applied to an isotropic, homogeneous material. If a specimen 
has lateral dimensions which are small compared with the wave- 
length of the propagating wave, this simplified theory yields the 
following equation relating the velocity of propagation, c, with 
the modulus of elasticity and density ( p )  for a prismatic bar: 

At Washington State University, research on stress-wave 
propagation in wood has involved wavelengths much larger than 
the lateral dimensions of the specimen. This wavelength-dimen- 
sion relationship was obtained by simple impact on the end of 
wood specimens that were in the form of small, clear prismatic 
rods. When wave-velocity measurements were made on the 
prismatic rods, Equation (3) yielded E-values which agreed 
closely to the corresponding static moduli. (2) Modulus of 
elasticity values determined from the impact-induczd wave 
propagation were labeled EI. 

Following this initial work with prismatic rods, the study 
of wave propagation was extended to wood specimens of com- 
mercial interest in the form of structural lumber. (4) This was a 
great challenge to the stress-wave propagation method because 
of the number of knots, splits, and grain deviations commonly 
present. However, initial laboratory studies determined that the 
dynamic E of construction lumber calculated from Equation (3) 
agreed well with the static E obtained from simple bending. 
More study of wave propagation with structural lumb-r was 
encouraged and particular emphasis was placed on development 
for nondestructive lumber grading. 

Early efforts to m-asure modulus of elasticity of lumber 
employed a simple penduhm to provide a reproducible impact- 
induced stress wave, a trigger circuit and a delayed-sweep 
oscilloscope to make the measurement of rate of stress-wave 
propagation. (4) With the time delay adjustment of the oscil- 
loscope, the elapsed time between impact and the arrival of the 
energy wave at the other end of the specimen was measured in 
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microseconds. Knowing the dimensions and weight of the 
lumber, the value of E1 was calculated from Equation ( 3 ) .  
A correlation coefficient of 0.956 between the static modulus 
( E , )  and the dynamic modulus (EI )  illustrated the reliability of 
the stress-wave method. The least-squares . relationship was 
E I  = 0.956 E ,  + 0.101 x 10" psi. When these same lumber 
specimens were tested by transverse vibrations, the least-squares 
line obtained was E" = 0.969 E, f 0.074 X 10" psi. The close 
agreement between the two slope values (0.956 and 0.969) 
illustrates the excellent correspondence between elastic moduli 
determined at far different excitation rates. 

Since the initial research, the measurement system has been 
under continuous revision to achieve greater commercial feasi- 
bility. These changes have included sophistication in the trigger 
system and use of an electronic counter for readout. Figure 3 is 
an over-all view of the equipment. The device in the foreground 
imparts a reproducible impact to the lumber; the electronic 
counter is shown in the background. 

Modifications to the instrumentation often have introduced 
artificial factors in the time measurements, which, in turn, pro- 
duce E-values calculated from Equation (3) which may not be 
in one-to-one relationship with the static E-values. (4) When 
this occurred, the calculated parameter was labeled I to dis- 
tinguish it from the true dynamic value, El. These I-values, of 
course, are adjustable to the modulus of elasticity by a regression. 

Figure 3. Apparatus for measurement of rate of stress-wave propagation in 
structural lumber. The device in the foreground imparts a reproducible impact to 
the lumber. A transducer sensitive to strain i s  positioned at the far end of the 
lumber to transmit a signal to the electronic counter. 

Dynamic l e s t  Results 
As indicated previously, both transverse vibration and longi- 
tudinal wave propagation have a demonstrated capability for 
measuring the modulus of elasticity. Figure 4 depicts the E,, 
E ,  and I values of the Douglas fir specimens shown in Figure 
1 .  Although the dynamic tests predict the wide range of E,  
values, visual grade methods in force in mid-1966 would allow 
only a design E of 1.92 X 10" psi (125 x lo? kp/cm') at 
15% moisture content for all of these pieces.( 15) In Figure 4, 
E ,  is a static measurement on edge; E,  was determined with 
vibration in the flat plane of the nominal 2 x 4-in. lumber. Note 
that the wave-propagation data is labeled I since changes 
in instrumentation yielded an artificially high value of EI from 
Equation (3).  

To demonstrate further the effect of piece-by-piece non- 
destructive testing, a sample of 50 clear, western hemlock, 



nominal 2 X 4 in. lumber specimens, 16 ft (488 cm) in 
length were chosen from a sample population of 250 to be 
tested by both dynamic methods. The basis of choice of the 
sample was the 25 predicted to have the highest strength by 
E J  6 and the 25 predicted to be the lowest strength by E,./ 6. 
By current visual grading methods, these pieces would be 
classified as select structural and allowed an E of 1.68 x loG 
psi ( 1  18 X lo3 kp/cm') at 15% moisture content. (15) Figure 5 
illustrates the actual E-values, both static and dynamic, that 
were found in these 50 specimens. Both the E,  and E,  meas- 
urements were made on edge. It is clear that not only is a 
wide variability present in clear lumber, but that to utilize the 
E potential, modern N D T  is required. 

The select structural grade in hemlock is permitted one 
design fibre-stress value, 1750 psi (123 kp/cm2) at 15% 
moisture content by visual rules. (15) The specimens of Figure 
5 were broken on edge in a testing machine and the modulus 
of rupture values ( R )  were compared with the strength pre- 
dicting parameter E,/ 6 .  Figure 6 shows the R-values graphed 
against Ed6 where E, was used for the dynamic E ( E ( I ) .  
Because this sample population was not truly normal in the 
statistical sense, no regression lines were calculated. The data 
was analyzed, however, on the basis of machine grades using 
the E d 6  concept. The machine was assumed to grade the 
lumber in Ed6 groups of 40 x loG psi (282 X 10' kp/cm'). 
This segregation is shown by the vertical lines. In two groupings 
where sufficient specimens were present, the allowable fibre- 
stress values were calculated by recognized methods which 
take into account variability,. duration of load, and accidental 
overload. (6)  The allowable fibre-stress values, 2030 psi 
(143 kp/cm') and 3400 psi (239 kp/cm') are depicted by 
the horizontal dashed lines in the respective E d  6 groups. 
Both fibre-stress levels are appreciably higher than permitted 
by the visual grade as shown by the dashed line at 1750 psi 
(123 kp/cm'). These differences are typical of results obtained 
when comparing presently operating machine graders with 
the visual system. It must be noted that the data collected in 
Figure 6 were not part of a large study and thus should not 
be used to arrive at actual design values. The purpose of this 
data was to portray the differences in the existing practices 
of the industry and the improvement in efficiency to be gained 
by NDT. For more detail on these methods many references 
are available. (6, 12) 

Nondestructive testing is a must for the wood industry 
if it is to remain abreast technologically. The advent of the 
machine graders and presence of new dynamic methods is 
only the beginning. These methods at present are far from 
optimized and the NDT industry can contribute to their im- 
provement. High efficiency will probably result from a marriage 
of the best features of the visual system and the piece-by-piece 
thoroughness of the automated nondestructive test. 
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Nondestructive Testing of the Elasticity 
of Wood 

N. D. POPESCU, ROMANIA 

ABSTRACT: The method of testing described i s  based on the principle of coupled 
oscillations. Bending and torsional oscillations are generated in the test piece 
with the aid of two pendulums of identicol weight. The period of the beats pro- 
duced by the super-position of the pendulum oscillation against the test-piece 
oscillation is used to determine the mechanical characteristics. 

A theoretical relationship i s  established between the elastic characteristics 
of  a test piece and the beat. Using this relationship the elastic characteristics of 
five types of wood species are determined and these are compared with the 
results obtained by an ultrasonic method. 

Relationships between the speed of the respective elastic longitudinal waves, 
the beat period, and the mechanical strength of the wood are then derived 
experimentally. 

As wood i s  an anisotropic material, an anisotropic coefficient i s  used instead 
of the transverse contraction coefficient. The anisotropic coefficient can be  de- 
termined using the test method described in this paper. 

Introduction 
Symbols and Notations Used 

= longitudinal elasticity module of the test-piece 
= transverse elasticity module of the test-piece 
= mass of a pendulum 
= mass of the horizontal lever 
= distance between the axes of pendulum supports 
= mass of the tested test-piece 
= axial inertia moment of the test-piece 
= polar inertia moment of the test-piece 
= inertia moment of the horizontal lever 
= length of the mathematical pendulum, synchronous with 

the physical one 
= moment of inertia of the test-piece on the unity length in 

relation with its geometrical axis 
= theoretical length of the test-piece 
= period proper to pendulums 
= period of beats (in the case of bending oscillations) 
= period of beats (in the case of torsion oscillations) 
= wood density 
= wood specific weight 
= acceleration of the free fall 
= propagation speed of the longitudinal elastic waves through 

the bars 
= transverse contraction coefficient 
= coefficient of anisotropy 
= resistance to compression 
= resistance to tension 
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and Strength 

Study of the elastic characteristics of wood by the classical 
method is difficult as the test-piece used to determine the longi- 
tudinal elastic modulus E is destroyed during the test and 
therefore cannot be used to determine the transverse elastic 
modulus G .  A second test-piece must then be used to determine 
the latter and this may not have the same properties, as the 
elastic and strength characteristics of wood vary not only from 
one species to another, and from one tree to another, but even in 
the same tree we obtained different results from different places. 

I t  is therefore impossible to establish any relationship 
between the two elastic moduli using the classical methods. 

The method described in this paper, called the “coupled 
oscillation” method, enables us to determine on the same test- 
piece all the elastic and strength characteristics of wood, as the 
tests are done without destroying the material. 

In principle the method relies on the generation of bending 
and torsional oscillations in the test-piece by using two coupled 
pendulums of identical weight. The pendulums are coupled to 
the sample and generate a beat frequency in it due to the 
interference between the oscillations of the pendulums and the 
natural oscillations of the sample. 

The beat frequency depends on the oscillation frequency 
of the pendulums and the natural oscillations of the test-piece. 
The latter is determined by the elastic characteristics of the 
test-piece material. Consequently a direct relationship between 
the elastic characteristics of a material and the beat frequency 
can be determined. This is shown by the oscillations of the pen- 
dulums and can be easily measured. 

To perform the tests, the test-piece of cylindrical or square 
crosr-section, is placed in a vertical position with the bottom 
embedded in a base, and the top fixed to a horizontal lever, a t  
the end of which are hung the identical pendulums on knife-edge 
wedges. The knife-edges are placed so that the pendulum axes 
can oscillate either in the same plane or in different planes. In  
the first case, the movement of the pendulums generates bending 
oscillations, while in the second the oscillations generated are 
torsional. 



If a pendulum is deflected from its equilibrium position and 
then released, it will begin to oscillate and due to the elasticity of 
test-piece, the pendulum at the opposite end of the horizontal 
lever will also oscillate. 

As the amplitude of the oscillation of the first pendulum 
begins to decrease, the oscillation amplitude of the second pen- 
dulum increases, reaching a maximum when the first pendulum 
has stopped. After this, the first pendulum begins to oscillate 
again while the oscillation amplitude of the second decreases 
until the pendulum stops. The time between two successive 
stoppings of a pendulum represents the beat period. The prob- 
lem to be solved lies in establishing the relationship between 
the elastic constants of the material and the beat period. 

Determination of Relationship Between Elastic Constant 
and Period of Beat 
The equipment as used for determining the longitudinal 
elastic modulus E is shown schematically in Figure 1. This can 
be considered as a system with three degrees of liberty, the 
generalized coordinates being: 

x-The displacement of the top of the test-piece; 
&-The position of the first pendulum; 
@-The position of the second pendulum. 
We adopt the hypothesis that the horizontal bar B-C has a 

linear translation (motion) and we neglect the work of the force 
which represents the weight of this bar. 

In the case of a bar of length L, mass m, inertia moment I ,  
and elastic modulus E, embedded at one end and free at the 
other, considering only fundamental oscillations and neglecting 
the influence of harmonics, we can write for small oscillations 
that the potential energy W and the oscillation pulsation 0 the 
following equations: 

From a dynamic point of view we can consider the bar 
as an undamped linear oscillator with the elastic constant c 
and equivalent mass q: 

1 
w = - c x 2  

2 

C 

Q 
m2 = - 

We can then derive the following values for c and q: 
n4 EI 

c = -  __ 
32 L3 

3n - 8 

2n 
4=- rn = 0.226rn 

(3) 

(4) 

Using the Lagrange equations, the system of differential 
equations is obtained which describes a movement of the system. 
After linearizing this becomes 

(7) i nj; + 108 + 106 + kx = 0 
j l +  roe + ge = o 
x + loid + gcp = 0 

where: 
4 + M 1 + 2 M  C 

M M 
and k = - n = 

I 
a a I -  

D ml r 
Y 

Figure 1 

The particular solutions of this system have the form: 

I x = A sin (at + w) 
8 = B sin (wt +w) 
cp = C sin (at + w) 

Using these relations, the system of equation (7) becomes: 

(9) 

This system of equations in A,B,C, is compatible with 
unbanal solutions, if the determinant of the coefficients of 
unknown quantities is null: 

I A (nw2 - k) + B 1002 + C l o d  = 0 
A w 2 + B ( 1 O 0 2 - - g ) = O  
A w ~ + C ( / o w 2 - g ) = O  

(nu2 - k) 10012 1002 

0 2  0 (low2 - g) 
m2 (loo2 - g) 0 1 = o  (10) 

Solving this equation, the following expressions for pulsa- 
tions are obtained: 

012 = 0 0 2  

where: 
g 

wo2 = - (the square of pulsations proper to the pendulums) 
lo 

k C 

n q + M 1 + 2 M  

2 4 + Mi 

n q + M i + 2 M  

a l = - =  

6 = 1 - - =  
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By the superposition of the pulsation oscillations W I  over 
the pulsation oscillations W I I  or W I I I  the phenomenon of beats 
is obtained, the pulsation of the beats being: 

ob = - 21 26 

Taking into account the relations ( 5 ) ,  (6),  (12) and the 
expressions : 

(14) 
2n 2n 

T <e 

0 0  = __ ; a b = - ;  

from equation (13) we obtain: 

E = A + B < ,  (15) 

where: 
128 L3 (0.226 m + A411 

n2T2 I 
A =  (164 

It can be seen, therefore, that the longitudinal elastic modulus E 
can be determined without any difficulty if the period of beats 
Le is known when A and B are constants of the test-piece and 
equipment. For the case when the equipment is used for de- 
termining the transverse elastic modulus G, the axes of the two 
pendulums must oscillate in parallel planes, as is shown in 
Figure 2A, and Figure 2B. This installation can also be con- 
sidered as a system of three degrees of liberty, its generalized 
coordinates being 

cp-for the rotation of the lever B-C, 
&for the position of the first pendulum, 
e-for the position of the second one. 

Taking into account the fact that the bar A-D can be replaced 
from a dynamic viewpoint with an equivalent undamped linear 
oscillator, of elastic constant k and equivalent inertia moment 
having the expressions: 

and proceeding as in the previous case, we obtain: 

where: 

Hence in the case of the transversal elastic modulus G, the 
problem is also reduced to measuring the beat frequency on an 
experimental basis, the coefficients C and D being the constant 
values of the test piece and the equipment. 
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Design of the Experimental Equipment 
The actual experimental equipment designed to meet the theo- 
retical requirements already described is so designed that it can 
be used not only for determining the longitudinal elastic modu- 
lus E but also for determining the transversal elastic modulus G 
by changing only the plane of oscillation of the pendulum axes 
and ensuring-in the case of determining elastic constant G- 
that displacement of the top of the test-piece should not 
take place. 

Figure 3 shows the equipment with the test-piece mounted 
for the determination of the elastic modulus E .  

The base of the equipment, an iron plate 11 in. x 9.8 in. 
x 1.4 in. In the centre of the space is a device for rigidly 
fixing the bottom of the test-piece. 

The top of the test-piece is fixed by means of a similar 
device, on a horizontal lever, at the end of which are mounted 
two pairs of hard steel holders which constitute the supports 
for the pendulums. 

Two of these supports are placed on each side of the 
test-piece-perpendicularly on the axis of the horizontal lever- 
at a distance 3.35 in. from the axis of the test-piece. 

I 
I 

a 

I 

a /  I 

L X, 

Figure 2 
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As the test-pieces are of small dimension, their mass 
can be neglected, and thus in equations (16) and (19) we 
can take m=Zmo=O, obtaining for coefficients A,B,C and D 
the following expressions: 

128Ml L3 128 M i 3  
A =  . -  ; B =  . - .  

0.0491 n2T; d4 0.0491nzT3 d4 

4n2 ZM1 L 4n2Ma2 L 

0.0982 T2 d4 0.0982T3 d4 

(20) 
C =  . -  ; D =  . - *  

Figure 3 

The two pendulums are supported by hard steel knife- 
edges on these supports, one on each side of the test-piece. 

Thus the pendulums can oscillate only in the plane con- 
taining the axis of the horizontal lever and the axis of the 
test-piece, whereas the top of the test-piece can be displaced. 

For the determination of the transverse modulus of elas- 
ticity G the two pendulums are placed on the other pair of 
supports which are also mounted on a horizontal lever, sym- 
metrical to the test-piece at a distance of 5.35 in. from it. 

As these supports are on the axis of the horizontal lever, 
the axes of the pendulums can oscillate only in normal and 
parallel planes between them on the plane determined by the 
axis of the test-piece and the axis of the horizontal lever, so 
that the oscillation makes the horizontal lever rotate and thus 
twists the test-piece. 

A special device which allows the top of the test-piece 
to rotate only around its own axis prevents any displacement 
of the top of the test-piece. The two pendulums are cylindrical 
and are made of iron. 

In this way the apparatus is made ready to test for the 
transverse elasticity modulus G. 

The two pendulums are cylindrically shaped and are made 
of iron, like the other details of the apparatus. 

where d is the diameter of the test-piece. 
The characteristics of the apparatus are: 

M = 0.0105 Ib/in-l.sz, 
MI = 0.0112 Ib/in-l.sz. 1 
T ~ = 0.750 s., ' 
a = 5.35 in., 
101, = 0.1553 Ib. in. sz., 

and for the coefficients A,B,C and D the following values result: 

L3 L3 
A = 5.25- ; B = 6.58- ; 

(22) 
L 

d4 

L 

d4 d4 
C =  111 - ; D = 284 -. 

For verifying the proper operation of the apparatus, the 
elastic constants of a steel bar, with the length L=8.47 in. and 
a diameter d=0.28 in. were determined. 

In this case the equations which permit the calculus of 
elasticity moduli can be written under the form: 

E = 519.057 + 650.451 le, (23) 
G = 152.972 + 391.389 {,,. ( 

Measuring the period of beats for the two types of tests, 
the following values were obtained: 

t r e  = 44 s, rg = 28 S. 

By replacing these values in equation (23) E and G 
obtained. 

E = 29.138.900 Ib/inz 
G = 11.111.864 Ib/inz. 1 

were 

(25) 

For these values of E and G a transverse contraction co- 
efficient resulted, ~ = 0 . 3  1. 

These data, corresponding with those determined by clas- 
sical methods for this .kind of steel, show that the apparatus 
operates with good accuracy. 

Experimental Results Obtained on Wood 

Samples and Materials Used 

Five species of wood were tested, namely fir, beech, oak, elm, 
and acacia. As we were also interested in the determination of 
the mechanical properties at various positions in the tree-trunk, 
samples were taken from various positions as shown in Figure 4. 
The sample size used was 0.79 X 0.79 x 14.77 in. with the 
axis of the sample parallel to the wood fibres. 

The test-pieces were free from flaws and were found to 
have a humidity of 15%. Tests were carried out at 2OOC. I n  
order to check the results the samples were tested not only by 
the method described but also by the well-known ultrasonic 
method. 
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Figure 4 

The speed of propagation of longitudinal elastic waves V'L 
in the direction parallel to the fibres was first determined. 
The samples were then cut into two parts, a test-piece of 
0.79 x 0.79 x 2.37 in. and another of 0.79 x 0.79 x 12.4 in. 
The shorter test-pieces were tested in compression to determine 
the resistance to compression Rc, and the longer test-pieces were 
turned on a lathe to a diameter of 0.59 in. in their central 
portion and were then tested by the method described, and then 
broken in the tensile machine. 

Determination of Mechanical Characteristics by Ultrasonics 
Measurement of the velocity of longitudinal elastic waves in the 
test-pieces was done by means of the Ultrasoniscope LIN-2 (1). 
The transmitter and receiver were placed at each end of the test- 
piece so that the elastic waves travelled parallel to the fibres. 
The measured speeds are given in column 4, of Table 1. 

In the same table we also give the specific weights 6 
(column 3 ) ,  the compression strength R c  (column 6 ) ,  and the 
tensile strength Rt  (column 9 ) ,  as well as the mechanical char- 
acteristics calculated from the propagation velocity of elastic 
longitudinal waves. 

At a frequency of 100 kHz the wave-length of the ultra- 
sonic wave is greater than 1.5d where d is the thickness of the 
test-piece. Hence the propagation of waves through the test-piece 
is described by the relation 

Under an explicit form this relation becomes: 

Y 

g 
E = p VIL2 = - V'L2 . (27) 

Using this expression, the elastic moduli will calculate it as 

When these values are plotted graphically, as shown in 
shown in column 5,  Table 1. 

Figure 5A, the pairs of values 

R, = a y V'L - b, (28) 

The points may be plotted as a straight line, the equation 
for which is #28, where a is in inches and b in Ib/sq in. are 
coefficients determined experimentally. Equation 28 can be veri- 
fied from a dimensional point of view when R c  is in lb/sq in. 
if we take gamma in lb/sq in. cubed and V'L is in inches. 
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The values of the coefficients a and b for all wood speci- 
mens being a = 3.2s, b = 2100 lb/sq in. 
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Table I 

Test I d  L - ~ V L '  E R, Ib/inZ Rt Ib/inz 
__- Ib/in3 in/s Ib/inz 
Zone No. Det. Cal. Diff. yo Det. Cal. Diff. yo 

Table 2 

Test Period of beats Elastic Characteristic 
Ib/inz 

a 
Te fK E G Zone No. 

1 2 3  4 5 6 7 8 9  IO 1 1  
1 2 3 4 5 6 7 

Fir Wood 

1 40 7,o 1.345.760 146.525 
2 43 7,3 1.444.718 152.472 

I 3  41 7.3 1.378.746 152.472 
1.389.741 150.489 14.4 Mediate 

~~ 

Fir Wood 

1 1,50 1.831 1.298.860 6.900 6.687 -3,lO 13.500 11.914 -11,70 
2 1,52 1.910 1.437.540 7.330 7.212 --1,61 13.640 13.390 - 1,83 

I 3 1,51 1.905 1.416.960 6.970 7.116 +2,10 13.080 13.120 - 0,31 
Mediate 1.384.453 7.066 7.005 -0,86 13.406 12.808 - 4,46 

4 1,53 1.950 
5 1,51 1.884 

I1 6 1.52 1.929 
Mediate 

7 1,50 1.790 
8 1,50 1.810 

111 9 1,50 1.818 
Mediate 

1.504.440 
1.380.240 
1.456.210 
1.446.963 

7.460 7.452 -0.01 
7.110 6.988 --1,72 
7.040 7.276 +3,37 
7.203 7.245 +0 ,58  

6.400 6.492 +1,44 
6.620 6.588 -0,48 
6.750 6.604 -2,17 
6.590 6.561 -0,44 

13.920 14.065 + 1,04 
12.800 12.760 - 0,31 
12.800 13.570 + 6,02 
13.173 13.465 + 2,22 

4 45 7,o 1.510.690 146.525 
5 40 7,1 1,345,760 148.507 

I1 6 43 7,o 1.444.718 146.525 
Mediate 1.433.722 147.186 1 5 . 4  

1.240.470 
1 .267.900 
1.275.680 
1.261.350 

11.800 11.365 - 4,02 
12.090 11.635 - 3,77 
11.650 11.680 + 0,26 
11.846 11.560 - 2,22 

~ ~~ 

7 36 6,s 1.213.816 136.612 
8 37 6,O 1.246.802 126.700 

111 9 39 6,6 1.312.774 138.595 
Mediate 1.257.797 133.969 14.7 

Beech Wood 

13,5 1.708.606 275.387 IO 51 
I 1  52 14,O 1.741.592 285.300 

I 12 49 12,7 1.642.634 259.527 
1.697.610 273.404 8.4 Mediate 

Beech Wood 

10 2.80 1.551 1.740.000 11.380 11.820 +3,87 21.500 26.350 +22,50 
1 1  2,78 1.568 1.761.430 11.510 11.852 +2,97 25.080 26.440 + 5.44 

I 12 2 ,82  1.528 1.704.080 11.800 11.724 -0.65 23.900 26.080 + 9,15 
Mediate 1.735.170 11.563 11.798 +2,03 23.493 26.290 +16,15 

13 2.72 
14 2,71 

I1 15 2,73 
Mediate 

16 2.60 
17 2.62 

111 18 2.61 
Mediate 

1.634 1.873.680 11.940 12,108 +1,40 22.760 27.160 +19,35 
1.770 2.193.590 12.930 13.260 +2,55 24.790 30.400 +22.70 
1.762 2.193.100 13.220 13.324 +0,79 25.920 30.580 +18,00 

2.086.790 12.696 12.897 +1,58 24.490 29.380 +19,95 

1.551 1.616.000 11.800 10.828 -8,15 21.630 23.560 + 8.95 
1.725 2.011.400 12.090 12.364 +2,27 25.640 27.880 + 8.75 
1.613 1.755.560 11.650 11.372 -2,38 24.620 27.790 +12,90 

1.794.320 11.849 11.521 -2,77 23.963 26.410 +10,20 

13 56 13.0 1.873.536 265.475 
14 65 10,5 2.144.090 215.912 

I1 15 59 11,6 1.972.494 237.720 
Mediate 1.996.706 239.702 12.6 

16 47 13,O 1.576.662 265.475 
17 65 10,5 2.144.090 215.912 

111 18 51 123 1.708.606 255.562 
Mediate 1.809.786 245.649 10.7 

Oak Wood Oak Wood 

19 2,72  1.302 1.189.440 9.120 9.228 +1,18 18.880 19.060 + 0,96 
20 2,76 1.417 1.430.800 11.300 10.444 -7,60 21.640 22.480 + 3,87 

I 21 2,74 1.363 1.316.480 11.090 9.868 - 1 1 , O  20.100 20.860 + 3,77 
Mediate 1.312.240 10.503 9.847 -6,25 20.207 20.800 + 2,96 

~~ 

19 35 14,O 1.180.830 285.300 
13.5 1.411.732 275.387 20 42 

I 21 39 13,5 1.312.774 275.387 
Mediate 1.310.778 278.691 5.3 

22 45 12,O 1.510.690 245.650 22 2,92 1.456 1.593.760 11.800 11.500 -2,54 
23 2.92 1.464 1.609.790 11.150 11.564 +3,71 

I1 24 2,90 1.495 1.670.910 12.010 11.788 -1,85 
Mediate 1.624.820 11.650 11.617 -0,28 

25 2.76 1.449 1.492.000 10.650 10.700 +0,47 
26 2,74 1.425 1.431.310 10.800 10.380 -3,88 

111 27 2,78 1.460 1.526.560 11.510 10.892 -5,36 
Mediate 1.483.290 10.986 10.657 -3,OO 

24.200 25.450 + 5.15 
21.920 25.630 +16,90 
25.080 26.260 + 4,70 
23.733 25.780 + 8,72 
21.500 23.200 + 7.93 
21.390 22.300 + 4,26 
21.980 23.740 + 8,04 
21.623 23.080 + 6.75 

23 46 12,5 1.543.676 255.562 
I1 24 48 12,5 1.609.648 255.562 

Mediate 1.554.671 252.258 8.3 

25 44 12 ,O 1.477.704 245.650 
26 42 1 1 , 5  1.411.732 235.737 

111 27 45 12,5 1.510.690 255.562 
Mediate 1.466.708 245.647 7.9 

Elm Wood Elm Wood 
~~~ ~ 

28 2.49 1.488 1.417.100 8.830 9.740 +10,30 20.100 20.500 + 1,98 
29 2,53 1.464 1.398.670 9.400 9.772 + 3,54 21,080 20.590 - 2,32 

I 30 2.54 1.488 1.447.740 9.680 9.996 + 3,27 21.620 21.220 - 1,85  
Mediate 1.421.170 9.303 9.836 + 5.74 20.933 20.770 - 0,78 

28 44 11.5 1.477.704 235.737 
29 42 10.5 1.411.732 215.912 

I 30 43 12,O 1.444.718 245.650 
Mediate 1.444.718 232.433 8.4 

31 2.53 1.594 1.660.440 10.520 10.828 +2,92 23.160 23.560 + 1,73 
32 2,53 1.542 1.522.200 11.080 10.380 -6,32 23.380 22.300 - 4,63 

I1 33 2,56 1.615 1.722.240 11.510 11.148 -3.14 22.800 24.460 + 7.30 
Mediate 1.634.960 11.036 10.785 -2.25 23.113 23.440 + 1,41 

31 49 12,O 1.642.634 245.650 
32 44 10,O 1.477.704 206.000 

I1 33 48 11,O 1.609.648 225.825 
Mediate 1.576.662 225.825 9.9 

34 2.59 1.377 1.267.360 10.240 9.324 - 8,95 21.400 19.330 - 9.66 
35 2.60 1.425 1.361.570 11.090 9.772 --11,90 21.070 20.590 - 2,21 

111 36 2.61 1.512 1.540.500 10.520 10.540 +0,19 21.950 23.450 + 6,84 
Mediate 1.389.810 10.616 9.878 -6,95 21.473 21.123 - 1,63 

34 37 1 1 , O  1.246.802 225.825 
35 39 11.5 1.312.774 235.737 

111 36 41 10,5 1.378.746 215.912 
Mediate 1.312.774 225.824 7.6 

Acacia Wood 

37 50 20,O 1.675.620 404.250 
38 67 18,0 2.236.382 384.600 

I 39 58 17,O 1.939.508 344.775 
Mediate 1.950.503 377.875 6.3 

Acacia Wood 

37 3,18 1.464 1.756.820 13.500 12.812 -5.10 29.600 29.140 - 1.55 
38 3.31 1.633 2.252.340 14.950 15.020 +0,47 35.450 35.350 - 0,40 

I 39 3.24 1.551 2.012.000 13.800 13.996 +1,42 30.600 32.470 + 6,12 
Mediate 2.007.200 14.083 13.943 -1,OO 31.883 32.320 + 1,37 

~ 

40 3,02 1.631 2.071.320 13.940 13.644 -2 ,15 36.500 31.480 --13,75 
41 3.00 1.672 2.168.630 13.660 13.964 +2,20 36.200 32.380 -10.55 

I1 42 3,Ol 1.691 2.224.330 14.220 14.188 -0,22 35.600 33.010 - 7.30 
Mediate 2.154.760 13.940 13.932 -0,06 36.100 32.290 -10,80 

40 59 21 ,O 1.972.494 424.075 
41 63 1 5 , O  2.104.438 305.125 

I1 42 66 19;O 2.203.396 384.425 
Mediate 2.093.442 371.208 7 . 2  

43 3,13 1.511 1.848.600 13.220 13.068 -1,15 35.200 29.860 --15,15 
44 3,lh 1.652 2.234.210 14.220 14.636 +2,92 34.300 34.270 - 0.09 

111 45 3,14 1.611 2.104.960 13.660 14.092 +2,43 33.900 32.740 - 3,43 
Mediate 2.062.590 13.700 13.932 +1,70 34.466 32.290 - 6.30 

43 55 17,O 1.840.550 344.775 
44 65 19,O 2.144.090 384.425 

111 45 58 18 ,O 1.939.508 384.600 
Mediate 1.974.716 371.266 6.6 
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Equation #28 can then be written as: 

R, = 3.2 y Y'L - 2100 (29) 

Column 7, Table 1, shows the resistance to compression 
calculated using this formula, which is then compared in 
column 8 with a resistance compression obtained experimentally. 

The relative error is found to be less than I. 10% (except 
in two places where the error is 11% and 11.9% respectively). 
This shows that equation 29 represents satisfactorily the rela- 
tionship between the compression strength of wood and the 
speed of elastic longitudinal waves travelling parallel to the 
wood fibres. 

A similar relation can also be obtained between the ten- 
sile strength Rt and the speed V'L: 

Rt = c y V'L - d (30) 

where c (in s )  and d (in Ib/sq in.) are coefficients determined 
experimentally. 

From the graph shown in Figure 5b we obtain: c = 9s, 
d = 12.800 lb/sq in. 

Ri = 9 y Y'L - 12.800 (31) 

Table 1, column 10 shows the tensile strength calculated 
from the equation #31, which can be compared with the 
experimentally determined tensile strength shown in column 1 1. 

The relative error is less than -t 16% (with the ex- 
ception of the samples taken from the second zone of beech 
wood, where the relative error reached the value of + 22.7%). 

We note that a better correlation could be obtained if an 
equation similar to that shown in expression #30 were calculated 
for each species of wood separately. 

Testing Wood by Coupled Oscillations 
Tests were performed with the apparatus described in reference 
2, patent #43349 (2) ,  on cylindrical test-pieces with a diameter 
of d = 0.59 in. and a calculus length L = 8.47 in. 

The following values result for the coefficients A,B,C and 
D given by equation (22) : 

Ib 
A = 26320 in - B = 32986 in __ ( i z ) ;  ( in2 * f) 1 

With these values, equations (1 5) and (1 8) become : 
E = 26320 + 32986 
G = 7750 + 19825 [ (33) 

The periods of beats L and t, were measured for each 
test-piece, after which the values of the elastic characteristics 
E and G were calculated with equation (33). 

The results of the tests are given in Table 2, which com- 
prises both the periods to and 'j, (columns 3 and 4)  and the 
values of the elasticity moduli E and G (columns 5 and 6)  
calculated with equation (33 ) . 

The modulus of elasticity E,  determined by the coupled 
oscillation method, has been compared with those es- 
tablished by ultrasonics, in Figure 6, where in the ordinate 
the modulus of elasticity E calculated by ultrasonics was taken, 
and in the abscissa the values of the modulus of elasticity E,  
determined by the oscillation method. 

Thus a .series of points have been obtained, the co- 
ordinates of which are simply the values of the elasticity 
modulus E, determined for test-pieces taken from the same 
zone (the values written in the illustration represent the arith- 
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metic mean of the elasticity modulus E,  determined for three 
test-pieces taken from the same zone of the tree trunk of a 
snecies), established by the two methods. 

3 
7 

E - 28320 * 32985 Z, 

Figure 6 

We see that the results obtained by the two methods are 
almost identical, the coupled oscillation method having the 
advantage in making possible the determination, on the same 
test-piece, the transverse elasticity modulus G also, using a 
very simple installation. 

Interpretation of Results of the Coupled Oscillation Method 
Analyzing the results from testing the five wood species we find 
that the average values of the elasticity modulus vary within 
relatively broad limits: 

-fir: E = 1.257.979 - 1.433.722 lb/inz 
G = 133.969 - 150.489 lb/in2 

-beech: E = 1.697.610 - 1.972.494 Ib/inz 
G = 239.702 - 273.404 lb/inz 

-oak: E = 1.301.778 - 1.554.671 Ib/in' 
G = 245.647 - 278.691 lb/inz 

-elm : E = 1.312.774 - 1.576.662 Ib/inz 
G = 225.824 = 232.433 Ib/in2 

-acacia: E = 1.950.503 - 2.093.442 Ib/inz 
G = 371.266 - 377.875 Ib/inz 

We notice that the longitudinal elasticity modulus E,  in all 
species, is maximal for wood of the second zone and minimal 
in the first zone (except for fir, for which the minimal was 
obtained in the third zone). 

The transverse elasticity modulus G, in all species is 
maximal in the first zone, and minimal in zone three (except 
for beech, for which the minimal was obtained in the second 
zone). 

Wood being an anisotropic material, it is not possible to 
determine the transverse contraction coefficient p on the basis 
of the well-known relation: 

E 

2 G  
(34) = -- - 1 ,  

as for isotropic materials. 



The application of this equation in the case of wood gives 
values for p much above the maximum limit which is 0.5. 

Nevertheless, a coefficient can be obtained to characterize 
the degree of anisotropy for wood in comparison with another 
material that is considered isotropic. 

Taking a, the coefficient of anisotropy and comparing it 
with glass (which has a transverse contraction coefficient of 
pa = 0.25) we can define this coefficient by the relation: 

E E 

2 G  
1 - -  1 -- - 

E - 2G 
(35) 

Substituting in this expression the values of E and G ,  de- 
termined for glass, we obtain a. = l (a  case in which the 
material is isotropic). 

The values of the coefficients of anisotropy a, for each zone 
and wood species are given in column 7, Table 2.  

We note, that for all species the coefficient of anisotropy is 
maximal in the second zone and minimal in the first (with the 
exception of elm for which the minimal is in the third zone). 

If in equations (29) and (31) respectively we replace 
V L  with the value given in equation (26) we obtain: 

(36) 

- -~ - 2 G  
a =  - 

P. 0.25 0.5 G 

R, = 3.2 4 3 -  2100 

Rt  = 9 4 T E  - 12.800 (37) 

Substituting E in these relations from equation (33), we 

R, = 3.2 4yg(2632O + 32986) - 2.100 (38) 

have : 

Rt = 9 2/yo(26320 + 32986)x- 12.800 (39) 

Thus two simple relations were obtained which enable us 
to determine the resistance compression and the resistance to 
stretching, on the basis of the period be, obtained by testing wood 
test-pieces by the coupled oscillation method. 

As the elasticity moduli E, determined by ultrasonics are 
approximately equal, it follows that equations (38) and (39) 
enable us to determine the strength characteristics of wood with 
the same degree of precision, as do equations (29) and ( 3 1 ) .  

Conclusions 

The tests carried out on five species of wood have led to the 
following conclusions: 

1. The ultrasonic method, and the coupled oscillation 
method enable us to determine with the same precision the 
elasticity modulus E, as well as the resistances to compression 
and stretching. 

2. The coupled oscillation method, using a more simple 
and cheaper installation enables us to determine both the 
transverse elasticity modulus G and the coefficient of aniso- 
tropy a. Thus for testing wood, this method prevails from all 
points of view. 

3. The great advantage of the coupled oscillation method 
lies in the rapidity of carrying out the tests, without using 
any source of energy, as well as in the fact that the test is done 
without destruction of the material and it is possible to de- 
termine on the same test-piece all the elastic and strength 
characteristics of the materials and to study the influence in 
time of the different factors which act on these materials. 

The disadvantage of the method, when compared to 
ultrasonics lies in the fact that the tests can be carried out 
only on test-pieces. 

4. The study done has shown that for all wood species 
the elastic and strength characteristics vary from one test- 
piece to another, depending on the zone of the tree-trunk 
cross-section out of which it was taken. 

5. Of all the wood species studied, elm has the best 
elastic and strength characteristics and a minimum coefficient 
of anistropy, for all the three zones of the tree-trunk. 
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Controlling the Electric Field of Low-Frequency 
Dielectric Nondestructive Testing Devices 

JOHN R. ZURBRICK, U.S.A. 

ABSTRACT: Materials research and development programs at Avco provided 
the need and the opportunity to investigate the feasibility of nondestructively 
evaluating variability in numerous nonmetallic materials through low-frequency 
electric-field response. These efforts led to the development of controlled-field 
capacitance probes which provide high sensitivity, stability, precision and ac- 
curacy. Materials evaluation studies showed that when the projected electric 
field i s  adequately controlled and defined, particularly with reference to the 
electric complex plane, the quantitative response values contoin as much, and in 
some cases even more, information on materials condition and properties as 
traditional dielectric tests. 

The theoretical and practical properties of electric fields projected from 
the various capacitance test devices developed at Avco are discussed, including 
concepts of electric-field projection pattern, field direction, effective depth of 
field, and stray field projection and interception. The basic principles of probe 
design and construction used to control the projected field are discussed and 
examples shown. 

Highly definitive correlations between electric-field response and SUI 

materials properties as modulus of elasticity, degree of cure, density, and mois- 
ture content for unfilled and glass-fabric-reinforced polymeric resin systems are 
presented. The growing future potential of low-frequency electric-field measure- 
ment as an important nondestructive test method i s  emphasized. 

Introduction 
A Need for Nondestructive Testing 
An increasing quantity of nonmetallic materials is providing 
design advantages in critical aerospace applications. Evaluation 
of the performance reliability of these materials in service re- 
quires nondestructive testing. For reasons of inherent anisotropy 
and profoundly different electrical properties, among others, 
extrapolation of nondestructive testing techniques from metals 
experience has been largely frustrated. 
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Research and development programs at Avco Space Sys- 
tems Division have dealt with this problem for the case of fibre- 
reinforced composites designed for structural, primary load- 
bearing applications. (1, 2)  

Experience has shown that all composites, particularly those 
produced under laboratory or batch-production conditions, vary 
significantly in composition and properties, both within a part 
and between like parts, even in the absence of gross defects. 
While we recognize the seriousness of gross defects, it is the 
inherent variability which determines the true reliability of a 
material under specific design criteria. 

The approach taken was that of carefully studying the 
detailed physical and mechanical properties typifying reinforced 
plastics, and the specific properties of each fibre or matrix in- 
cluded in the composite. This, combined with the knowledge 
and understanding of energy forms applicable to nondestructive 
testing, provided the basis for a fresh analysis of the problem. 

Emphasis was placed then on developing nondestructive 
test techniques that would provide quantitative indications 
directly linked to the kind, degree and location of relevant vari- 
ability occurring in fabricated composites. Variability in 
reinforced plastics has been traced to local changes in resin con- 
tent, porosity content, degree of cure, and moisture content, to 
name the most prevalent. 

Using the Electric Field 

One energy form, the low-frequency electric field, offered one 
of the greatest potentials for evaluating reliability of reinforced 
plastics. Traditional dielectric testing, based on the theory of 
parallel capacitor plates, is being widely used for determining 
the electrical properties of electrically insulating materials. Many 
of these are a filled or reinforced plastic. 

A review of nondestructive testing literature early in our 
work pointed up the almost complete lack of applied low- 
frequency (1 kHz to 100 kHz) electric-field measurements. 
Some limited practical applications had been accomplished, 
mostly in the areas of thickness measurement, pinhole detection 
and the determination of moisture content. ( 3 )  The most logical 
step was to adapt the electric field in general to the special 
purposes of nondestructive testing. 

The first goal was to develop a suitable projected electric 
field, a field that could intercept a known volume of the material 
in question and provide a characteristic response. By projecting 
the field, a one-side probing technique could be developed for 
the all-too-frequent situation where physical access is limited 
to just one side, as in completed assemblies. This approach 
offered quick, on-the-spot information, a factor of prime eco- 
nomic importance in practical nondestructive testing evaluations. 

By comparison, in most traditional dielectric tests, a mach- 
ined specimen or limited section of material must be placed 
in the electric field between parallel capacitor plates with ade- 
quate shielding surrounding the test arrangement. Hence, the 
development needs and constraints were clear. Most important, 
development was certainly required. 

A search of existing dielectric test methods and apparatus 
provided a starting point for the development effort. The dis- 
cussions of ASTM test method D 150 covered the traditional 
methods. (4) A particularly remarkable contribution was that 
of J.  J. Knudsen and co-workers at the Delsen Corporation 
almost 10 years ago. (5) Their pioneering development of a 
proprietary instrument the D-K Analyzer, for dielectric mea- 
surements using a coplanar capacitance probe, appeared at first 
to provide a ready system for nondestructive dielectric testing. 
Our own experience with this instrument, however, revealed its 
practical shortcomings, which explained to us the noteworthy 
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absence of this instrument and technique in nondestructive 
testing literature. 

The greatest difficulty lay in the interpretation of capaci- 
tance-probe response. Particular difficulty was encountered when 
more than one variable in the material was changing at the 
same time. This was further complicated by “probe effects” 
which had no apparent relationship to materials variation. The 
only alternative was to begin at the beginning and build up a 
firm understanding of capacitance-probe theoretical and practical 
characteristics along with a knowledge of empirical design 
factors. 

In our development program over the past 4 years, we 
studied the theoretical electron-distribution character of the 
coplanar capacitor, (6) and learned how physically to control 
the electric field. We built prototype probes for moisture deter- 
minations and materials variability evaluations to test out prac- 
tical designs as well as solve in-house testing problems. These 
studies proved that a properly controlled, well defined projected 
electric field can yield even more quantitative information on 
material condition and properties than traditional dielectric test 
methods. 

Corollary to its feasibility, electric-field response measure- 
ments must be intelligently applied to a given nondestructive 
testing problem. This requires the test engineer and operator 
to be completely familiar with the working characteristics of the 
capacitance probe. In hope of stimulating wider interest, this 
paper provides an initial familiarization for those concerned with 
nondestructive testing. It describes the parameters controlled in 
a projected electric field, the characteristics common to coplanar 
capacitance-probe devices, the effect of materials variables on 
indicated response, and preliminary correlations between electric- 
field response and materials properties. 

Controlling the Projected Field 

Definition 

In the broadest sense, a dielectric probe is any device that be- 
haves as a capacitor while producing an electric field capable of 
interacting with a given volume of material. For nondestructive 
test purposes, the probe must be so designed that specimens of 
specific geometry are not required but rather that point-by- 
point or scanning measurements of the component in the whole 
may be accomplished. 

General Probe Characteristics 

An understanding of the apparently universal characteristics 
exhibited by projected electric-field capacitance probes goes a 
long way toward intelligently applying them to nondestructive 
testing. The special characteristics of the parallel-plate capacitor 
and its mathematical model are familiar to many. Should the 
parallel capacitor be opened in the manner of a hinge until 
both plates lie in the same plane, the field once “captured” be- 
comes projected outward. The field is then free to extend 
omnidirectionally and without limit; the familiar analytical 
relationships become useless. Distribution of this field, in terms 
of strength and vector direction, is partly a function of the 
capacitor plate shapes and proximity to each other, requiring 
an entirely new analytical model. 

This simple picture of two capacitor plates side-by-side in 
space is the basic configuration of a coplanar dielectric probe 
having an “uncontrolled” electric field. Such a configuration is 
obviously quite useless as the field is sensitive to all objects in 
the surrounding environment, and to all other electric fields 
existing in that environ’ment. 

To be used as a quantitative measuring instrument the 
capacitance probe must demonstrate sound instrument qualities: 



-stability over a long time-period 
-measurement precision 
-high sensitivity (where needed) 

In  addition, it must provide an appropriate and determinable 
depth of penetration so that the volume of material interrogated 
is known. These considerations provide firm guidelines for 
probe development investigations. 

Capacitance Element Design 
Two steps are required in controlling the projected electric field. 
First the field is attenuated or “grounded out” in all directions 
except the desired direction. (7) Objects in the surrounding 
environment, including the probe handle and operator’s hands, 
no longer can influence probe response. Second, the gradient 
energy of the field is concentrated close to the face of the probe, 
diminishing with distance from the prolie face. It lies within a 
given geometrical area of resolution, so that sensitivity is high 
and volume of material interrogated is established. Objects that 
are in front of the probe but beyond its depth of field exert 
negligible effect on probe response. Detailed distribution of the 
field energy over the probe-face active area, and point-in-space 
electric field vector, are also important design factors. 

The effective depth of penetration (depth of field) charac- 
teristic of the probe-face design may be established with some 
“standard” material such as polymethylmethacrylate (PMMA) 
sheet. Depth of field is defined as that thickness of material be- 
yond which no further addition of the same material will 
influence indicated electric-field response. Although indicating 
instrument sensitivity may influence the exact depth of penetra- 
tion value, the cut-off of response with thickness for the probes 
investigated has been remarkably constant and sharp over a 
wide range of sensitivities. The dielectric character of the ma- 
terial under test does influence depth of penetration, generally 
being an inverse function of dielectric constant. 

Although the design of a probe-face element, in terms of 
electrode size, proximity, and shape, controls the basic direction 
and pattern of the projected electric field, the test-material 
geometry exerts a definite influence on field pattern and therefore 
on probe design. For this reason, a design must be matched to 
the particular nondestructive testing situation. 

Probe Construction 
The general construction of the coplanar probe shown in Figure 
1 was developed as a result of experience gained in testing 
aerospace vehicle components and materials. Probes of this type 

CABLE TERMINALS 

SUPPORT BASE 

PROBE ELEMENT 
(PRINTED CIRCUIT) 

Figure 1. General construction of the coplonor dielectric probe, exploded view 

have been convenient to use and are relatively easy to make. 
Total weight and weight distribution, handle size, cable ter- 
minal location and position, cable flexibility and length, and 
assembly techniques are all factors of the design. The printed- 
circuit probe element has been found to provide the greatest 
design flexibility necessary for proper control of the projected 
electric field. This manufacturing technique has greatly aided 
the rapid transition of experimental face designs into finished 
dielectric probes while providing inherent stability to them. 

Indicating Instrumentation 

As defined, the probe device is basically a capacitor and there- 
fore any capacitance-responsive instrumentation system con- 
ceivable through the wizardry of electronics may be used to 
indicate electric-field response characteristics. The emphasis in 
this paper is concentrated on the probe, since the indicating 
instrumentation may be selected to meet specific test condition 
needs. While the material under test will dictate probe design, 
the various needs for a given level of sensitivity, range of 
measured values, test frequency, and operator skill will influence 
the indicating equipment selected. 

A general-purpose system assembled in our laboratory for 
voltage response measurements is shown in Figure 2A. It was 
used first to study the frequency and voltage characteristics 
of various probe designs, and to measure variables in reinforced 
plastic panels. The Ballantine Direct Capacitance Meter, Figure 
2B, contains the essentials of the laboratory system in a single 
package. The meter is calibrated in capacitance values which 
are sufficiently accurate for low-loss materials. The probe 
attached to the meter was specifically designed for determination 
of moisture content in sheet materials 0.10 in. (0.25 cm) to 
0.50 in. (1.27 cm) thick. 

Where the complex impedance function of electric-field 
response contains the desired materials-variability information, 
a true capacitance bridge circuit is used. Simultaneous changes 
in dielectric constant and dissipation factor from point to point 
in the material cause corresponding changes in electric-field 
response phase shift and attenuation. These are sensed by the 
bridge circuitry as reactive impedances and resistive impedances, 
and displayed, at balance, as relative capacitance and relative 
dissipation factors. These values relate to the specific probe and 
connecting cables used. Thus, a complex impedance plane 
diagram may be developed from these values for a given probe, 
and used to interpret material-variability indications observed. 

VOLTAGE DIVIDER 

HIGH PASS 
FILTER 

AMPLIFIER 

RECORDEI 
OUTPUT 

LINEAR 
AMPLIFIER 

RECTIFIER 
H AND 

REGULATED 
POWER H SUPPLY 

VARIABLE 
FREPUENCY 

OSCILLATOR 

INDICATOR LINE 

Figure 2A. General-purpose system for voltage response measurements. 
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Gating circuits, blinking lights, horns and buzzers, strip- 
chart recorders, capacitive controlled oscillators, multiple-fre- 
quency techniques, and automatic bridges, to name a few, are 
all useful to nondestructive dielectric testing. 

( 

Figure 28. AVCO /SSD-designed probe attached to a commercial direct copacit- 
Once meter. 

Effects of Materials Variables 

Basic Studies 
Once generalized capacitance-probe character and design were 
understood, interest was focused on the response of the projected 
electric field to compositional and geometrical parameters in 
various nonmetallic materials. The studies first involved thermo- 
plastic sheet materials in order to limit and control the in- 
fluencing variables. From this work, a more distinct under- 
standing of empirical field-response relationships was gained. 

Complex Dielectric Property Influence 
As may be seen from the graphs in Figure 3, material changes 
that influence either dielectric constant or dissipation factor 
consistently influence capacitance-probe electric field response. 
For plastic materials, such changes may correspond to changes 
in average molecular weight, molecular weight distribution, 
extent of cure, mixture ratios, moisture absorption, and so on. 

The relationships in Figure 3 were obtained with an Avco/ 
SSD-designed probe having a 2-in. (5.1-cm) dia. and an effective 
depth of field of 1.5 in. (3.8 cm) (referenced on PMMA).  
The blocks of material evaluated were 4 in. (10.2 cm) square 
by 3 in. (7.6 cm) thick. Measurements were taken simulta- 
neously at 10 kHz with 3 volts RMS input to the probe. The 
indicating instrumentation was a General Radio Capacitance 
Bridge Assembly, Type 1620-A. 

Thickness and Volume Eflects 
Almost every nondestructive testing energy form is influenced 
by the geometry of the test material, and nondestructive dielec- 
tric testing is no exception. Figure 4A exhibits the primary 
influence of thickness, while Figure 4B exhibits the secondary 
influence of material area presented to the probe. Although 
they may be lumped together as a “volume factor”, confusion 
is avoided by separating them as shown. The same 2411. (5.1- 
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Figure 3A. Relative capacitance response to dielectric constant in thermoplastic 
materials. 
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Figure 3B. Relative dissipation factor response to dissipation factor in therma- 
plastic materials. 

cm) dia. by 1.5-in. (3.8-cm) depth-of-field probe was used in 
this case but at 1 kHz and 50 volts RMS input. The Ballantine 
Direct Capacitance Meter, Model 520, provided response indica- 
tions. 

Note in Figure 4A the characteristic response curves with 
thickness typical of coplanar probes. The probe studied here 
is useful for materials-variability determinations independent of 
thickness variation at thicknesses greater than 1.5 in. (3.8 cm).  
It is useful for thickness measurements independent of materials 
variation at thicknesses less than 0.2 in. (0.51 cm).  Between 
0.2 in. (0.51 cm) and 1.5 in. (3.8 cm), the field response 
contains both variables and at best is difficult to interpret. 

In Figure 4B, the influence of increased area presented to 
the probe was one of increased energy loss, which accounted 
for the decreased capacitance values. For thicknesses greater 
than 1.5 in. (3.8 cm) ,  the influence became constant when area 
presented was equal to or greater than approximately ten times 
the probe-face area of resolution. 
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Preliminary Correlations 

Studies on Representative Reinforced Plastics 
Dielectric probe measurements in unfilled cast resins and glass 
fabric laminates produced from them, in the continuing U.S. 
Air Force-sponsored nondestructive testing program, provided 
a valuable opportunity to refine techniques and sharpen the 
interpretation of response indications. Preliminary correlations 
between materials properties and electric-field response values 
obtained in these studies have established the practical feasibility 
of nondestructive dielectric testing. 

Degree o f  Cure 
Figure 5 shows two relationships developed for a cast epoxy 
system. Series B represents an SO% to 90% extent of reaction 
(degree of cure) range, and Series C a 95% to 98% range. 
Although cure conditions were similar, the physical and electric- 
al properties of the two series were distinctly different, as may 
be seen in these correlations. 

Figure 5A is particularly significant in that the probe used 
had a +-in. (0.64-cm) X $-in. (0.64-cm) area of resolution 
and an 0.030-in. (0.76-mm) depth of field, while the tensile 
specimens were nominally 2 in. (1.9 cm) thick. 

The relative capacitance data in Figure 5B were obtained 
with a probe having a 1-in. (2.54-cm) x 1-in. (2.54-cm) area 
of resolution and an 0.060-in. (1.52-mm) depth of field. Density 
increase in Series B came as the normal result of advancing 
cure. The corresponding decrease in relative capacitance values 
is in harmony with dielectric theory and test experience. 
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Figure 5B. Electric-field response vs. resin density for two degree of cure ranges. 
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However, Series C behaved quite oppositely. Further in- 
vestigation disclosed that volatiles had been lost during post-cure 
operations, resulting in a small amount of distributed micro- 
porosity throughout the castings. In fact, as post-cure tempera- 
tures were increased, more volatiles were lost, resulting in 
lower densities with slight advances in resin cure. 

Returning to Figure SA, the distributed microporosity in- 
fluence on tensile modulus is quite evident as indicated by the 
dashed line. However, this correlation does show the predomi- 
nant and consistent influence of degree of cure on both tensile 
modulus and electric-field response. 

Glass Fabric Laminate Variability 
The correlations in Figure 6 extend the dielectric probe tech- 
nique into much more complex systems. These glass-fabric lami- 
nates were viewed as a highly anisotropic, three-component sys- 
tem consisting of glass, resin, and distributed porosity. The 
compositional and geometrical occurrence of each is essentially 
random within fairly broad limits, Le., 25% to 40% by weight 
resin content and 0.5% to 10% by volume porosity content. 

Laminates represented in Figure 6A were prepared from 
the same epoxy resin system studied in Figure 5 .  In  this cor- 
relation, the electric field responded linearly to glass content 
and porosity content as they influenced density in machined 
specimens. 

In Figure 6B, density was determined on as-fabricated 
9-in. (23-cm) x 16-in. (41-cm) polybenzimidazole resin lami- 
nates at 32  points using a nondestructive gamma radiation gaug- 
ing technique. These values were correlated with relative capaci- 
tance values obtained at the same test locations on each lami- 
nate. The two laminates, N-1 and N-2, prepared under very 
similar fabrication conditions, exhibited one set of dielectric 
properties as shown in the correlation. The third laminate (N-4) 
had been prepared under somewhat different fabrication condi- 
tions. The dramatic effect of fabrication conditions on electrical 
character is vividly reflected in the resulting correlation. 

Note that correlations involving materials variability have 
involved electric-field response changes measured in tenths, 
hundredths, and even thousandths of a picofarad. These are 
quite sensitive measurements. By comparison, moisture content 
determinations involve electric-field response changes at the 
picofarad level ( 2  picofarads for each per cent of moisture), as 
shown in Figure 7. Dielectric probe determination of moisture 
content has been relatively easy as a result of the high dielectric 
constant (81) exhibited by water vapor at room temperature. 
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Figure 6A Electric-field response VI. density for glass fabric reinforced epoxy 
laminate system. 
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Because of this, even small moisture content changes in a mate- 
rial must be avoided when it is being dielectrically evaluated for 
variability. 
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Figure 68. Electric-field response VI. density for glass fabric reinforced poly- 
benzimidazole laminate system. 
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Figure 7. Typical calibration curve far dielectric probe determination of moisture 
content. 

Summary 
The increasing use of reinforced plastics, mixed composites, 
wood, ceramics and other nonmetallics in critical military and 
civilian applications has provided the need for nondestructive 
dielectric testing as a tool to assure reliability. A basic under- 
standing of projected electric-field response character has been 
developed and test studies have proven the utility of the 
capacitance-probe for nondestructive test evaluation of materials 
variability. The lesson we learned was that each nondestructive 



test situation will require a properly controlled projected field 
as provided by a dielectric probe of specific design, with 
indicating instrumentation selected to meet the readout condi- 
tions dictated by the over-all nondestructive testing problem 
itself. 

The low-frequency electric-field form of energy generally 
has received relatively little attention in the search for methods 
and techniques applicable to solving nondestructive testing prob- 
lems. As more is learned of its capabilities for evaluating non- 
metallic materials, the electric-field method will grow to full 
stature among those familiar methods being widely applied 
today. 
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The Relationship between Ultrasonic Inspection 
Results, Slag Inclusions, and Fatigue Strength 

SVEN MALMQVIST, SWEDEN 

ABSTRACT: A small steel pressure vessel, fatigue stressed in service, was inspected 
by ultrasonics for inclusions that were thought to impair its fatigue strength. 
Therefore the relation between fatigue strength and ultrasonic indications caused 
by inclusions had to be  established. This was done for bar  material from which 
the vessels were fabricated-a chromium-molybdenum steel equivalent to SAE 
4130 heat-treated to 100 kp/mm2 (140 kpsi) ultimate tensile strength-as well 
as far the vessels themselves. 

The bar material was inspected by ultrasonics to select test samples with a 
high inclusion rate. From the test samples, fatigue-test pieces were prepared 
perpendicular to the rolling direction. The test pieces were also inspected by 
ultrasonics and the indications recorded. 

In addition, fatigue tests were performed with pressure vessels made from 
the same type of  bar  material. They were inspected by ultrasonics using the 
same technique as for the fatigue-test pieces. 

When comparing the results of  the fatigue tests with those of  the ultrasonic 
inspection it was evident that, for both the bar material and the pressure vessels, 
the best relationship existed between the fatigue strength and the rum of the 
ultrasonic flaw echoes. 

Introduction 
A hydraulic cylinder barrel, fatigue stressed in service, was 
manufactured from steel bar material, containing some abnor- 
mally heavy slag inclusions. Fatigue cracks originated from these 
inclusions causing leakage of the hydraulic oil through the barrel 
wall. Therefore it was necessary to inspect the barrels by ultra- 
sonics in order to differentiate barrels with heavy slag inclusions 
from acceptable ones. 

I t  was also of interest to investigate the relationship between 
the fatigue properties and ultrasonic inspection results for the 
barrels, and for the bar material from which the barrels were 
fabricated. 

Investigation of the Bar Material 
The material concerned was a chromium-molybdenum steel 
equivdent to SAE 4130 and heat-treated to a strength level of 
100 kp/mm2( 140 kpsi). 

The fatigue-test pieces were prepared from bars in the 
transverse direction, which was of special interest because the 
pressure vessels were also stressed in this direction. 

To get adequate test-pieces, bar material in stock was 
inspected by ultrasonics for inclusions. Bars with heavy inclu- 
sions were then used for the preparation of test-pieces. 

Test samples from the bars were .16 X 1.38 X 1.97 in. ( 4  X 
35 X 50 mm) in size and sheet material of the same composition 
was welded to both ends of these samples to get test-pieces of 
sufficient length. After heat treatment to the required strength 
level, machining and grinding, the test-pieces had the shape 
suitable for the Amsler high-frequency pulsator used for the 
fatigue testing. 
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All test-pieces were inspected by ultrasonics to observe 
possible defects that might influence the fatigue strength. This 
inspection was performed with a normal pulse-echo apparatus 
with miniature probes for surface waves and for transverse waves 
with 70" incidence in steel. The conditions for the ultrasonic 
inspection were held as constant as possible by using reference 
blocks with artificial defects for calibration. The echo traces on 
the oscilloscope screen were recorded on 35-mm film with a 
Robot camera. 

Fatigue testing was performed in an Amsler high-frequency 
pulsator with a frequency of 90 c/s. The stress pulsated between 
0 and a maximum. 

The results were compared with the ultrasonic indications 
(flaw echoes) ; high echoes evidently were associated with a 
short fatigue life, but the results were very scattered. 

This being so, the correlation between the number of cycles 
to failure and the sum of the flaw echoes from various locations 
of the test-piece was investigated. This sum was obtained by 
measuring the heights of the echoes on the film recordings of the 
oscilloscope screen trace. In  this way the scatter was con- 
siderably reduced (Figure 1 ). 

From fatigue testing at other maximum stress levels than 
that represented by Figure 1 (40 kp/mm') (57 kpsi) it was 
observed that the scatter increased as the maximum stress limit 
was reduced. 

Investigation of Cylinder Barrels 
The cylinder barrels were fabricated from bar material with a 
diameter of 4.7 in. (120 mm).  The material was the same 
chromium-molybdenum steel-equivalent to SAE 41 30-as men- 
tioned above and the barrels were heat-treated to the same 
strength level as the fatigue-test pieces, 100 kp/mm' (140 kpsi). 
The cross-section of the tested part of the barrel is shown in 
Figure 2; its total length was 9 in. (230 mm).  

For the ultrasonic inspection of the barrels the same equip- 
ment as for the fatigue-test pieces was used. The probes were 
placed on one of the flat parts of the surface, where very good 
coupling was achieved. Both flat surface areas were used for 
scanning and in this way each half of the barrel could be 
scanned separately. A specially designed curved probe was used 
for scanning the inner surface. In this case the degree of 
coupling could be estimated from the indication from the wave 
travelling around the barrel and entering the probe from the 
back side (Figure 2) .  The inner surface was scanned on three 
equally spaced sources. 

. __ . ... . . . ___.. ~ ~ . - . . . ~. 



Figure 1. Test-pieces. Relation between the sum of the flaw echoes and the number of cycles to failure for fatigue test-pieces from bar material. Max. stress 
40 kp /mm*. 

Figure 2. Cross-section of the cylinder barrel; inner dia 2.37 in. (60 mm) and 
wall thickness .12 in. (3 mm). 

I 

The flaw echoes were compared with those caused by 
artificial defects in a reference plate and in a reference barrel 
of the actual thickness. The artificial defects consisted of holes 
with square sections of .04 x .04 in., .OS X .OS in., .12 x .12 in. 
( 1  X 1 mm, 2 x 2 mm, 3 x 3 mm) and so on, designated 
defects no. 1 ,  2, 3 etc. 

The penetration of the sound beneath the surface was con- 
trolled on a barrel with a wedge-shaped slot in the wall. At  one 
end the slot fully penetrated the wall and then its depth de- 
creased linearly to zero along the barrel. Thus it was shown 
that the whole wall thickness could be covered by scanning from 
both the outer and the inner surface with surface-wave probes. 
As an additional precaution a probe for transverse waves with 
70" incidence in steel was used. 

The number and magnitude of the flaw echoes were re- 
corded. In the first place smaller indications than those cor- 

responding to echoes from the reference defect no. 1 were not 
taken into account. 

Fatigue testing was performed with some of the cylinder 
barrels. A plug with a tube for hydraulic oil was inserted into 
the open end of the barrel and a hydraulic pump exerted pres- 
sure in the barrel alternating between zero and a maximum 
value. The number of cycles until leakage occurred was re- 
corded. 

Results 
The results were compared with the ultrasonic indications (flaw 
echoes). As for the fatigue-test pieces high echoes were as- 
sociated with a short fatigue life, but the results were very 
scattered. 

In  this case, too, the correlation between the number of 
cycles to failure and the sum of the flaw echoes from various 
locations of the test barrel was-investigated (Figure 3 ) .  In  this 
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way, the scatter was reduced. However, the scatter increased 
as the maximum pressure was reduced. 

After fatigue testing the cylinder barrels were broken up 
along the fatigue cracks and examined. In all barrels having 
given flaw echoes the fatigue cracks had started from slag 
inclusions, which could be observed in crack surfaces. 

In some cases locations having given flaw echoes were 
sectioned. These sections were prepared for micro-examination 
and determination of the size of the slag inclusions. Echoes 
equivalent to the standard defect no. 1 were observed to be due 
to slag inclusions with a maximum cross-section of 50-150 pm 
(2-6 mils) and echoes corresponding to standard defect no. 4 
to inclusions with 400-600 pm (16-24 mils) maximum cross- 
section. 

Summary 
For both test-pieces and barrels, a fairly good correlation was 
found to exist between fatigue life and the sum of the flaw 
echoes. This could be expected because both are functions of 

Discussion 
Q. DAVID STEIN, Picatinny Arsenal, Dover, USA: 

Was there any correlation between location where oil leakage 
first occurred and location of flaws? Unless this correlation exists, one 
would question the value of the studies described. 

the inclusion rate of the steel. However, several factors influence 
both these sets of data, resulting in the scatter observed. 

First, the fairly small number of test-pieces and barrels 
must be considered. 

Fatigue life varies with size, shape and position of inclu- 
sions. For example, an inclusion oriented perpendicularly to 
the direction of the principal stress has a higher notch effect 
than when in a parallel position. The notch effect also is higher 
for an inclusion close to the surface than if it is situated at a 
greater depth. 

The size, shape and orientation of an inclusion can make 
it more or less ideal as a reflector for ultrasound and its position 
is also important because the sensitivity of the surface-wave 
probe decreases with the depth under the surface. Attention 
must also be paid to the varying coupling conditions involved. 

Taking the random distribution of size, shape and position 
of the inclusions into considerations, it is not surprising that 
their influence is better expressed by the sum of the flaw echoes 
than by the individual echoes. 

A. Yes, in all barrels having given flaw echoes, the fatigue cracks- 
and as a consequence the oil leakages-started from slag inclusions, 
which could be observed in the crack surfaces. My paper gives this 
information under the heading “Results”. 
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U I trasonic and Metallurgical Eva1 ua tion 
of Flaws in Large Rotor Forgings 

R. W. RENNER 
HERMAN A. GREENBERG 
W. G. CLARK, Jr., U.S.A. 

ABSTRACT: Flow size in large alloy steel rotor forgings i s  currently evaluated by 
either o bock reflection or o reference block ultrasonic testing technique, OS 

specified in ASTM A418. This poper describes the development and application 
of the reference block technique for the inspection of rotor forgings. Included is 
a discussion of the many variables in the test which, if uncontrolled, could seriously 
affect ultrasonic reflection amplitude and lead b erroneous estimates of flaw 
size. A relatively simple inspection technique i s  presented by means of which 
inspectors can report flaw size directly in terms of equivalent reflecting area. 
Nine case histories are presented showing the correlotions between ultrasonic 
data and metollographic appearance of flows found in large turbine generator 
rotor forgings. 

Introduction 
Ultrasonic evaluation of small flaws (less than 1 sq in. in area) 
in parts having flat surfaces is frequently based on a comparison 
with flat-bottom holes in reference blocks made from the same 
material. By performing the comparison at identical test depths 
the effects of attenuation in the material and radiation decay 
of the sound beam are compensated for automatically. The 
inspection of turbine-generator rotor forgings presents the addi- 
tional problem of testing from curved surfaces of several dif- 
ferent diameters. 

Two distinct procedures have evolved for the ultrasonic 
inspection of rotor forgings and are described in ASTM Spec- 
ification A41 8; namely, the per cent of back reflection technique 
and the reference block technique. The per cent of back reflec- 
tion technique relies on reporting the amplitudes of flaw re- 
flections which exceed a specified percentage of the back 
reflection from either the bore of the rotor or, if unbored, 
the opposite side. This procedure automatically provides com- 
pensation for attenuation differences from rotor to rotor, COU- 

plant losses and surface finish variations. In order to provide 
meaningful results, compensation must be provided for forging 
geometry and flaw orientation, depth, and area by utilizing 
correction factors based on experimental measurements on rotor 
forgings. Attenuation within a specific rotor is considered 
negligible at the 1-MHz frequency used for testing. A detailed 
description of the per cent of back reflection testing technique 
was presented at the 15th Annual Convention of the Society 
for Nondestructive Testing in Philadelphia, Pa. on October 20, 
1956 by Serabian. ( 1 ) 

The Reference Block Technique 
The reference block technique relies on reporting the amplitudes 
of flaw reflections which exceed a specified percentage of a 
distance-amplitude reference line which is based on experimental 
measurements on rotor forgings. This procedure automatically 
compensates for flaw depth and forging geometry, while permit- 
ting direct measurement of flaw area. Flaw orientation is am- 
pensated for by correction factors based on additional experi- 
mental measurements on rotor forgings. C m F ~ o n  for 
attenuation differences from rotor to  rotor is nat considered 
necessary since attenuation measurements made on rotors during 
the past three years show that attenuation differences between 
rotor forgings of the same composition are quite small. The 
test procedure also provides compensation for surface finish 

which must be 250p in. or better, in accordance with specifica- 
tion requirements. Compensation is not provided for couplant 
since this potential variable is held constant by a test specifica- 
tion requirement. 

This paper presents refinements in the reference block 
technique as developed and applied by Westinghouse over the 
past two decades and includes case histories that illustrate the 
correlation obtained between ultrasonic data and the metallo- 
graphic appearance of flaws. 

Variables Considered 
To obtain meaningful comparisons between ultrasonic flaw 
reflections in a rotor forging with those from flat-bottom holes 
in reference blocks, attention must be paid to the many variables 
that can affect the measured amplitudes of signals both in  the 
blocks and in the rotor forging. The effects of these variables 
and the compensation provided for each are discussed. 

Flaw Depth: The amplitude of the ultrasonic response from 
a given size flaw or flat-bottom hole will vary as the test distance 
from the transducer increases, as shown in Figure 1. The solid 
curve is based on theoretical calculations (2) for a 24-MHz fre- 
quency, 1Q-in.-dia transducer and a Ni-Mo-V rotor steel, ASTM 
Specification A469 Class 4; included are data points obtained 
experimentally from &-in.-dia flat-bottom holes at different 
depths in rotor steel blocks of two sizes, 2 in. and 7 in. square. 
The curves shown in Figure 2 are based on experimental meas- 
urements on a 38-in.-dia. rotor and a 17&in.-dia rotor. The 
data points are from $-in.-dia flat-bottom holes in both cases. 
Figure 3 illustrates a combination of all of the curves from 
Figures 1 and 2 taken to a common base at the peak points and 
reveals that the relative shapes of the curves for the two dif- 
ferent diameters and the flat surfaces are reasonably comparable. 
Consequently, it was concluded that a composite curve could 
be developed from the Figure 3 data that would be reasonably 
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Figure 1. Theoretical, a d  experimental distance-amplitude response from 1.16- 
in.-dia flat-bottom holes in flat test blocks. 
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applicable for rotors of all diameters for the specific test fre- 
quency of 2+MHz and the transducer size of lJ-in.-dia. This 
composite curve is shown in Figure 4. The curve was extended 
beyond 16 in. by extrapolation since a logarithmic plot of the 
curve in this far field region is a straight line. 
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Figure 2. Experimental distance amplitude response from i-in.-dio flat-bottom 
holes in 17;-in. and 38-in.-dio rotors. Average of 2t-MH2, 1)-in.-dia quortz 
transducers. 
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Figure 4. Composite curve of Figures 1 and 2 for all rotor diameters. 

Flaw Area: In accordance with ultrasonic theory, the ampli- 
tude of ultrasonic reflection is proportional to the reflecting flaw 
area for flaws considerably smaller than the transducer. By 
establishing the distance-amplitude curve for a flat-bottom re- 
flector of specified diameter, the equivalent diameter of a small 
flaw can be estimated by comparison of its amplitude against the 
curve. This was first accomplished by making the reference 
curve amplitude represent the reflecting area of a &-in.-dia 
flat-bottom hole of 0.003 sq in. area but was subsequently 
modified, for ease in measurement, so that the curve now repre- 
sents a reflecting area of 0.010 sq in. 
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Flaw Orientation: The relationship between flaw reflection 
amplitude and that from flat-bottom holes comes closest to 
being valid when the flaw is in a plane normal to the sound 
beam. As the angle of the flaw shifts from this plane, the 
amplitude of ultrasonic response decreases rapidly; consequently, 
to obtain proper evaluation of flaw size, compensation must be 
provided for the effects of flaw orientation. To obtain the de- 
sired compensation, the effects of misorientation of a flat reflec- 
tor on the amplitude of ultrasonic response were determined 
experimentally(2) for a 2i-MHz frequency and a 1 Q-in.-dia trans- 
ducer. These data are shown in Figure 5 as a curve of correction 
multiplier versus misorientation angle. 

In order to use the correction multiplier from Figure 5, the 
displacement angle of the flaw from the position normal to the 
sound beam must be determined. In large forgings this can be 
accomplished by utilizing the variation in beam spread at dif- 
ferent frequencies as described by Serabian(1) in 1956. This 
procedure involves pinpointing both the surface location directly 
over the flaw a'nd the flaw depth at a 5-MHz frequency since this 
frequency will provide minimum beam divergence and maximum 
loss of back reflection when over the flaw. The surface location 
is then noted where maximum reflection from the flaw is obtained 
when using a highly divergent 1 -MHz test-frequency for which 
the assumption is made that some portion of the sound beam 
strikes the flaw at normal incidence. Knowing the flaw depth 
and the displacement between the two transducer positions, the 
flaw orientation can be determined geometrically. 

Forging Diameter: To validate the use of a fixed amplitude 
reference curve when testing rotors of different diameter, it was 
necessary to provide a correction for the effect of curvature. 
This was accomplished by both theoretical calculation and ex- 
perimental measurement( 2 )  for a 2i-MHz frequency, a 1 $-in.- 
dia transducer, and an SAE #20 oil couplant. From these data, 
correction multipliers for the effects of each curvature change 
were determined as shown in Figure 6. 

Test Blocks: When evaluation of flaw size by the reference 
block technique was first devised, the reference line for reporting 
flaw reflection amplitudes was established by utilizing two rotor 
steel blocks which contained A-in.-dia flat-bottom holes of 
0.003 sq in. area, at test depths of 3 and 11 in. At that time, 
a straight-line correction was provided for test depths from 3 in. 
to 11 in. by connecting the points of maximum reflection ampli- 
tude from the 3-in. and 1 1-in.-distant test holes with a line drawn 
on the transparent shield over the cathode ray tube of the test 
instrument. Correction for distances under 3 in. and over 11 in. 
was limited to extending the amplitudes at these specific points 
as straight horizontal lines from 3 in. to 0 in. and from 11 in. 
to greater depth. Amplitudes of flaws were then reported as a 
percentage of the 0.003-sq-in. reference line and correction 
multipliers were applied to this value to compensate for the 
effects of curvature and flaw orientation. To avoid the necessity 
of carrying heavy steel test blocks, aluminum test blocks were 
made that provided distance-amplitude responses that were 
equivalent to the steel blocks.(3) 

The previously described procedure was revised in a num- 
ber of respects to arrive at the technique now employed. The 
first revision was to abandon the BZ-BII reference line and to 
substitute in its stead the actual distance-amplitude correction 
curve developed by Ying for a 24-MHz frequency and a 1;- 
in.-dia transducer from theoretical considerations and later con- 
firmed by experimental data, see Figures 1 to 4. This change 
provided greater accuracy when estimating flaw size beyond an 
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11-in. test depth in the critical bore region of rotor forgings. 
Since it was no longer necessary to have two test blocks, the 
procedure was changed to permit the substitution of a com- 
mercially available reference block. The reference block used for 
this purpose was ASTM E127-64, Type 3-0600; it is readily 
available from ALCOA with a guaranteed accuracy of & 10%. 
A test distance of 6 in. was chosen in order to provide a 
measurement well beyond the Fresnel zone of the specified 2a- 
MHz, IA-in.-dia transducer, yet short enough so that the test 
block could be readily transported and handled. 

A second revision that was made was to adjust the rela- 
tionship between the experimental distance-amplitude data and 
the reference block amplitudes so that the fixed amplitude refer- 
ence curve drawn on the test screen represented a reflecting area 
of 0.010 sq in. rather than 0.003 sq in. This was done so that 
field inspectors could more quickly estimate flaw size from 
ultrasonic reflection amplitude by simply multiplying the flaw 
reflection amplitude, measured as a per cent of the reference 
line, by 0.010 sq in. to obtain an estimate of flaw area. This 
value, of course, requires subsequent correction if the flaw is 
found to be misoriented from a position normal to the sound 
beam. 

In order to assure that the distance-amplitude curve for 
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Figure. 5. Correction multiplier for defect 
misorientation from normal to the ultrasonic 
beam when mating use of 2t-MH2, 1)-in.- 
dia quartz transducers. 

Figure 6. Correction multiplier for compen- 
sating for the effect of forging curvature on 
ultrasonic reflection amplitude. 

the 0.010-sq in. reflecting area was high enough to be easily 
readable for discontinuities near the bore, the amplitude of this 
curve at a 12-in. test depth was arbitrarily adjusted to be 0.30 
in. on the test instrument screen; this adjustment was made 
possible by increasing the prescribed tuning level for the ASTM 
E127-64T, Type 3-0600 reference block. Thus, we now have 
developed the distance-amplitude curve for a 0.010-sq in. re- 
flecting area with an amplitude of 0.30 in. at a 12-in. test 
distance for a 38-in.-dia rotor. This curve is, of course, only 
valid for a 24-MHz test frequency, lt-in.-dia transducer, and a 
Type UR Reflectoscope tuned to a prescribed level on a Type 
3-0600 aluminum reference block. 

It was considered desirable to apply the correction for 
curvature directly to the instrument tuning level so that all 
testing would be performed at the same defect-sensitivity regard- 
less of forging diameter. In order to do this the established 
amplitude value on the Type 3-0600 aluminum block for a 
38-in.-dia rotor was utilized as a basing point for setting the 
instrument sensitivity and this value was varied in accordance 
with the experimental correction-multiplier vs. curvature data 
provided by A. Ying for larger and smaller rotor diameters. Am- 
plitude settings for rotor curvatures from 12 in. to 80 in. may 
be found in Table 1. 
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Table I 
Amplitude Settings on ASTM Reference Block #3-0600 

for Rotor Curvatures from 12 to 80 in. 
Indication 

Amplitude, in. (s/p) dia, in. 
6.6 12 - 15 

15 - 20 6.0 
5.3 20 - 25 
4.2 30 - 35 

40 - 45 3.6 

3.1 50 - 55 
55 - 60 2.9 
60 - 65 2.7 
65 - 70 2.5 

2.4 

25 - 30 4.7 

35 - 40 3.9 

45 - 50 3.3 

70 - 75 
75 - 80 2.2 

Attenuation: The effects of attenuation on ultrasonic reflec- 
tion amplitude in a specific forging are generally considered to 
be small in comparison to the radiation decay of the sound in- 
tensity with distance. Actually, by making,use of a distance- 
amplitude curve based on experimental measurements in rotor 
steel, compensation is automatically provided for even the small 
amount of attenuation that is present in the material. Experi- 
mental measurements by W. Knorr and H. G. Ricken(4) indi- 
cated that attenuation differences in alloy steels are slight at the 
2i-MHz frequency that is utilized for flaw evaluation. The varia- 
tion in attenuation from rotor to rotor has therefore been 
assumed to be negligible and accumulated attenuation measure- 
ments on production rotors during the past three years have 
verified this assumption. 

Surface Roughness: Experimental and theoretical determina- 
tions(2) of the effect of surface roughness on the amplitude of 
ultrasonic reflection reveal roughness to be a variable of con- 

Figure 7. Effect of surface roughness on 
ultrasonic reflection amplitude. 

Figure 8. Correction multiplier for surface 
roughness when making use of 2+-MHz, 
1 &in.-dia quartz transducers. 
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siderable significance. These data are shown in Figure 7 for a 
2&MHz frequency, 1;-in. dia search unit and SAE #20 oil 
couplant. To provide correction for different surface roughness 
conditions, the experimental data for the 24-MHz test were 
replotted, as shown in Figure 8, to present appropriate correction 
factors for various surface roughnesses with unity being a 250- 
microinch finish; 250 microinch is the minimum acceptable 
finish in accordance with our specification requirements. This 
value was selected because it can be readily provided by con- 
ventional mill machining practices. Surface roughness can be 
measured by use of commercially available instruments. 

Waviness, which is caused by machine or work-load de- 
flection vibrations during machining, will similarly affect the 
amplitude of ultrasonic response. Consequently, the effect of this 
variable is eliminated by a specification requirement that the 
waviness shall not exceed 0.001 in. as measured by a dial in- 
dicator mounted in a tool-post holder. 

Couplant: On a curved surface the type of couplant used 
for ultrasonic inspection can have a considerable effect on the 
amplitude of ultrasonic response. Figure 9 shows the results of 
a theoretical comparison of required multiplying factors for 
curvature correction when making use of SAE #20 oil and 
glycerine. These results indicate variations as great as 2:l  even 
though both couplants provide equivalent ultrasonic responses 
on flat surfaces; for this reason, the use of SAE #20 oil as a 
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Figure 9. Theoretical effect of SAE2O oil 
and glycerine on correction multiplier used 
for compensating for the effect of curvature 
on ultrasonic ceflection amplitude. 

transducer is specified since this is the type of unit used to 
obtain the experimental data on which compensation and correc- 
tion are based. Any variation in frequency, transducer diameter, 
or transducer material from that specified will invalidate the ex- 
perimentally established distance-amplitude reference line. Quartz 
was selected as the transducer material since it will provide the 
best reproducibility of the various transducer materials which 
are available; a 24-MHz frequency was selected in order to 
permit detection of flaws as small as &-in. dia near the centre 
of rotors; and a 1;-in.-dia search unit was selected to permit the 
greatest amount of inspection coverage .per scan. 

Application of the Technique 
The reference block technique, as presently applied, requires 
the use of a Sperry Type UR Reflectoscope, a 2i-MHz test fre- 
quency, a 1;-in. dia quartz search unit, an SAE #20 oil couplant, 
and a maximum surface roughness of 250 microinch on the 
rotor being tested. If any of these conditions are changed, the 
subsequently described test procedure for evaluating flaw size 
may no longer be completely valid since all the experimental 
compensation factors were obtained specifically for these con- 
ditions. 

After satisfying the above requirements, evaluation of flaw 
size in rotors is accomplished by the following simple procedure: 

couplant has been made a test specification requirement. I 1. Draw a distance-amplitude curve on the transparent 

Instrumentation: There are many ultrasonic test instruments 
available commercially and each has different electrical charac- 
teristics so that ultrasonic evaluations performed with one in- 
strument cannot be readily repeated with an instrument made by 
a different manufacturer. Some have tuned pulsers while others 
are untuned; some have broad-band receivers while others 
are narrow-band; and some have a video presentation while others 
have a radio-frequency (RF) presentation. In addition, there 
are differences in characteristics such as deflection linearity, 
pulse-repetition rate, and dynamic range. Because of these dif- 
ferences, it is necessary to eliminate instrumentation as a variable 
by specifying a specific instrument for evaluating flaw size by 
the reference block technique. The specified instrument must be 
of the same type that was used to obtain the previously detailed 
experimental data, i.e., RF, narrow-band, tuned pulser. 

In addition to the instrumentation, the transducer and fre- 
quency used for flaw evaluation must also be controlled by 
specification. For this purpose, a 24-MHz. 1 $-in.-dia quartz 

shield over the test instrument cathode ray tube similar 
to the curve shown in Figure 4. 

2. Adjust the Reflectoscope sensitivity to obtain a reflec- 
tion amplitude from the ASTM 3-0600 reference block 
in accordance with the values given in Table 1. 

3.  Perform the ultrasonic test and measure the ampli- 
tudes of flaw reflection as a percentage of the distance- 
amplitude curve. Multiply these values by 0.010 sq 
in. to obtain initial estimations of each flaw area. 

4. Determine the orientation angle of the flaw from a 
position normal to the sound beam and apply the 
correction indicated in Figure 5 to the value obtained 
in step 3. 

5. Measure the surface roughness at the transducer loca- 
tion and apply the correction indicated in Figure 8 to 
the value obtained in step 4 to obtain a final estimate 
of the approximate equivalent reflecting area of the 
flaw. 
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Example of Flaw-Size Evaluation 
Conditions: 

A 40-in.-dia rotor with a 250-microinch surface finish 
is tested in accordance with Section I11 requirements 
and procedures. A 0.25-in. s /p  flaw reflection is ob- 
served at a 16-in. test distance and is found to be from 
a flaw oriented at an angle of 5" from a plane normal 
to the sound beam. 

Evaluation Procedures : 
1 .  From Figure 4, a 0.25-in. s /p  indication at a 16-in. test 

distance is found to be 170% of the .15-in. s /p  refer- 
ence line amplitude. 

2. From Figure 5,  a correction factor of 2) is required 
for a 5" defect angularity. 

3. From Figure 8, a correction factor of 1 is required 
for a 250-microinch surface. 

4. Multiplying the indication amplitude ( 1  70% ) by the 
orientation correction factor (24), by the surface 
roughness correction factor ( l ) ,  and then by the 
standard reference area (0.010 sq in.) results in an 
estimated flaw reflecting area of 0.042 sq in. This is 
equivalent to a E-in.-dia flat-bottom hole so the defect 
can be considered as being at least &in. in diameter, 
and probably larger due to factors discussed in the 
next section of this paper. 

Limitations of the Evaluation Procedure 
If the evaluation is conducted in the prescribed manner, there is 
only one limiting factor for which provision has not been in- 
cluded. That is the effect of certain physical characteristics of 
the flaw. These include: the shape of the flaw, whether smooth 
or rough and rounded or flat; the nature of the flaw, whether 
a void or an inclusion and the number of flaws in a confined 
area, whether single or concentrated. As a result, estimates of 
flaw size based on comparison with ideal reflectors (flat-bottom 
holes) are usually too low. 

Evaluation of Flaw Severity 
The actual evaluation of flaw severity is not based solely on 
the amplitude of ultrasonic reflection; many other factors must 
be taken into consideration such as the type of indications 
(stationary or travelling, sharp or bulbous, single or clustered), 
the surface area over which the flaw is detected, and the effect 
the flaw has on the back reflection amplitude. Evaluation of 
these factors provides a reasonable estimate of the orientation, 
extent and nature of a specific flaw, particularly when combined 
with previous experiences with flaw evaluations and a thorough 
understanding of the processes involved in the fabrication of 
the part being inspected. However, with the current state of the 
art, it is still not possible to report the exact size and precise 
nature of discontinuities detected ultrasonically in large rotor 
forgings. When an ultrasonic indication present in a rotor forging 
is considered to be caused by a discontinuity of sufficient size 
to increase the stress beyond allowable design criteria, the dis- 
continuity is considered detrimental regardless of its nature and, 
if possible, removed by trepanning or overboring. If the flaw 
or defective condition cannot be completely removed by one of 
these methods, the forging is rejected. 

Every rotor forging purchased by Westinghouse is evaluated 
individually and a decision as to the acceptance or rejection of 
each reportable discontinuity is reached at a meeting of the 
responsible metallurgical and mechanical engineers and quality 
control personnel. Fortunately, the advent of vacuum degassing 
and other metallurgical innovations have greatly reduced the 
number of questionable ultrasonic indications found in large 
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Rotors 
with 

Reportable 
Ultrasonic 
Indications 

6 
1 
7 

11 
10 
35 

forgings. Table 2 shows the results of the ultrasonic inspection 
of 260 generator rotor forgings supplied to and inspected by 
the Large Rotating Apparatus Department (LRAD) at East 
Pittsburgh from 1960 through 1966. It should be noted that 
approximately 87% of the rotor forgings inspected had no 
ultrasonic indications and of the 35 forgings with indications, 
only six were bad enough to be rejected. Several additional 
rotor forgings, however, were known to have been rejected by 
suppliers prior to examination by Westinghouse personnel. 

Table 2 
Cumulative Results of Ultrasonic Inspection of Generator Rotor 

Forgings* from 1960 through September, 1966 

Rotors 
Without 

Reportable 
Ultrasonic 
Indications 

46 
29 
47 
61 
42 

225 

Specified 
Minimum 

Yield 
Strength 

(psi) 

55,000 
65,000 
75,000 
85,000 
95,000 
Total 

Rotors 
Overbored 

2 
2 
1 
8 
4 

16 

Rotors 
Accepted 

49 
30 
54 
72 
49 

254 

Rotors 
Rejected 

*Inspection performed by Westinghouse inspectors. These figures do 
not include forgings rejected by mill inspectors and not submitted to 
Westinghouse. 

Case Histories 
Nine typical case histories involving the correlation of ultra- 
sonic data with destructive evaluation of rotor forgings were 
examined in relation to this paper, but space does not permit 
their publication.* 

Summary 
This paper has presented the considerations involved in the de- 
velopment of the reference block technique for ultrasonic testing 
of large rotor forgings presently in use at Westinghouse. Cor- 
relation of ultrasonic data with destructive evaluation has proven 
the effectiveness of this technique for revealing the presence, 
location, and approximate size of small discontinuities in large 
rotor forgings. The data provided as the result of this inspection 
technique have been used to make engineering decisions regard- 
ing the acceptability of each rotor forging for its intended 
application. The value of this tool and its application has been 
proven by the excellent service performance of Westinghouse 
large rotating apparatus. 

(3 

(4  

* The author may be in a position to supply them to those interested. 
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The Ultrasonic Inspection of Steel Sheets 
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E. ISONO AND T. UENO, JAPAN 

ABSTRACT: W e  have studied the attenuation and reflection of Lamb waves In 
the frequency range of 1 MHz to 5 MHz. 

1. The attenuation follows the relationship for the equation proposed by 
Lehfeldt and Holler. 

2. Effects of curvature and pickling of steel sheets on the attenuation are 
negligible, but grain size larger than a certain size influences the attenuation. 

3. Appreciable damping was observed at some temperatures correspond- 
ing to the Snoek peak. 

4. The reflection of lamb waves at artificial and natural defects shows 
constant reflection ratio. 

5. The frequency spectra of Lamb waves influence the attenuation and 
other behaviour of them. 

3.0 
0 

-2.0 
3 .O 

4.0 
-1.0 

0 

Introduction 
Increased demands for high-quality steel sheets have brought 
about much progress in nondestructive inspection by ultrasonics, 
especially by using the pulse-reflection method with Lamb waves. 
But there have been few reports on analytical studies of ultra- 
sonic inspection by Lamb waves compared with those of longi- 
tudinal waves. 

In this paper are presented some fundamental studies on 
the nondestructive testing of steel sheets using Lamb waves. 

The thicknesses of steel sheets used were from 0.8 mm to 
3.1 mrn, and a variable-angle probe with Plexiglas was used 
throughout this experiment. 

The attenuation and reflection of Lamb waves under various 
conditions were analyzed. 

Attenuation of Lamb waves 
Attenuation Equation of Lamb Waves and the Measurement 
of Attenuation 
In order to treat quantitatively the inspection result by Lamb 
waves, we confirmed the attenuation equation. There are two 
equations for the attenuation of Lamb waves proposed by Leh- 
feld (1) and Holler(2) (equation l ) ,  and Niklas(3) (equation 
1’) : 

1.5 
3.0 
0.5 
1 .o 
0 . 5  

-0.5 
-1.5 

where a is the attenuation constant in neper of the Lamb waves 
used, P is the amplitude of the Lamb waves at a round-trip 
distance ( r )  from the probe to the end of a sheet and Po is the 
amplitude at r = 1 and a = 0. 

In order to examine the equations, we used a ratio of P / P u  
for convenience of measurement, where Pao is the amplitude of 
an echo whose height is 50% on the oscilloscope. Then the 
logarithm of P / P M  is given as follows: 

(2) 

(2’) 

Using a 2.3-mm-thick uniform grain size stainless steel sheet, 
with a flat surface and no attenuation, we measured the ampli- 
tude of an end echo 20 log P/P&. at 20-cm intervals of r at 1 
MHz and 2.25 MHz, plotted in the two ways mentioned above, 
and found the attenuation of Lamb waves closely follows the 
equation given by Lehfeldt and Holler. 

20 log PIPso + 10 log r = 20 log Po/Poo - ar 

20 log P/PE0 + 20 log r = 20 log Po/P60 - ar 
similarly we obtained equation (2’) from equation (1’) 

25.5 
20.0 
12.5 
21.5 

From equation (2),  we can get the attenuation constant a 
from the slope of plots 20 log P / P s o  + 10 log r versus r. In  this 
way, we can measure the attenuation a in steel sheets for each 
mode of Lamb waves within the error of & 1.5 dB/m, using a 
commercial ultrasonic flaw detector and a variable-angle probe 
with Plexiglas wedge whose beam index is constant at any 
available incident angle. When using a variable-angle probe 
whose beam index changes at various incident angles, we could 
not get a reliable attenuation a value. In this probe, a change in 
thickness of the oil layer as a medium of contact influences the 
echo height of the Lamb waves and care should be taken to keep 
the oil layer constant in order to get reliable attenuation of the 
Lamb waves. 

Effect of Curvature, Scale and Grain Size of Steel Sheets on 
Lamb- Wave Attenuation 
To make practical the application of ultrasonic Lamb waves to 
steel sheets, we measured the effects of curvature, scale and 
grain size on the attenuation, using the same procedure and units 
mentioned above. 

Table I 
Increase of Attenuation Constant after Pickling and Curvature 

Making Against “as-rolled‘’ State (dB /m) 

0 
0 

-1.0 
0 

1.9 

2.3 

3.1 

-0.5 
-2.0 
-1.0 

0.5 

Mode 

-0.5 -1.5 
-1.5 -0.5 

0.5 1 .o 
-1 .0 0 

After making curvature 
Radius (m) 

0.5 I 1.0 I 1.5 

-0.5 
1 .o 
1 .o 

-0.5 

0 . 5  
2.0 

-0.5 

We made up several samples 40 cm wide x 100 cm long 
from hot-rolled 1.9, 2.3 and 3.1-mm-thick sheets. The rolling 
direction of each sample was perpendicular to its longitudinal 
direction, to which Lamb waves were transmitted. First we 
measured the attenuation constant of the sample for each mode 
of Lamb waves at 2.25 MHz, then one part of them was pickled 
to remove scale and the rest were bent to a curvature of O S - ,  
1.0- and 1.5-m radius to their rolling direction. Again we 
measured the attenuation constant of pickled and bent samples. 

The attenuation constants of the samples with and without 
scale and those of the samples with various curvatures are shown 
in Table 1. From these results we can see that the effect of mill 
scale and curvature (0.5- to 1.5-m radius) on the attenuation 
constant is almost negligible. 
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Sample Annealing Temperature (“C) 
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Table 3 

Increase of Attenuation Constant after Annealing. (dB /m) 
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Figure 1. Effect of temperatures and frequencies on Lamb-wove attenuation of 
rimmed steel sheets. l 1  
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was within the range of k 8°C. The variable-angle probe was 
then placed on the outside end of the sample and the end echo 
height of every mode of Lamb waves available was measured 
against the temperature of the sample. The maximum tem- 
perature at the point of contact of the probe was 95”C, and the 
contact was only momentary so that the measurement might not 
be influenced by heat. 

Figure 1 shows the effect of temperature upon attenuation 
at 1, 2.25 and 5 MHz for rimmed steel samples. Similar data 
were developed in the same way for samples of high-strength, 
low-alloy steel, 18-8 and 13 Cr stainless steel. 

The end echo in the sample of rimmed steel shows a large 
decrease (20-45dB) when the temperature is between 250°C to 
310”C, while the killed steel shows a small damping. Conversely, 
stainless steels and high-tensile steel show different tendencies 
and do not show any peak of attenuation. 

so 10.0 
Ai 

l 1  So 1 11.5 1 0 1 0.5 1 1.0 X 

Eflect of Temperature of Steel Sheets on the Attenuation of 
Lamb Waves 
For the on-line inspection of steel sheets, it is necessary to 
know the effect of temperature on the attenuation. For this 
reason, we measured the attenuation of mild steel (rimmed and 
killed), 18-8 and 13 Cr stainless steel sheets at higher tem- 
perature. The samples tested were heated in the electric furnace 
from room temperature to about 500°C. The temperature of 
samples was measured with three welded thermocouples inside 
the furnace. The temperature difference between the three points 
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From these experimental results and the knowledge of 
internal friction measurement (4), we may infer that the large 
attenuation of ultrasonic Lamb waves in the mild steel sample is 
due to Snoek damping caused by carbon or nitrogen dissolved in 
a-iron. 

The above results were confirmed by measuring the Snoek 
peak of the same sample by internal friction (1.5 c/sec). 

In  this area, some consideration should be given to the in- 
spection of low-carbon steel sheets at temperatures above 200°C. 

Analysis of a Defect Echo in the Inspection by Lamb Waves 

In order to analyze a defect echo, it was necessary to get the 
relationship of a defect echo amplitude of Lamb waves to their 
transmitting distance. We obtained equation (3)  of a defect 
echo, assuming the proportion of reflection of the Lamb waves 
to be R :  

Pp = RPoeaT 1 /dr (a: neper) (3) 

where PF is the amplitude of a defect echo and R is the reflec- 
tion ratio of the Lamb waves at the defect. 

As previously, equation ( 4 )  was derived from equation (3)  

20 log P F / P I O  + 10 log r = 20 log R + 20 log Po/Pso 
-ar  (p:dB) ......................... ...................................... (4) 

If the defect is uniform and perpendicular to the propagating 
direction of the Lamb waves and, always covers the entire beam 
width of the waves, R is expected to be independent of the 
propagating distance and constant. Conversely, if the defect is 
point-like, R is expected to be dependent on the distance and 
variable. 

Comparing equation (2)  with ( 4 ) ,  we know that, in the 
case of a constant R, if we plot 20 log P / P t 0  + 10 log r versus 
r and 20 log P p / P s o  + 10 log r versus r, both curves will be 
linear, the absolute value of the slope is an attenuation constant 
and the difference of ordinates between two curves at the same 
distance r is equal to 20 log R .  In the case of a variable R both 
curves might be linear, but the difference of ordinates (20 log R )  
will change depending on r as illustrated in Figure 2. 

Effect of the End Form of Steel Sheets on the Reflection of 
Ultrasonic Lamb Waves 

In equation ( 1 ) or (3) ,  we assume that the Lamb waves are 
completely reflected at the end of the sheets. However, it is 
possible that the type of reflection may depend on the form of 
the sheets. Therefore before studying the reflection of Lamb 
waves at a defect it is necessary to check the effect of the end 
form. 

We used 2.3-mm-thick cold-rolled steel sheet with fairly 
uniform grain size as a sample. The end forms were sheared, 
roundly finished (radius equal to thickness) and machined per- 
pendicular to the rolling faces. As a measure of the effect of the 
reflection at an end, we employed 20 log P O / P ~ O  which is equal 
to the ordinate at r=O of a linear line derived by plotting 20 log 
P / P s o  + 10 log r versus r like Figure 2. 

The reflection of symmetrical modes is 0-2 dB higher at 
the roundly finished end than at the perpendicularly finished 
end and the reflection of asymmetrical modes is 1-2.5 dB higher 
at the perpendicularly finished end than at the roundly finished 
end. The difference in the reflection between the as-sheared end 
and the machined end is within rt 2.5 dB. 

Reflection of Lamb Waves at Artificial Defects 
We measured the reflection of Lamb waves at 1 and 2.25 MHz 
at artificial defects machined in the same 2.3-mm-thick sheet 

h 6  ecno 
_ _ _ _  Defect eckm 

0 T (m>  

Figure 2. Relationship of attenuation constant and reflection ratio. 

used in the previous experiment. As mentioned, the form of the 
ends does not seriously influence the reflection of the waves, so 
we used the perpendicularly finished end. 

For the artificial defects, we used machined grooves and 
holes. For the groove-type defect, four different widths (1, 2, 5 
and 10 mm) and four different depths. (0.3, 0.5, 1.0 and 1.5 
mm) were used. For hole-type defects, drilled holes of four 
different diameters (1, 2, 5 and 8 mm) were used. 

First we measured the end-echo amplitude in the sample 
without any artificial defects, then machined the defects, meas- 
ured the amplitude of the defect echo and end echo which 
passed through the defect, and plotted these data as in Figure 2. 
Measurement was made at 20-cm interval of r and the sensitivity 
of the detector was kept constant by the standard test-piece. (5) 

As explained before, the reflection ratio R of such a groove 
is expected to be constant, in other words the slopes of the two 
plotted lines as illustrated in Figure 2 are the same, and equal 
to the attenuation constant of the testing mode. In Table 4 the 
absolute values (dB/m) of both slopes are shown for 1 and 2.25 
MHz. They were almost the same within the experimental error 
for the given testing mode. In some SO cases at 1 MHz an echo 
was not reflected at the groove and therefore is not listed in 
Table 4. In Figure 3 the reflection ratio 20 log R versus the 
groove width is shown for each mode at 1 and 2.25 MHz for 
different depths. It should be noted that, for the groove width 
over 2-5 mm, the 20 log R has a tendency toward becoming 
constant for each groove depth and that there seems to be no 
simple relationship between the groove depth and the R value. 
Both slopes of the end echoes of the sample with and without a 
groove are nearly equal. 

The experimental results on drilled holes are shown in 
Figure 4. At 2.25 MHz there is little difference between the 
slope of the defect-echo amplitude versus r and that of an end- 
echo amplitude versus r of the sample without a hole. In other 
words the reflection ratio R of the drilled hole is dependent on r .  
At 1 MHz we could not get a clear defect echo when the So 
was used and the ratio R was found to be independent of r. 
when the AI mode was used. In Table 5 the 20-log-R-value at 
r=0.4 m and 1.4 m for 2.25 MHz is shown. The slopes of the 
end echo versus r with and without the drilled hole are different 
at 2.25 MHz and equal at 1 MHz. 
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Table 4 
Gradient of End Echo Before Machining and that of Groove Echo (dB/m) 
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From equation 4, the reflection ratio can be expressed as 

20 log R = 20 log P F / P ~ ~  - 20 log P O / P , ~  + 10 log r + ar (5) 

Although the sample was laminated, the plotted curve 20 
log P/P50 + 10 log I versus r was linear. We could get 20 log 
Po/P50 and CI from this linear line. After measuring the defect- 
echo amplitude 20 log PF/P5O at the lamination, we calculated 
the reflection ratio 20 log R from equation ( 5 ) .  The 20 log R 
values at 2.25 MHz, S, and 1 MHz, So modes for several samples 
are shown in Table 6. 

It is interesting to note that although the lamination width 
confirmed by the magnetic particle method ranged from 8 mm 
to 50 mm the reflection ratio is almost constant for each mode. 
This coincides with the previous experimental results derived 
with the groove-type defect. SI and A I  modes at 2.25 MHz do 
not show any clear echo at the lamination. 

We also measured the reflection ratio of the same kind of 
lamination in 0.8-mm-thick cold-rolled mild steel. Figure 5 is 
an example of this experiment by the So mode at 2.25 MHz. 
In this case the lamination is rather smaller than the above 
sample and the reflection ratio is between -20 to -30 dB. 

In our experience, there is no definite relationship between 
the reflection ratio at the lamination and its size. It will be neces- 
sary for quality control on the production line to grasp the 
relationship by checking natural defects and the height of echo 

follows : Reflection Ratio of Drilled Hole at 2.25 MHz (dB) 

I I Dia of hole (mm) 

Reflection of Lamb Waves at Natural Defects 
After studying the reflection of the Lamb waves with artificial 
defects, we tried to observe the reflection with natural lamina- 
tion defects. 

First we measured the reflection ratio of similar laminations 
in 2.1-mm-thick, hot-rolled sheet by Lamb waves at 2.25 and 
1 MHz. 
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Table 6 
Examples of Reflection Ratio of Lamination 

(2.1-mm-thick steel) 

Flaw 
Detector 

All* 

A 1  

B 1** 

B 2  

B 3  

a) Ref lec t ion  r a t i o  of d e f e c t s  

Mode 

A1 s1 sz 

(dB/m) (dB) (dB/m) (dB) W / m )  (dB) 
2010gR 2010gR 2010gR 

ppp________p 

22.5 -11.0 11.5 -7.8 12.0 -18.5 

19.5 -12.3 8.5 - 8 . 5  8.5 -17.0 

19.5 -11.0 9.0 -6.3 8.5 -10.8 

25.8 - 9.3 8.0 -6.7 10.0 -12.5 

19.0 -10.8 12.0 -6.5 8.3 -20.8 

----____- 
------ 
---______- 
---___-- 

I Sample No. 
Item d 

@4 -44 

b) Defect w s i t i o n  anc! arfa 

1 2 1 7 1 1 3  15 14 
I- I-I- 

PF 
20 log- 

PSO 
1 8.0 1 6.5 1 10.0 12.5 11 .o 

w(r=0.4) I 2.5 I 5.0 I 4.5 6.0 5 .O 

-4.0 

-46.0 

-31.5 

-4.0 

-40.0 

-38.0 

PO 
-20 log- 

2 

3 r- ~~ I -6.0 I -3.0 
PF 

PSO 
20 log- -4.5 -7.0 

t 1 
d l  

1 
d3 

0.4 

15.5 

0.4 

11 .o _ _  
lloving l i n e  of probe 

20 40 60 80 100 
0 

Sheet length (cm) 

4.4 6.2 W 8 .0  2.5 
~ _ _ _ ~  

10 log r -1.5 -4.0 --- -4.0 

-23.5 

-4.0 

-25.0 
PO 1 1-28.5 1-26.0 

-20 log- 
P.50 --- 

Total (20 log R) 1 1-28.0 1-30.0 -29.1 -28.3 

Table 7 
Attenuation Constants and Reflection Ratio Measured by 

Different Ultrasonic Flaw Detectors 

8 )  A t t w u a t i o n  of s h e e t  

dl = h 3  &/m 
0 d2 = 50 ;* 

x d 3  = 5.0 

A d 5  =65 

* Q2 off 0.6 98 10 1.2 14 1.6 1.8 
Y (rn) 

*Al, AI1 means the different type of detectors made by maker A. 
*+B1, B2, B3 means the same type of detectors made by maker B. 

Figure 5. Example of data sheet of inspected sample (0.8-mm sheet, 2.25 MHz, 
So mode). 
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Figure 6. Relationship of pulse width and attenuation constant with rectangular 
pulse modulated wave. (Arenberg’s Pulsed Oscillator and Wide Band Amplifier.) 

reflected at it. Furthermore every available mode at a certain 
frequency is not necessarily useful for nondestructive inspection 
and care should be taken to use effective modes. 

Efect  of Frequency Spectrum on the Attenuation and Reflection 
Ratio of Lamb Waves 
Only one type of ultrasonic flaw detector was used in the 
experiments described above and it was possible that another 
detector might get different results. In order to check this, we 
measured the attenuation constant and reflection ratio of Lamb 
waves with several types of flaw detectors, using the same 
method as that used in the previous experiment. The measure- 
ment of the reflection ratio was made at a groove 0.5 mm deep 
and 5 mm wide in a 2.3-mm-thick steel sheet. As shown in Table 
7, different detectors showed different reflection ratios. First, 
we thought the narrow band width (0.5 MHz) of the amplifier 
in a detector might have influenced the results. Therefore, we 
made the same measurement again with broader band width 

Discussion 

Q. R. N. CRESSMAN, Bethlehem Steel Corp., Bethlehem, USA.- 
Two critical aspects of Lamb-wave inspection for production 

applications are: 
1. The need for closely controlling the test angle, and 2. maintaining 
uniform coupling at test speeds of several thousand fpm. Have you 
developed any methods for overcoming these difficulties? Have you 
found that any particular Lamb-wave mode is most sensitive to 
laminar-type defects? 
A. As you point out, the strict control of test-angle is essential in 
Lamb-wave inspection. The control is done as indicated below, and 
we have been carrying out Lamb-wave inspection in the production 
process in our Hirohata works. At first we tried to use the wheel-type 

(2.2 MHz) of the B1 detector by changing the circuit. But the 
same results were obtained. Different detectors may generate 
pulses with a different frequency spectrum and the different 
spectrum may cause different behaviour of Lamb waves. Using 
a rectangular, pulse-modulated wave transmitter, a wide-band 
amplifier and a synchroscope we tried to confirm this. We 
measured the attenuation constant of Lamb waves at 2.25 MHz 
with the same 2.3-mm-thick sheet, changing the pulse width 
from 1 . 2 5 ~  sec to 2 7 ~  sec. The results are shown in Figure 6. 
Attenuation constants of SI and SI modes increase almost to the 
value measured by the B1 detector when the pulse width de- 
creases while the attenuation of the A1 mode stays constant and 
is almost equal to the value measured by the B1 detector. 

From these results we may conclude that the shape or fre- 
quency spectrum of the pulse influences the measurement of 
Lamb waves. 

When group velocity is not a constant, the pulse suffers 
considerable dispersion if the frequency spectrum is appreciable 
and the pulse length has to be considerably longer to obtain 
useful results.(6) Usually the pulse widths of detectors are not 
constant and the frequency spectra are different among detectors. 
Therefore comparison of quantitative measurements of Lamb 
waves among detectors seems to be difficult although each de- 
tector can make the measurements. 

The authors would like to acknowledge the invaluable help 
and advice given by Professor Dr. M. Onoe of Tokyo University. 
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variable angle probe made by Sperry Products Co., but the ultrasonic 
echo on a CRT fluctuated so much that it proved impractical. We 
solved the problem by using a solid frame to which a wheel-type 
fixed angle probe was fixed, with a manual angle-changing mechanism. 
Regarding your second query, we have been trying to carry out in- 
spection of steel sheets at high speed, but so far the maximum 
inspection speed is 120m/min and rust-preventing oil is used as a 
coupling medium. At 2.25 MHz, S2 mode is found to be very sensitive 
to some laminations in 2-mm-thick steel sheets, and other modes are 
found to be quite useless. At the same frequency, So is found to be 
effective in the inspection of 0.8-to-1.0-mm-thick sheets. General rules 
for the selection of suitable modes for steel sheet inspection have not 
yet been established. 
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Underwater Wall-Thickness Measurements 
and Weld Testing by Ultrasonics 

HARTMUT JUNKE. GERMANY 

ABSTRACT: The application of underwater ultrasonic testing by using a submerged 
pulse system is dealt with. laboratory tests on wall-thickness measurements, weld 
testing and crack detection are described with respect to application under water, 
for which waterproof housing for a battery-powered pulse system was developed. 
Tests were carried out to a depth of 32.8 ft. (10 m). They showed that pressure 
and water do not influence sound transmission of the recording equipment, and 
that accurate testing is possible under water. Special conditions that occur when 
testing under water are noted and the practical application of measuring wall 
thicknesses of sheet piling i s  described. 

Introduction 

Ultrasonic material testing has found acceptance in nearly all 
branches of industry and technology, and is expanding its field 
of application more and more. Most tests of course are carried 
out at plants and building sites on land. Structures in water or 
underwater are normally tested for manufacturing defects out 
of water, but if such structures are in operation, checking for 
loading defects is an extremely difficult and complex task. 
Underwater welds, for example, cannot be tested by con- 
ventional means, so that we must turn to ultrasonic testing as a 
method offering the best conditions for underwater testing. In 
1959 the Akademiet for de Tekniske Videnskaber Svejsecen- 
tralen Kopenhagen undertook tests to measure the wall thickness 
of sheet pilings by underwater ultrasonics (1).  In  1963-65 
similar methods were used to measure the thickness of steel 
sheet pilings in East Germany (2). In all tests repotted the diver 
put the probe on the prepared spot, but the equipment remained 
out of water. Using prearranged signals by cord or by tele- 
phone the diver and the equipment operator communicated 
with each other. This kind of testing is applicable when a static 
reading is required, where the probe is not moved, as in the 
case of doing wall thickness measurements. The ultrasonic 
test, however, is a dynamic one and is not confined to measure- 
ment. The test-piece must be evaluated by coordinating the 
movement of the probe and the movement of the screen image, 
and the inspector must watch the probe movement and the 
screen simultaneously. Accordingly it is necessary to submerge 
the equipment. As far as power supply difficulties are concerned, 
battery powered ultrasonic equipment has been developed. 

Underwater ultrasonic inspection has special significance 
in measuring wall thickness, weld tests, and in detecting cracks 
in ships’ hulls. Dock fees, which amount to about $2,000 may 
be reduced ( 3 )  as the tests may be carried out during normal 
hours when the ship is at anchor in a harbour, or even in the 
roads. 

Laboratory Investigations 

Only battery powered equipment can be used for underwater 
testing so the investigations were carried out with this kind of 
set-up. Pulse system equipment USK 4 made by Krautkramer, 
Koln, was used. 

Wall Thickness Measurements 

Since it is better to read the wall thickness directly from the 
screen without recalculation, a waterproof 6-MH2, dual-crystal 
probe was used, with waterproofed cable connections. 

In the case of sheet pilings water may get behind the 
plate. Therefore, the influence on the screen image due to water 
at the back side of the plate had to be cleared up. Further, the 
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effect on the screen image of a gap of water between the probe 
and the plate required examination; because of the corroded 
surfaces there will nearly always be a gap. However, investi- 
gation showed that water at the back side of a plate will not 
influence the result of the wall thickness measurement. 

A probe radiates sound in itself when submerged; as it 
approaches the object under test an echo arises from the surface 
of the sample at the normal incidence of sound. Depending on 
the distance between the probe and the test surface, an echo 
arises a certain distance from the transmission point (initial 
pulse indication). It coincides with the initial pulse when the 
probe touches the sample. 

Dual-crystal probes are built to indicate reflecting targets 
lying close below the surface, and very near to the probe-about 
0.04-in. (1-mm) steel in this case. Thus spurious echoes had to 
be expected if the water gap between probe and test surface 
became more than 0.01 in. (0.25 mm) (Le. about 0.04-in. 
(1-mm) steel). Figures l a  to l h  show how different gaps 
influence the recording of the measured wall thickness of 
0.915-in. (5-mm) steel. At first one can see that up to a gap 
thickness of 0.04 in. (1.0 mm) in Figure 1 a clear separation of 
zero echo and measured echo takes place. With a gap of 0.08 
in. (2.0 mm) a positive reading’is impossible; with a gap of 0.12 
in. (3.0 mm) the measuring echo is covered totally by the echo 
from the surface. Further, with increasing distance the zero echo 
shifts to greater distances, while the distance between the zero 
echo and the measuring echo remains constant. Working with 
a constant gap this shifting may be taken into account and the 
equipment adjusted, so that a precise measurement within the 
limits of the pulse system is possible. Measurements of small 
thicknesses showed that a gap thickness of 0.02 in. (0.5 mm) 
should not be exceeded. 

The minimum thickness to be measured is 0.12 in. (3.0 
mm) of steel for the chosen pulse system with an accuracy of 
0.02 in. (& 0.5 mm) on rough surfaces. The upper limit is 
1.2 in. (30 mm) of steel. Above this the multiple-echo method 
has to be used. 

To keep a gap of 0.02 in. (0.5 mm) a probe holder was built. 
A guide tube simultaneously serves normal sound incidence. 

Weld Testing and Crack Detection 

Testing of welds and ship hulls to find fatigue cracks requires an 
oblique angle of incidence. At first we tried to use the probe 
holder developed for wall thickness measurements, adjusting a 
normal probe to a certain angle, determined according to Snell’s 
law. A 4-MHz immersion probe was used. However the probe 
radiated sound through the housing into the holder and the sur- 
rounding water, producing a number of spurious echoes. There- 
fore, a refracting prism was made (Figure 3) by which, depend- 
ing on the wedge angle, shear waves were radiated into the 
plate at the desired refractive angle. The investigations were 
carried out to test a welded joint 0.39 in. (10 mm) thick. 

Firstly, however we had to determine in the laboratory 
whether water on the testing side or the back side, or simul- 
taneously on both sides, impaired sound transmission in the 
plate and with it the reading. A waterproof box was welded 
on to the back side of the sample, shutting off one side. Thus 



I 

Figure I .  Screen images of the wall-thickness measurement of a thickness of 1.195 in. (5 mm) having different gaps of water, d. 
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we were able to make underwater tests of one part of the weld 
exposed to air only, and by flooding the box make similar 
tests on the same weld exposed to water. 

The tests showed that in no case did the water impair the 
reading. 

Application of this method to the checking of fatigue 
cracks in ships’ hulls was also tested. The tests were applied to 
double-plated hulls. Under operating conditions cracks occurred 
in the outer plating, beginning on the inner side. Because of 
the double plating the only possible test was by ultrasonics 
carried out from the water side. The tests showed that the 
formation of cracks is detectable by underwater checking. This 
means that ships need not go into dock for checking. 

These results had to be checked in greater depths of water, 
because the laboratory tests had been performed without water 
pressure, and the pulse system itself was out of water, too. 
Thus, it was necessary to develop a waterproof housing. 

Equipment Set-Up 

There were four requirements for construction of the housing. 
1. I t  had to be waterproof and resistant to compression. 
2. A satisfactory view of the screen had to be maintained, 

even under unfavourable water conditions. 
3. The pulse system had to be operated from outside. 
4. A simple method for changing batteries had to be 

incorporated. 
In  relation to the pulse system these requirements led to 

the following construction: A housing of 0.08-in. (2-mm) steel 
sheet was produced to fit the pulse system. The bottom (back 
wall of the pulse system) consisted of 0.39-in. (10-mm) steel 
plate welded to the housing. Inside the bottom there was a 
cover, waterproofed by a rubber-ring gasket, mounted by four 
screws. A battery change could be made quickly by opening 
the cover without taking the pulse system out of the housing. 

The front side of the housing was equipped with a plexi- 
glass pane, 0.58 in. (15 mm) thick. In this pane were the 
openings for the control knobs and the probe cables. The pane 
was bolted to the housing and waterproofed by a rubber gasket. 
By removing the pane the pulse system could be taken out of 
the housing. 

To  adjust the pulse system the openings in the pane were 
waterproofed by rubber sleeves into which extension control 
knobs were fitted. Thus the pulse system could be handled from 
outside. In  deeper water, the sleeves would be compressed and 
the pulse system could not be operated without corresponding 
counterpressure. Therefore, the housing was provided with a 
valve, by means of which a high-pressure corresponding to the 
water depth could be produced. By this means a leak could be 
detected at once by the formation of air bubbles when the 
equipment was immersed, but before water could enter the 
housing. The probe cables were led out between the pane and 
the rubber gasket, the pane being drilled parallel with the 
surface, so that the cables, lying within a rubber gasket would 
be pressed into the rubber gasket of the pane. This kind of 
sealing proved useful up to 1.5 (21.3 lb/in.2) overpressure, 
corresponding to a water depth of 49.2 ft (15 m).  Preliminary 
tests showed that the calibration of the pulse system did not 
vary by switching on or off. The pulse system was tested by 
switching on and off approximately one hundred times, measur- 
ing a reference thickness after every switch-on. 

Accordingly, when measuring wall thicknesses, it was only 
necessary to handle the switch-on knob, which simultaneously 
controlled the gain. Only one outside lead was provided. 
Figure 2 shows the construction of the housing for wall thick- 
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Figure 2. View of the housing for wall-thickness measurements (photo by author). 

Figure 3. View of the housing for testing welds and for crack detection, with 
prisms and prepared weld (photo by author). 

ness measurements. Cable connections out of the housing were 
covered by a rubber tube and sealed by varnish. 

To  carry out weld and crack testing the pulse system had 
to be adjusted to the probe used and to the material under test. 
Therefore, It was necessary to handle every control knob, and 
all knobs had to be led out. Figure 3 shows the construction of 
the housing for weld tests, and also the construction of the 
angle probes and the prepared weld. 

To prevent condensation in the housing due to humidity 
when the equipment was submerged, a bag filled with silicagel 
was placed in the housing, which prevented the pane from be- 
coming covered with moisture. 

The development of an underwater housing of this type was 
influenced by technical and time considerations. Of course, it is 
possible to place the pulse system in a cast housing that is 
resistant to compression without producing a counterpressure. 
The version developed, however, fulfilled all requirements, be- 
cause such underwater tests are rarely, if ever, carried out in 
greater depths than 42.2 ft (15 m).  Further developments 
provide for an improvement in operating the equipment and the 
connection of a compressed air cylinder to the housing, to vary, 
a t  will, the internal pressure below water surface. 



Tests Below Water Surface 

Safety precautions required special diver training for light divers 
when engaged in underwater tests, because the submerged diver 
was subjected to great physical loads and had to acclimatize 
himself to near-weightlessness in the altering rhythms of move- 
ment. The latter was the greatest difficulty in underwater testing. 
Slight movements, such as guiding or contact-pressuring of the 
probe would move the inspector out of position. When testing 
in situ it was advantageous to support the inspector by ladders. 
The inspector could fasten himself to the subject under test by 
use of a magnet. 

At first, the tests were carried .out in an enclosed basin 
down to a depth of 16.4 ft (5 m), at which depth the photos 
were taken. In open water, photography was impossible, as 
no underwater camera was available. 

Figures 4 and 5 show tests for checking welds. The divers 
wore lead belts to get support below water surface. The equip- 

Figure 4. Test checking in 16.4 ft (5m) of water (photo by author). 

Figure 5. Test checking in 16.4 ft (5m) of water (photo by author). 

ment was trimmed by a lead weight in such a manner that it 
would stay upright. When testing in a greater depth of water the 
equipment may be slung, and the inspector is not bothered by 
weight, as the equipment almost floats in the water. 

Tests to a depth of 32.8 ft (10 m) showed that water 
pressure did not influence sound propagation and recording, nor 
did the presence of water at both sides of the plate change the 

Figure 6. Wall thickness measurements of sheet piling in a harbour (photo by 
author). 

reading. The same behaviour can be expected at greater depths, 
Le. at greater pressures. The depth limit of 32.8 f t  (10 m) was 
chosen so as not to complicate the tests by adhering to certain 
surfacing and half-compression times and also to minimize 
danger to the diver as far as possible. 

The properties of the system were not changed by pressure, 
the reading remaining constant for more than three hours. 

If a subject under test ranged some metres-in depth it was 
advantageous to begin the test at the deepest point. Within the 
housing, pressure was produced corresponding to that depth. 
The water pressure acting against the internal pressure of the 
rubber sleeves permitted movement, and adjusting the equipment 
was possible without difficulty. Surface air was blown down 
corresponding to the depth, to establish a balanced position. 

Because of working and safety conditions it was necessary 
to employ two inspectors. They communicated by writing with 
a pencil on a white resin plate, fastened to one arm, and also 
used the plate to make notations on the tests. 

Figure 5 shows that in spite of lead weights movement was 
very difficult under water. The inspector had to put the test- 
piece on one of his flippers, anchoring himself against the pres- 
sure resulting from contact of the probe on the test-piece. 
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Because the screen was luminous a reading could easily 
be made under water. The oscilloscope had enough luminosity 
to permit recognition of the screen dial, although strong turbidity 
in open water tended to obscure it and make a reading com- 
plicated. 

Such situations occurred when doing wall-thickness meas- 
urements of sheet pilings in a harbour. Therefore, the distance 
between the screen and the pane of the housing was so placed 
that the diver could watch the screen without difficulty by 
touching his goggles to the pane. Thus, even in mud a reading 
was possible. 

A test was made on sheet piling built some ten years ago 
(Figure 6) .  The results showed that the existing wall thickness 
was good for about twenty years at least; .Thus it was established 
that the pilings were strong enough to support a crane without 
renewing the wall. If it had not been posisble to make the 
measurements, the pilings would have been renewed simply as a 
safety precaution; the tests resulted in considerable savings. 

Summary 

This paper has dealt with the significance of underwater ultra- 
sonic testing. The problems were tested in a laboratory and 
battery powered pulse system, type USK 4 made by Kraut- 
kramer, Koln was used. Wall-thickness measurements were 
carried out by use of a 6-MHz-double-crystal-probe. Tests 
showed that the distance between the probe and the test surface 
may be a maximum of 0.02 in. (0.5 mm) for a satisfactory 
reading. Accuracy of measurement amounts to 0.02 in (20.5 

mm).  Plate thickness is measurable from 0.12 in. (3 mm) 
upwards. Testing of welds and detecting of cracks in plates of 
ships’ hulls is also possible. Water at both sides of a plate does 
not influence sound propagation or equipment indication. 

The construction of a waterproof housing for the pulse 
system has been described. Tests were carried out down to a 
depth of 32.8 f t  (10 m) using a submerged pulse system for the 
first time. The tests proved satisfactory operation of the equip- 
ment and showed that no difference appeared in the indication. 
They also showed that practical measurement of the thickness 
of sheet piling is possible. 

The results show that it is possible to carry out successful 
underwater ultrasonic tests, thereby opening up a new field of 
application in ultrasonic testing. Proper application of such 
testing could significantly increase the safety of underwater or 
in-water metal structures and substantially reduce costs of 
inspection. 
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Wall Thickness and Wall Thickness Tolerance 
Measurement 

W. GRABENDORFER and A. DROEGE, GERMANY 

ABSTRACT: Measuring the exact wall thickness of products of which only one 
side is accessible is o substantial and important part of nondestructive testing. 
This paper describes the measuring problems and the requirements found in 
practice. It presents a summary of the available measuring methods and their 
latest developments, as well as some examples of application. The accuracies, 
and limitations in meeting the stated requirements are described. 

Introduction 

Generally the practical requirements are subdivided as follows: 
a )  Checking of wall thicknesses during or immediately 

after manufacture. 
b)  Inspecting wall thicknesses of material in operation, 

i.e. routine plant checks of critical parts, for example, 
in the chemical industry and in power plants. 

Objects of the first group have smooth, non-corroded 
surfaces. The wall surfaces of the second group, however, will 
be found in most cases too severely corroded by aggressive 
media and high temperatures. It is in these corroded areas that 
the remaining minimum wall thickness has to be measured. 

On new products (i.e. tubes, plates, vessels) a continuous 
measuring system, that is mechanized as much as possible, is 
required. The critical structural parts in industrial plants, 
however, must be scanned by hand in most cases. 

Reading of the measured values must be easy, preferably 
by means of large scales or digital presentation, so that unskilled 
labour can make routine checks. Evaluating results from con- 
tinuous measuring systems must also be simple, that is, presenting 
wall thickness values on a recorder, automatic sorting of 
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specimens whose wall thickness is above or below certain limits 
or visual indication of the minimum thickness value. 

The well known classical procedures for measuring wall 
thicknesses and their characteristics are the following: 

The Multiple-Echo Method 

The method of measuring wall thickness by a series of multiple 
echoes on a calibrated pulse-echo instrument is well known, 
and has been used for a long time. This method, however, is 
limited to scanning the specimen under test point by point, and 
is also limited to smooth surfaces. Besides, the operator must 
carefully read the screen at each measuring point. If the 
operator reads the values for the three-to-fivefold wall thickness 
(i.e. he evaluates 3 to 5 multiple echoes) he can obtain a 
measuring accuracy of 1 to 2 per cent. Depending on the probe 
frequency this measurement can be accomplished down to a 
wall thickness of about -a in. (3 mm).  When a sequence 
consists of at least 4 to 5 multiple echoes measurements can 
be facilitated (down to 4 mm) by an ancillary electrical device 
supplementing the pulse-echo unit. When using this “wall 
thickness meter”, the echo sequence excites a tunable oscillating 
circuit. As soon as the operator has found the resonant point 
by turning the tuning condenser, the wall thickness value can 
be read directly from a scale. 

In cases where the walls are thicker, the multiple echoes 
on the screen are widely separated, making it possible to record 
wall thickness values. For this purpose, the echo sequence is 



generated via a water column, i.e. by immersion technique. 
For recording purposes only, the distance between the echo 
from the water/steel boundary surface and the first back echo 
is needed; a transit-time monitor produces a voltage proportional 
to the echo distance. If such a system is used to scan spirally 
(Le. tubes), the wall thickness along this spiral line can be 
recorded continuously. At probe frequencies, between 4 and 
6 MHz, the echo widths are widened by rough surfaces, and 
thus limit the application of this recording method to wall 
thicknesses in excess of about 4 to 4 in. (6 to 8 mm). 

The Resonance Method 
The ultrasonic resonance method is quite a different procedure: 
The frequency of the transmitted continuous ultrasonic wave is 
varied continuously between certain limits. The wall being 
measured resonates when it is equal to an integral number of 
half wavelengths of the sound beam used. The wall thickness 
can be determined from the frequency of the resonant points. 
The measuring device “Vidigage” makes the resonant points 
visible on the screen, and the wall thickness is read from 
special scales. Another device applying the same principle shows 
the resonant points by lighting annularly arranged glow lamps. 
Values are read from a circular scale, shiftable around the 
centre. The resonant points are indicated acoustically by another 
device. The above resonance devices enable point to point 
measuring, if good coupling is provided. 

Some years ago the resonance method was improved, thus 
enabling wall thickness measurements by interconnecting a water 
column. Since proper coupling is guaranteed by the immersion 
technique the resonance method can be applied for continuous 
measuring, at least for plates and precision tubes with smooth 
surfaces. An ancillary device also helps to receive a signal that 
is proportional to the wall thickness and to record it. 

Compared to the pulse-echo method, the resonance method 
can measure wall thicknesses down to approximately 0.5 mm 
(20 thou). 

SE-Probe Method 
All these methods are limited to smooth wall surfaces. The pulse- 
echo method indicates corroded areas by disappearance of the 
multiple echo sequence. Corroded pits are not indicated in a 
correspondingly clear manner by the resonance method. Since, 
however, the measurement of remaining minimum wall thickness 
is the main task of the plant check there is great interest in an 
easy and dependable method. For several years the SE-probe 
has been successfully used for this purpose. This probe consists 
of a transmitter and a receiver giving only a small indication 
of the material surface. The first clear indication following 
comes from the back-wall. This back echo is used to read the 
exact wall thickness from the screen of a pulse-echo instrument 
(the scale dimensions on the screen are spread to obtain sufficient 
accuracy). Normally the full screen width matches a material 
thickness of 0.4 in. (10 mm).  It is significant that in most cases 
a readable back echo can be achieved even if a corrosion pit 
is present on the inner wall surface. In cases where the “outside” 
surface (accessible for measurements) is heavily corroded, 
measurements are only possible in a place where sufficient cou- 
pling is achieved in spite of the rough surface. Since the echo 
indicates clearly and directly the remaining wall thickness, the 
location of the minimum residual wall thickness can be found by 
shifting the probe and watching the movements of the echo on 
the screen. To obtain good accuracy (approx. 2 0.1 mm resp. 
f 4 thou) it is important to check the calibration of the unit 
by means of a step test block at certain intervals (Figures 1, 2 ) .  

It  is obvious that continuously operating wall thickness 
measuring devices can be made, using this simple procedure. 
Using this method, it is possible to measure down to 0.04 to 
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Figure 1. Wal l  thickness measuring with SE-probe (b) and IO-mm scale expansion. 

Figure 2. Wal l  thickness measuring at corroded tubes with SE-probe. 
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.06 in. (1  to 1.5 mm) (contrary to the multiple-echo method 
with a normal probe). Since the “overcoupling echo” from the 
coupling gap between probe and surface can be lower than the 
back echo by 14 db, an automatic wall thickness tolerance 
measuring system can be easily constructed by means of addi- 
tional signal monitors. There will be difficulties, however, arising 
from mechanizing the scanning. Because of the ratio of sound 
velocities of water to steel = approx. 1:4, a change of the 
water gap by only 0.1 mm is equivalent to 0.4 mm change in 
steel thickness. Even if the probe is mounted with accurate 
mechanical devices, with the surfaces normally found in practice, 
it is not possible to keep the coupling gap within 0.1 mm. This, 
however, is necessary to avoid an error of more than 0.4 mm 
wall thickness. 

The SKE-Probe 

To correct this, the development of the SE-probe was continued. 
A third crystal was inserted to obtain a reference echo from 
the surface. The distance between this crystal and the contact 
surface of the probe is shorter, so that the reference echo 
resulting from it appears before the small overcoupling indica- 
tion of the normal SE-probe crystals. Besides, the amplitude 
of this reference echo can be adjusted independently from the 
other echoes. As soon as the distance between probe and 
specimen surface changes, both echoes-the reference echo and 
the back echo (the latter corresponding to the wall thickness), 
shift exactly in parallel. Thus this surface echo can be a 
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Figure 3. Scheme and oscillogram of SKE-probe. 1 (S’-O-E) =reference echo. 
2 (S-0-E)=overcoupling echo. 3 (S-R-E)= back echo. 1-3=echo distance to be 
evaluated by monitor for thickness measurement. c =  probe constant. 
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reference echo for wall thickness measuring if the evaluating 
monitor gate is “attached” to this echo. Figure 3 shows the 
construction and the echo of the described SKE-probe. For 
continuous measurement, the transmitter and receiver are 
designed as water chambers as indicated in Figure 3. When the 
probe is lifted from the surface the reference echo (1) and 
the back echo (3) shift to the right by the same distance, of 
course the undesired overcoupling echo ( 2 )  shifts also. The 
distance between echoes (1) and ( 3 ) ,  which corresponds to 
the sum of the probe constant and the wall thickness to be 
determined, is read. Lifting the probe up to 0.80 in. ( 2  rnm) 
does not influence the oscillogram and the result. When 
exceeding 0.80 in. ( 2  mm) the overcoupling echo becomes very 
large, thus preventing an automatic evaluation of the oscillo- 
gram by a monitor. At this point certain factors influencing 
the accuracy of the SE method should be considered. Each echo 
on the screen shows “knots” on the rising (and falling) flank 
resulting from the rectified high-frequency oscillations of the 
pulse. Since the rising flank of the echo is used when reading 
the screen, the reading can differ by the distance between two 
knots when applying different echo heights for measurements. 
In  the worst case-if the echo being read is not high enough-- 
the reading can be shifted to the high side by 2 or 3 knots. 
Since the distance between two knots corresponds exactly to 
one wavelength, the resultant error can be easily stated: Le. 
0.02 in. (0.5 mm) for 6 MHz measuring frequency when 
shifting the flank by one knot. (Half the wavelength results 
from the time difference being divided into its way back and 
forth when applying -the reflection method.) Therefore, during 
measurements the operator must be careful always to read at  
the same echo height (as it was being done during calibration 
procedure) and always before the same knot within the 
indication. 

The continuous wall thickness measurement of tubes can 
be used as an example of the possibilities of automatic thick- 
ness control. A simple system operates as follows: A signal 
monitor gate whose width is adjusted to the tolerance wall 
thickness will be attached to the reference echo of the SKE- 
probe. As soon as the tube wall thickness falls below this 
tolerance (during spiral scanning) the monitor triggers. The 
signal may be used directly for marking the point below 
tolerance or for controlling a sorting device via a storage 
element. Of course, a second monitor channel can be added 
showing wall thicknesses above a maximum tolerance value. 

On the other hand, the wall thicknesses can be analogously 
registered by a recorder via a transit-time monitor whose gate 
is also attached to the reference echo of the SKE-probe. This 
method, however, is somewhat elaborate owing to the great 
quantity of recording paper to be evaluated. In  most cases this 
is not desirable for wall thickness inspection during production. 

In  all cases, it is important to know the minimum waIl 
thickness which was found when checking the whole tube. 
An ancillary unit was developed to store smaller value as found, 
or the result is erased by the operator. Simultaneously the 
digital reading of wall thickness is presented by luminous 
numerals, and the minimum reading can also be printed after 
a tube has passed through. 

A variation of the above system, where the tube (longitud- 
inal direction) is subdivided into sections, e.g. 200 mm long, 
has been in use for some time. The section where the thickness 
falls below tolerance is marked, and can be cut off conse- 
quently, or a printed tape for each tube shows in proper sequence 
the minimum thickness for each section. Since during measur- 
ing procedure in most cases (Le. tube testing) defects must be 
detected at the same time, other, rather complex evaluation 
devices are required for the combined data evaluation. 

._ ... ...__ .... .- - .  . . 



High-Temperature Measurements 

All measuring methods must be critically reviewed on their 
performance at higher temperatures, i.e. temperatures of approx. 
200 to 600°C (400 to 1100°F). (Objects with temperatures 
close to 600°C are very seldom encountered, according to our 
cxperience). There are two problems when measuring these 
“hot” specimens: 

Coupling medium. Even at high temperatures it must 
not evaporate, develop blisters, or melt, thus preventing 
probe coupling. 
Protection of crystals, cement layers and probe con- 
nections from the heat. The crystals and their cement- 
ing (sensitive to heat) on the damping body must not 
contact the hot specimen. Therefore, heat-resistant 
adaptors (not too sound-absorbing) must be used. 

The measuring method first mentioned-evaluating a multi- 
ple-echo sequence on the calibrated screen-can be easily adapted 
to hot material by using a normal probe with plastic adaptor 
(the latter normally made of “Lekutherm”) and silicone vacuum 
grease, bitumen or other special greases for coupling. Owing to 
the relatively high absorption of ultrasonic waves in the plastic 
adaptor only one or two multiple echoes appear, the first one 
being followed by the echoes of the wall thickness to be read. 
Reading the screen must be done quickly, since the adaptor 
heats up during prolonged contact of the hot surface, thus 
changing the sound velocity within the adaptor and causing a drift 
of the echo. The absorption increases continuously, so that the 
echoes to be evaluated disappear with more or less rapidity. 
For this reason the oscillograms must be photographed as soon 
as they appear, for calculation of the thickness later. This 
means a procedure which is time-consuming and not very elegant 
for practical operation. Additional time is required between 
the photographing of the screen and the conclusions to be drawn 
from the screen photographs. However, this was the only de- 
pendable measuring method for a long time. 

To solve the above problem, another method was developed: 
The echo sequence from the wall to be measured was generated 
by a “water pistol”, thus applying the principle that a power- 
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ful water jet of approximately 1A in. (30 mm) dia destroys 
the steam film on the hot surface of the test object. This achieves 
good coupling of the sound beam being transmitted via the water 
jet. The critical requirement, however, is that this jet must hit 
the surface exactly vertical to obtain an echo sequence. By this 
method measurements could be made up to temperatures of 
approx. 603°C (1100°F). It may be of interest that hot ingots 
(temperatures higher than 1100°C (1800°F) were successfully 
tested for inner defects by means of the water pistol. As far as 
the coupling and the measuring technique is concerned, it is 
possible therefore, to measure wall thicknesses at these high tem- 
peratures. However, tension cracks could develop in tubes when 
they are hit by the cold water jet. Of course, both the above 
methods are applicable for non-corroded walls only. It was 
of great interest to find out at how high a temperature the SE- 
probe method could be used. Consequently SE-probes were 
built with highly heat-resistant material, so that the SE method 
could be used for pointwise wall thickness measuring (applying 
silicone vacuum grease for coupling on hot surfaces for tem- 
peratures up to 500-600°C (900-1 100°F)). Between readings 
the probe must be cooled in a cold-water bath. Here too, heat- 
ing of the probe influences the screen indications. If the tempera- 
ture increases the oscillogram shifts in regard to the non-visible 
zero point, because the sound velocity in the plastic delay blocks 
changes. Besides, due to the increased temperature the absorption 
within the blocks increases so that the amplitude of the echo 
to be read quickly decreases. The screen must be read quickly, 
immediately after the echo appears. An automatic camera will 
make this easy and foolproof. As soon as the probe makes 
contact, the echo is photographed by releasing the camera 
shutter (highly sensitive film) via a monitor triggered by the 
echo. This relieves the operator from the difficult task of catch- 
ing the echo at the right moment in each reading. 

SE-probes made of highly heat-resistant material, of 
course, can be arranged in SKE grouping (auxiliary crystal for 
generating a reference echo). This will be advantageous when 
measuring at high temperatures, because the reference echo is 
shifting on the screen in nearly the same manner as the back 
echo. Therefore, a tolerance-measuring signal monitor or a 

Figure 4. Measuring with 
temperatures (oscillogram). 

SE-probe a t  high 
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transit-time monitor with auxiliary indicator can be used for 
read-out, if the monitor gate is attached to the reference echo. 
Measuring will no longer be possible if the amplitudes of 
reference and back echo become too small owing to increasing 
absorption within the probe. The echo shift is of only trifling 
influence on the readings (Figure 4). The remaining wall 
thickness of corroded fubes can be determined as temperatures 
between 500 and 600°C (900-1100°F) as described above. 
One must be satisfied, however, with a measuring accuracy of 
& 0.5 mm (2 20 thou) which, according to experience, is 
sufficient for practice. While the wall thickness of hot corroded 
tubes is already being done extensively by heat-resistant SE- 
probes, the more elegant method using SKE-probes is still 
undergoing tests. 

Presently there are only a few automatic measuring 
systems. Most of the wall-thickness inspection is made in 
conjunction with flaw detection. During recent years only, 
industry has been interested in systematic wall thickness 
inspection of new tubes. For thin wall a continuous wall thick- 
ness inspection of the critical cans for nuclear elements for 
reactors, and other precision tubes, btcame possible by extending 
the resonance method to the immersion technique. Testing 
installations for longitudinal and transverse defects always have 
a recording and measuring device working in conjunction with 
the immersion/resonance method. (Figure 5) 

Figure 5. Test equipment for precision tubes, wall thickness measuring with im- 
mersed resonance method. 

An installation for testing tubes in oil fields has been 
operating for several years using wall-thickness tolerance 
measuring equipment with normal SE-probes. The smooth tube 
surface insures very good probe guidance so that the required 
accuracy of 3. 0.2 mm (e 8 thou) can be’kept. Besides 
registering defect indications this installation also records wall 
thicknesses outside of pre-selected minimum and maximum 
values. 

At present, tube testing installations are being developed 
for continuously checking the wall thickness of the tubes using 
the SKE method. Evaluation devices can be connected to these 
systems to process the results from flaw inspection and wall 
thickness measurement according to different programs. The 
program for a certain installation can be selected according to 
the practical requirements; for example, marking the tubes at 
the defective thin points and sorting them into different quality 
groups. 

Experiments for supplementing the defect inspection of 
the different tube testing installations by wall-thickness measur- 
ing devices suitable for continuous operation are still in the 
initial stage. Within two or three years the results of perform- 
ance of these measuring installations can be expected. 

Summary 
The nondestructive wall-thickness measurement can be sub- 
divided as follows: 
Checking the wall thickness during production and measuring 
the wall thickness during plant inspection. The differences of 
both problems and their requirements are discussed. 

Evaluation of multiple echoes (pulse-echo method), the 
resonance method, measuring according to SE method and 
further development (SE-probe with auxiliary crystal). 

In addition, the performance of the above methods is 
investigated. It is shown that particularly the SKE-probe, as 
developed from the SE-probe, is best suited for automatic 
measuring installations. The way to make the best use of this 
probe in tube testing installations and to evaluate the measuring 
data, mostly together with the defect data is described. 
Furthermore the possibilities of measuring the wall thickness 
of hot specimens is discussed. In this case highly heat-resistant 
material is adapted to both normal probes and SE probes. Both 
methods based on the pulse transit-time measurements can be 
applied for temperatures up to a maximum 600” C (1 100” F).  
When using a “water pistol”, higher temperatures can be 
measured. For determining the remaining wall thickness of 
corroded inner wall surfaces (cold or hot specimens) only the 
SE-probe method can be applied. 

There are different measuring methods: 

U I trason ic Defec t-size Determination 
with Double-probe and Single-probe Techniques 

E. MUNDRY AND H. WUSTENBERG, GERMANY 

G =  

HrihP = 

Introduction 
List of Symbols 

b =  Distance emitter-receiver H, = 
bN = Distance emitter-receiver, related to the near field length of 

the emitter 1 =  
c;c  = Proportional coefficient 
d =  Diameter of the emitter or the receiver k =  
D = d/X = Diameter of the emitter over the wavelength X 
f -  Diameter of the flaw - 
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F = f / X  = Diameter of the flaw over the wavelength X PF = 

S F  

SO 
Relative size of flaw = f/d = ~ 

Level of flaw echo amplitude 
Level of echo amplitude for infinite size of flaw 

4 7  
2n 

X 
Wave number = - 

Average sound pressure on the flaw surface 



K =  
PR* = 

Po = 
r(x) = 

s p  = 
SR = 
so = 
dsp = 
dSo = 
x =  

x = - =  
x 
4x 

- 

X 

Average sound pressure on the receiver surface 

Average sound pressure at the receiver, calculated with 
respect to the distribution of sound pressure on the flaw 
surface 
Sound pressure on the emitter surface 
Distance between the surface elements dSo and dSp as a 
function of x 
Flaw surface 
Receiver surface 
Emitter surface 
Surface element of the flaw 
Surface element of the emitter 
Distance between emitter and flaw 

Distance emitter-flaw, related to the wavelength 

& = - =  Distance emitter-flaw, related to the near field length of the 

In evaluating ultrasonic echo indications by the method of 
flaw-size determination two ranges of flaw size must be 
distinguished: when a flaw is larger than the cross-section of 
the ultrasonic beam, it can be scanned by moving the probe. 
Where the largest dimension of the flaw is smaller than the 
beam diameter, the amplitude of the echo indication is a 
measure for the flaw size because of the characteristic relation 
between the acoustic pressure and the probe-flaw distance. This 
relation was used by Krautkramer (1) to develop his diagram 
for flaw-size determination. 

Krautkramer’s diagram i s  applicable only for a single- 
probe technique, in which the ultrasonic probe works as emitter 
and receiver, so that the distances emitter-flaw and flaw-receiver 
are always equal to one another. In some cases, however, a 
double-probe technique, using two angle-probes, must be 
applied, since the reflecting surfaces of the flaws are mainly 
oriented perpendicular to the scanning surface of the speci- 
men, e.g. when testing butt welded joints in thick plates (2,3) 
or flash-butt weldings of large cross-sections (Figure 1). 
Thereby the whole cross-section is scanned by moving the 
probes countercurrently. Using such a test method, the distances 
emitter-flaw and flaw-receiver are different from each other. 
Therefore Krautkramer’s diagram cannot be applied for flaw- 
size determination in a double-probe technique. Since the total 
pulse path emitter-flaw-receiver is of equal length for all flaw 

Dz emitter. 

A 

oc/ 
) ;  

(according to  Lack) 

B 
Figure 1. Double-angle probe technique and quolitywire dependence on echo 
amplitude. 

positions-this may be considered to be a characteristic of 
this technique-Lack (2) and de Sterke (3) have assumed 
that the amplitude of a flaw echo does not depend on the flaw 
position in the cross-section. Accordingly such a flaw-size 
determination would prove to be much easier than when using 
a single-probe technique. 

This assumption, however, is wrong. Therefore this paper 
deals with the theoretical calculation of the dependence of the 
echo amplitude on the position and the size of a flaw for the 
general case of different distances emitter-flaw and flaw- 
receiver, which includes the single-probe technique as a special 
case. The theoretical results are confirmed by experiments. 

Calculation of Echo Amplitude 

A simple calculation shows that the echo amplitude H in an 
arrangement like Figure l a  must depend on the flaw position x 
in a specific way: If the near-field length of emitter, flaw and 
receiver are negligibly small compared to the pulse path sections 
x/cos a and (6-x)/cos a, the well known decrease of sound 
pressure in the far field leads to a simple formula for the echo 
amplitude H being proportional to the sound pressure: 

This function is plotted in Figure l a  (full curve). Of course, 
near-field influences must not be neglected in practice. Due to 
their remarkable dependency on the special ratio between total 
pulse path and near-field length for any test problem they 
can be indicated only qualitywise in the diagram (dotted lines). 
Therefore a diagram for the flaw-size determination with a 
double-probe technique, which is as universally useful for this 
technique as is Krautkramer’s diagram for the single-probe 
technique, cannot be found. Since the experimental determina- 
tion of such diagrams for every practical case would not be 
practical, we shall attempt to calculate them theoretically. 

Analogous Model and Presumptions 
According to Huyghens’ principle, reflecting surfaces can be 
replaced by hole-type diaphragms of equal geometric shape, 
because both, excited in the same way, will produce ultrasonic 
fields of equal kind. Hence the theoretical considerations are 
based upon the following imaginary model: A piston source 
and a receiver of equal kind are at a given distance in 
diametral position directed towards each other, and a hole- 
type diaphragm, moving along the axis between emitter and 
receiver, represents the flaw (Figure 2 top). 

The following conditions are assumed: 
1) Emitter and receiver are circular piston sources of 

the same diameter. 
2) The flaws are also of circular shape. 
3) One ultrasonic pulse consists of so many single 

oscillations that it can be replaced by. a continuous 
harmonic wave. 

4) Only longitudinal waves are taken into account, i.e. 
the medium is assumed to be a fluid. 

5 )  The echo amplitude is proportional to the arithmetic 
average of the sound pressure at the receiver. 

6) The ultrasonic extinction will be neglected. 
7) The exact calculation of the echo amplitude leads to 

a sextuple integral, which cannot be solved analytic- 
ally and hardly determined numerically. That’s why 
preliminarily the additional assumption must be made, 
that the flaw behaves like a piston source oscillating 
with that average of amplitude which is produced by 
the emitter at the position of the flaw. 
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Reduction of the Problem to the Calculation o f  the Average 
Sound Pressure at the Flaw 
According to Rayleigh the sound pressure at one point of the 
flaw surface is 

e-ik AI) 
dso (2) / r ( x )  

P F  (x) = c Po 

so 
Its average is 

- 
The average sound pressure PR at the receiver, whose 

average value is proportional to the wanted echo amplitude, 
is obtained analogously to Equation 3, assuming condition No. 7: 

e-ik r(b--z) 1 

S R  r (b-x)  
p7; = m x >  - c I -~ d s p d s R  (4) 

SR S F  

In this equation the order of integrating can be inter- 
changed, because the variables of integration are independent. 
Moreover, it is according to condition No. 1, SO = SR. Using 
Equation 3, we get 

e-ik db-z)  e - ik  r(b-2) 

d s p d s R  = J J 
S F  SO 

dSodsF ( 5 )  
r (b-x) 1 1 r ( b - 4  

S R  S F  

&(b-X) 

c Po 
= SF-. 

Putting this result into Equation 4, and then dividing 
Equation 4 by Po, the ratio of sound pressures is obtained, 
as follows: 

E %(x) E ( b - x )  S F  
(6) 

The level of the wanted flaw-echo amplitude hF in decibels 

- - - - 
~ @with G2 = - 

Po Po PO so 

is then 

%(XI Fp(b - X )  + 20 log - + 20 log 6'2 hp = 201og- = 20log- (7) 
& 
Po PO PO 

At its - right side this - equation contains the average sound 
pressures P F ( x )  and PF (b-x) at the flaw surface at the 
distances x and (b-x) to the emitter as an unknown value. 
Thereby the calculation of the echo amplitude hF for all posi- 
tions is reduced to the calculation PB ( n )  within the range 
O < x < b .  

Average Sound Pressure at the Flaw Surface 
The calculation* of the ratio of sound pressures ?F (X)/P,, 
leads to 

PO *@! 

After splitting up the four integrals of this equation into 
their real and imaginary parts, they can be determined precisely 
by means of a computer, using Simpson's method. With regard 
to the zero points of the integrants, the intervals for numerical 
integration were selected so that the possible error is < 1%. 

Due to the experiments described later the average sound 
pressure was calculated for the relative flaw sizes G = 0.1; 
0.2; 0.3;. . . ; 1.0 and within the range 0 X -L 600 with the 
value D = 14.3. For the values D = 10 and D = 31.8- 
i.e. k d / 2  = 100 according to (4)-the special' case G = 1.0 
was calculated additionally. In  order to determine the diffrac- 
tion losses this special case was calculated in another way by 
Seki, Granato and True11 (4). Our results agree exactly with 
those reported in (4) .  The case G = 1.0 is equivalent to that 
of a hole-type diaphragm of infinite size between emitter and 
receiver, if the flaw of the size G = 1.0 is replaced by the 
receiver. 

Distribution o f  Sound Pressure at the Flaw Surface 
The echo amplitudes can be calculated from Equation 6 with- 
out any admissible large error, save when the distribution of 
the sound pressure at the flaw surface is negligible. Therefore 
Equation 6 is applicable only for small flaws with G << 1, or 
for larger flaws inside the far field. In  all other cases condition 
No. 7 must be set aside, and the distribution of sound pres- 
sure at the flaw surface must be considered. This is done by 
dividing the flaw surface into concentric ring zones and one 
internal range of circular shape with G = 0.2, and by cal- 
culating* the average sound pressures on these ring zones. 
Instead of Equation 6 the result for the average sound pressure 
at the receiver is now 

pfi 

PO Po PO 

%(x) E ( b - x )  + GZ- - -= 

G = 0.2 

rn 
[G2n+1PFn+l(x) - @~E(x)]  [G2n+lFm+l(b-X) - @ & n ( b - ~ ) ]  

(9) +E P2o (@,+I - G2n) 
n = l  

with m = m(Gmoz).  By using the logarithms of this equation 
the level of the wanted echo amplitudes is obtained analogously 
to Equation 7. 

Diagrams for Flaw-size Determination and Verification by 
Experiments 

According to Krautkramer (1) the abscissa axis of all diagrams 
were divided into units of the near-field length 8 / 4 k  of the 
emitter, although the admissibility of such a normalization can- 
not be read from Equation 8 and was verified numerically only 
for the special case G = 1.0. 

The agreement between the results calculated from Equa- 
tion 6 and those calculated from Equation 9 within the range 
XN > 2.5 is so good, that for this range the relatively simple 

* Detailed calculation is available from the authors. 
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Figure 2. Analogous model for flaw-size determination. 
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Figure 3. Calculated and measured echo amplitudes for different flaw positions 
XN and (flaw) sizes G (double-probe technique). 

Equation 6 and Equation 7 respectively, can be used. For the 
range XN 2.5 the echo amplitudes were calculated from 
Equation 9 and converted into decibels. 

In order to check the theoretical results, experiments were 
carried out using two normal probes of equal kind, and hole- 
type diaphragm of different diameters in an immersion tech- 
nique, so that the experimental arrangement was a complete 
analogy to the imaginary model according to Figure 2. Addi- 
tional experiments were carried out on a test-piece with flat- 
bottom holes using two angle probes in an arrangement like 
Figure la. 

Diagrams for  a Double-probe Technique 
Figure 3 shows the calculated levels of echo amplitudes 
h~[dB]-Hco[dB] for the relative flaw sizes G = 0.1; 0.2; 
0.3;. . . ; 1.0 and for a total pulse path bN = 10 near-field 
lengths as a function of the flaw position XN. The reference 
value Hca corresponds with a hole-type diaphragm of infinite 
diameter. In theory H W  was calculated from Equation 8 with 
the values G = 1.0 and XN = 4 X / D ’  = 10; experimentally 

it was measured when the diaphragm was omitted. Due to the 
constant length of the total pulse path the ultrasonic extinction 
has no influence on such a diagram. The diagram contains the 
theoretical results as a full curve and is compared to the 
measured values. 

The trend of the curves corresponds completely with the 
expectations derived from the simple considerations cited 
under Calculation of Echo Amplitude. The deviations of the 
theoretical results from the experimental ones inside the near- 
field range for flaw sizes G > 0.5 are probably caused by the 
kind of approximation in the derivation of Equation 8*. Some 
tests made with better methods of approximation are not yet 
finished. The striking minimum for G = 0.1 and XN = 0.5 is 
not clear in the experiments, since the interference length of 
the pulses is too small for small values of XN. 

The different shapes of the curves in Figure 4 confirm the 
remarkable dependency of near-field influences on the ratio 
between total pulse path and near-field length. For small values 
of biv the shape of the curves is converted completely. Thus the 
prediction 2 is verified; i.e. it  is impossible to develop one 
diagram of general validity for all cases. 

The results of the additional experiments with flat-bottom 
holes agree nearly as well with the theory as the results of the 
experiments with the hole-type diaphragms. The near-field 
length of angle probes was taken from (8). It is clear that 
the real flaw size follows approximately from the measured 
value by multiplication with the factor l /sin a (Figure la). 

S=10 N S=8N 

- X N  - x N  

Probe: 2 M Hz, 10 mm @ [394 milsl, Quartz 

Figure 4. Diagrams like Figure 3 for different total pulse paths bN. 

Diagram for the Single-probe Technique 
As already mentioned, the theory must include Krautkramer’s 
diagram as a special case for equal distances emitter-flaw and 
flaw-receiver. In Figure 5 such a calculated diagram is shown, 
which also contains the values measured by Krautkramer (1). 
The differences between theory and experiments are analogous 
to those in Figure 3 and can be explained in the same manner. 

Conclusions 

Up to now it is not certain whether the results of these con- 
siderations are applicable to the sound field of transverse waves 
of angle probes. Due to the results of the additional experiments 
with flat-bottom holes it appears possible, but further expe- 
riments must be made. Moreover, the results of practical 

* Detail available from authors. 
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Summary 

The diagram for the flaw-size determination developed by 
Krautkramer is useless for a double-probe technique-e.g. for 
tests of weldings of large cross-sections-since the emitter-flaw 
distance in general is not equal to the flaw-receiver distance. 
According to such a technique a more general diagram for 
defect-size determination was developed. 

The theoretical considerations are based upon an analo- 
gous model containing a piston source and a receiver of equal 
kind at a given distance and a hole-type diaphragm as a flaw, 
which moves between emitter and receiver. The relation be- 
tween echo amplitude, defect size and position was calculated 
approximately. 

This general theory comprises two well known special cases: 
1) The middle position of the diaphragm between the 

emitter and the receiver represents exactly the condi- 
tions for Krautkramer’s diagram for the single-probe 
technique. 

2) If the diameter of the hole in the diaphragm ap- 
proaches infinity, the theory results in the diffraction 
losses calculated by Seki, Granato and Truell. 

Experiments in a water basin and the theoretical results 
agree well. Additional experiments using two angle probes and 

\ \  \\\ 
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Figure 6. Definitions and coordinates for the colculotion of average sound pres- 
sure at the flow. 

flat-bottom holes as flaws have shown the practicability of the 
theory. 
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Infra-red Nondestructive Testing-Past, Present 
and Future 

RICARDO VANLETTI, U.S.A. 

ABSTRACT: The physical principles upon which infrared techniques for NDT are 
resting, and the two basic application approaches are discussed: heat injection 
from without, and heat generation from within. A short description of the perfor- 
mance capabilities of the infrared test equipment today available i s  added, with 
special mention of the Fast Scan Microscope for the evaluation of microelectronics. 

Key applications of infrared NDT are described, with emphasis placed on 
the ability to detect characteristics and conditions that are difficult or impossible 
to detect by conventional means. Weldin’g control and quality assessment of 
microwelds by means of infrared detectors “looking” at the weld area through 
optical fibres is  presented as the latest breakthrough in a field where only visual 
inspection has been SO far available, short of destructive testing. 

The automated infrared troubleshooting and maintenance console i s  de- 
scribed, with emphasis on i t s  capability to recognize typical infrared “signatures” 
of good and of defective electronic units. Fault part isolation and detection of 
deteriorating trends in time to prevent catastrophic failures taker place in 100 
seconds and is  documented in printed information. A cost comparison of this 
approach versus the conventional techniques is  presented. 

Finally, the concept of infrared-to-visible conversion i s  presented, with the 
foreseeable development of visual checkout capability for quick, at-a-glance 
test and troubleshooting in the field with the use of just one piere of test equip- 
ment-the human eye. 

Introduction 

For almost a century, it has been known that all physical matter 
radiates infrared energy as a function of the temperature of 
the emitting surface and of its emissivity factor, but only during 
the current decade is a significant effort being carried out to 
take advantage of this phenomenon for nondestructive test and 
evaluation of materials and of electronics. 

The evaluation of materials is usually based on the observa- 
tion of the thermal pattern created when a known heat gradient 
is applied between two predetermined points of the target. This 
is called “energization from without.” The presence of any dis- 
continuity, or anisotropy or other irregularity along the heat- 
flow path, will be reflected in a variation of the surface tem- 
perature distribution. In turn, this condition will alter the ra- 
diation pattern as detected by the infrared test equipment. 

The evaluation of electronics, instead, is based on the 
measurement of the heat developed “from within”, due to elec- 
trical power dissipation. The extreme sensitivity of the infrared 
detectors today available allows the measurement of thermal 
gradients as small as O.O05”C, which is beyond even the most 
exacting requirements. In practice, the capability of reading a 
A of 0.05 degrees C is quite adequate for the evaluation of 
electronic components operating at low power level. 

Infrared Equipment for NDT 

“Radiometer” is the general name for any instrument capable 
of detecting and measuring infrared radiation. According to the 
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operational characteristics, radiometers are divided in two 
groups: point detectors and scanners. In turn, the scanners can 
be line scanners or area scanners. For most applications, the 
area scanners are the preferred type of equipment. 

The sensing element of the radiometer is the detector. 
According to whether its operation is based on a thermally 
induced phenomenon, or on a photon-generated condition, the 
detectors are broadly grouped as thermistor bolometers, and 
quantum detectors. In turn, the quantum detectors are divided 
in photoconductive, photovoltaic and photoelectromagnetic cells. 
The speed of response of the quantum detectors is about three 
orders of magnitude faster than that of the thermistors, since 
the photon-carrier transformation takes place directly, without 
the need to wait for a temperature increase of the detector. 

When the temperature of the elements under evaluation is 
close to 300°K (the so-called conventional “ambient” tem- 
perature), the spectral peak of the infrared radiation emitted 
lies in the 9-micron region. While this is no problem for the 
thermistor bolometers, whose spectral response is essentially 
flat, quantum detectors must be cooled to cryogenic temperature 
in order to operate at this wavelength. According to the spectral 
coverage that is desired, different quantum detectors can be 
used, each of them requiring cooling at some “optimum” tem- 
perature for most NDT applications. The most sensitive detector 
is the copper-doped germanium cell, which must be cooled at 
4’K for best operation. 

Cooling can be achieved by thermoelectric means (down to 
200°K), or by cryogenic generators (down to 20°K), or by 
liquefied gases (down to 4°K with liquid helium). Progress is 
continuing at a fast pace in this field, so that the use of cooled 
detectors is becoming less difficult as time goes by. 

Finally, according to the optical system used, the radio- 
meters can be of “telescope” or of “microscope” type. Instru- 
ments of the first group are used for evaluation of large targets, 
such as cases of rockets, tracts of high-voltage power lines, 
etc. When working at closer range, these same instruments can 
be used for thermal analysis of conventional size electronics. 
Infrared scanning radiometers are presently made by Barnes 
Engineering, Philco-Sierra Division, Automation Industries, 
Conotron Industries, Huggins Labs., Infrared Industries, Servo 
Corp. of America and Raytheon Company. 

Infrared microscopes are rapidly gaining acceptance for 
the evaluation of microelectronics. The fast trend towards more 
and more complex circuitry integrated onto a single semi- 
conductor chip makes the infrared microscope an unrivalled tool 
for assessing the working condition of any active element of the 
circuitry. And the number of active elements per chip is rapidly 



growing: large arrays of logic units are packing many hundreds 
and even several thousands of discrete elements onto a single 
crystal of very small dimensions. 

The fast response of the quantum detector makes it pos- 
sible to measure and record the transient conditions that are 
sequentially developing during warmup, from the instant when 
electric energy is applied, until final thermal equilibrium is 
reached. The Fast Scan Infrared Microscope (Figure l), de- 
veloped for NASA by Raytheon Company, scans a l-mm2 chip 
with a 50-line raster in one second, thus allowing detection of 
details during warmup, before lateral heat transfer might wipe 
them out. 

Other infrared microscopes, of the point-detector type, are 
made by Philco-Sierra Division, and by Barnes Engineering. 
Scanning sub-stages can be used with these instruments to scan 
the whole area of the semiconductor chip. 

Major NDT Applications 

Materials bonding, especially the area of adhesive bonded struc- 
tures, has been for several years a field of application for in- 
frared techniques. At present a program is in progress at 
Lockheed-California for the evaluation with infrared techniques 
of jet motor blades, fuselage sections, radomes, primary control 
surfaces, and other structures formed by bonding together 
various laminated metallic elements. The infrared scanner used 
for this program has a thermal resolution of 0.2OC, a spatial 
resolution of 0.2 x 0.2 in. for a closely located target 10 in. X 
10 in. in size, and the capability of scanning much larger areas. 

Infrared scanning of a large target is shown in Figure 2.  
A Polaris A3 rocket motor is being inspected for proper curing 
and adhesion of the propellant to the containing structure, com- 
posed of an intermediate layer of material called “liner” and 
the outside fiberglass envelope. Infrared scanning takes place 
when the rocket motor cools down after heat-soaking at a 
higher-than-ambient temperature. Any void or discontinuity of 
the bond between core and liner, and between liner and en- 
velope, shows up as a cool area in the infrared scan. In order to 
cover the whole surface of the rocket, the infrared scanner is 
mounted on a carriage that slides up or down a custom-designed 
metal tower while the rocket can rotate around its vertical axis. 
The equipment was built by Lockheed Missiles & Space Divi- 
sion for the U.S. Naval Weapons Station at Concord, California. 
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Fiaure 1. Fast-scan infrared microscope. 

Figure 2. Testing Polaris A3 motors. (Photo Lackheed Missile 8 Space Co., Sunny- 
vale, Calif.) 

Another project using infrared scanning for bond evalua- 
tion is now in process at Boeing-Vertol in Philadelphia, Pa. An 
especially designed scanner built by Philco-Sierra is used to 
check the bond cementing the glass-laminated “skin” of heli- 
copter blades to the aluminum honeycomb structure used as 
the “core” material. 

So much for large objects. At the other end of the dimen- 
sional spectrum, a program that appears as a real breakthrough 
is in progress at Raytheon. Since the advent of microelectronics, 
the use of microwelding has been rapidly increasing, to the 
point that at present complex systems contain microwelds by 
the hundreds of thousands. Short of destructive testing, quality 
control of these welds has been relying solely on visual inspec- 
tion. A feasibility program completed last year has proved that 
the welding process can be monitored and controlled by an 
infrared system while the weld is being made. 

The infrared control setup is shown in Figure 3. The de- 
tector “looks” at  the metal puddle generated by the welding 
current, through a bundle of optical fibres whose far end is 
located between the two electrodes of a parallel gap welder. The 
amplitude of the infrared signal displayed in the oscilloscope 
trace is proportional to the temperature of the metal at the 
point where the weld is made. 

Figure 4a shows the scope trace of a poor weld, as 
evidenced by the hidden cavity revealed by the photomicro- 
graph. Figure 4b shows the scope trace of a good weld, as con- 
firmed by its photomicrograph. The bonding appears complete, 
with even and uniform fusion at the interface between the two 
elements of the weld. 

The great advantage of this system is the convenience of 
using the detector output as the controlling element of a feed- 
back loop. In this way, just the right amount of current is 
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Figure 3. Parallel-gap welder with infrared control system. (Arnold Crowley, 
Raytheon Ca., Waltham, Mass.) 
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supplied to form the weld, which is kept at the optimum tem- 
perature, during a pre-determined length of time, for optimum 
weld quality. Variations in the dimensions of the welded ele- 
ments, or in their electrical resistivity are automatically com- 
pensated for, so that it becomes impossible to generate a poor 
weld. And in the event of equipment malfunction, the oscillo- 
scope trace will immediately show a nonconforming response 
requiring prompt correction. Polaroid photo-recording of the 
oscilloscope trace thus becomes the quality certificate of each 
weld. 

Electronics evaluation of conventional size component 
boards is being carried out by the Quality Assurance groups of 
several companies. When this operation is performed on newly 
designed assemblies, it is as a phase of engineering design 
evaluation, or as a reliability study for life expectancy predic- 
tion. In  this function it can substantially contribute to raise the 
quality of the unit, by allowing correction of unsound electrical 
or mechanical conditions that otherwise would have remained 
undetected. 

When infrared scanning of electronic assemblies takes place 
during the manufacturing phase, it is always on a comparison 
basis. In  other words, the infrared pattern of the unit under 
evaluation is compared against the “standard” pattern of the 
approved sample. A match (within the pre-determined toler- 
ances) indicates a good unit, while any deviation indicates a 
discrepancy to be corrected. The type of correction needed is 
indicated by the physical location of the deviations, so that 
fault isolation becomes easy, fast and foolproof. 

The basic requirement for the success of such an opera- 
tion is the perfect repeatability of the infrared scanning process. 
Rigid, consistent, invariable spatial relationship between de- 
tector and target is the essential prerequisite for an infrared 
system designed to test production units. 

With these requirements in mind, Raytheon built the 
Compare System shown in Figure 5. The rotating table where 
the electronic production units are mounted for pre-heating and 
subsequent scanning has 16 positions where boards of similar 
or different type can be mounted in any sequence. The 
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Figure 40. IR response and micrograph of inadequate microweld. (Arnold Crowley, 
Raytheon Co., Waltham, Mars.) 
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Figure 4b. IR response and micrograph of good microweld. (ArnoJd Crawley, 
Raytheon Co., Waltham, Mass.) 



units can contain conventional discrete components or inte- 
grated circuits of any type and size. As the table rotates, every 
board is brought and held in the target plane for the 50 seconds 
during which the scanning takes place. 

During the scanning, electronic “windows” open up in a 
programmed sequence, to allow reading the temperature of as 
many as 250 components per every board. This information, 
called “infrared profile”, is held in a magnetic core memory 
and compared against the profiles stored in a punched-tape 
memory. These profiles are: the “standard” profile of a good 
unit, and the “failure” profiles of as many defective units as 
required. The comparison operation takes 50 seconds, at the 
end of which time the system indicates in the digital display the 
number of the failure exhibiting the closest resemblance to the 
unit under investigation, and the number of points (if any) of 
discrepancy. At the command of the operator, the system prints 
out the list of the points showing a discrepancy along with the 
magnitude of every discrepancy. Fault-part isolation can be 
carried out on the basis of this information by analysts having 
adequate knowledge of the circuitry. 

At an operating speed of one unit every 100 seconds, the 
Compare System can troubleshoot up to 36 units per hour. 
Lowering this figure to a very conservative 15 units, the Sys- 
tem still performs the work of 15 conventional troubleshooters, 
if we assume 1 hour as the average time required for a man- 
ually performed troubleshooting operation of a complex board. 

An added bonus is the elimination of wasted material and 
rework, since the Compare’s diagnosis is generally precise and 
eliminates the removal of good components (which unfortun- 
ately happens all too often in conventional troubleshooting). 

Finally, the capital investment in an instrument of the 
calibre of the Compare System is more than repaid by the savings 
obtained in eliminating 15 troubleshooting stations, with all the 
related conventional test equipment, such as signal generators, 
power supplies, oscilloscope, meters, etc. 

Maintenance of electronic equipment can be carried out 
on a rational basis with the help of the Compare System. For 
this purpose, the original profile of each board of the equip- 
ment is recorded on the punched tape at the time when the 
equipment leaves the factory. In the field, at pre-determined 
time intervals, the maintenance personnel loads the boards onto 

the rotating table, and lets the Compare System check the actual 
infrared profile of every board against its original one. A per- 
fect match indicates no drift whatsoever, therefore no need for 
replacement. A less-than-perfect match indicates a deteriorating 
trend to be watched. In this case, the printout information gives 
the magnitude of the variation for every component that is 
affected and from this information, the maintenance technician 
can decide if and when a replacement is needed. And when the 
replacement takes place, the infrared profile of the new board is 
recorded in the memory in place of the profile of the replaced 
board. In this way, catastrophic failures can be avoided, and 
replacements are made only when really needed. Quite a dif- 
ference from the still in-use system of blind replacements based 
on statistical calculations and without even the certitude that 
the new unit is better than the discarded one! 

In the microelectronics field, the Fast Scan Infrared Micro- 
scope performs its work in a similar way, except for the fact 
that it operates at very high efficiency, to compensate for the 
extremely low level of the energy radiated by the targets. Fig- 
ure 6 shows how the oscilloscopC traces depicting the warmup 
along a single scan line of an integrated circuit are altered in 
amplitude and shape when the semiconductor chip is poorly 
bonded to the substrate. The oscilloscope traces were photo- 
graphed respectively at 1 ,  6, 16, and 46 seconds after electrical 
energization of the unit, and are thus plotting the speed at 
which the warmup takes place. We can see that the good unit 
shows a rather slow warmup so that at the end of 46 seconds 
the temperature has reached approximately 7OOC. The bad unit 
at the end of the same time has reached approximately 95OC. 
In the lower part of Figure 6 are the radiographs of the circuit, 
showing. the quality of the chip-to-header bond. No voids are 
seen under the good unit, while a large void is detectable under 
the “poorly cemented” chip. 

Future Developments 

The recent development of glasses having good transmissivity 
in the spectral region around 9 microns will permit bringing out 
onto an open surface the infrared radiation emitted by elements 
hidden behind non-transparent bodies, or inside opaque en- 
velopes or potting compounds. These glasses belong to the 
Arsenic-Selenium-Tellurium family, and can be drawn in fibres 

Figure 5 
The Compare System. 
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measuring a few thousandths in diameter. An infrared detector 
scanning the terminations of fibres whose other end is facing a 
surface emitting infrared radiation in the spectral range be- 
tween 2 and 13 microns, will, in effect, “see” this surface and 
be able to measure its temperature. 

Frequency conversion, from infrared to visible, will be 
next, probably with the use of luminescent phosphors similar 
to the type produced by the U. S. Radium Corp. These phos- 
phors require ultraviolet excitation to produce luminescence, 
which is “quenched” by an increase in temperature. The 
thermal image therefore appears as a negative, with respect to 
the temperature distribution. 

The availability of frequency converters, coupled with in- 
frared transmitting fibres and possibly with light transmitting 
fibres at the output of the converter, will make it possible to do 
away with infrared test equipment. Since the infrared radiation 
has been converted into visible light, the human eye can be 
used as the only piece of test equipment necessary to effect 
instant evaluation and troubleshooting of electronics. To 
eliminate the difficulties of making quantitative measurements 
at a glance, the fibre terminations can be arranged in a pat- 
tern of sequential decrease (or increase) in intensity. Any va- 
riation in the thermal regime of an element will alter the bright- 
ness of the corresponding fibre termination, and the eye will 
notice at once that the brightness sequence has been altered. 
Visual checkout and troubleshooting will be fast, easy and will 
not require the use of equipment of any kind. 

Conclusion 
The number of applications of infrared techniques for NDT is 
rapidly increasing, thanks to the availability of infrared test 
equipment especially designed for this purpose. Besides the 
steady progress in the materials evaluation work, a great expan- 
sion in the field of electronics is shaping up, to cover the various 
areas of design evaluation, process control, production test and 
troubleshooting, and maintenance. 

Perhaps the fastest progress will take place in microelec- 
tronics NDT, where the absence of competition by conventional 
methods makes the adoption of a new approach an imperative 
need. 

Infrared NDT, whatever be the field where it is applied, 
could be the final step to 100% automation. The fact that the 
infrared equipment’s output is an electric signal that lends itself 
to appropriate processing and display makes it possible to in- 
corporate infrared test equipment into an automated manu- 
facturing facility. 

Beyond this point, which is already within today’s capabil- 
ity, we can foresee interesting applications of infrared-to-visible 
conversions for checkout and field maintenance of electronics 
by visual means only. Still much research and development 
needs to be done to reach this point, but the-fundamental 
physical principles upon which these developments are pre- 
dicated are well understood, and leave no doubt that their 
implementation into working equipment will bring about the 
expected successful results. 

Discussion 
this purpose. It is capable of scanning a 1 mm* semiconductor chip in 
1 second, with a 100-line raster, and the infrared profile so generated 
can yield information that is not obtainable by conventional test 
means. The technique is useful for design evaluation and for quality 
control purposes. 

Q. A. D. MCEACHERN, Atomic Energy of Canada Ltd., Chalk 
River, Canada: 

Have you applied these techniques to integrated circuits? 
A. Yes. NASA’s Fast Scan Infrared Microscope has been used for 
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Q. N. 0. CROSS, Esso Research & Engineering, Florham Park, 
USA: 

Are IR to visible light converters presently commercially avail- 
able? If so, in what portions of the IR spectrum are they capable of 
use? 
A. Yes. For the 5 to 10 micron region of the infrared spectrum, 
conversion to visible light can be achieved in two ways: a) using 
limine scent phosphors of the type currently produced by U.S. 
Radium Corporation-for instance, their “RADELIN $1 807”; b) 
using liquid crystals, which are currently produced by Westinghouse 
and by Boeing. 

Q. D. D. DODGE, Ford Motor Co., Detroit, USA: 
Have any circuits been devised to automatically correct for 

emissivity variations in metals? 
A. Yes. Automatic emissivity correction can be achieved by the 
system shown in Figure A. The concept is sound, but I have never 
had an opportunity to use it. Application of this principle is illus- 
trated in Figure A; radiation from the test surface is composed of 
emitted radiation due to its temperature and reflected radiation from 
a reference heater. When the total radiation from the test surface 
matches that from the reference heater, the heater temperature is 
proportional to the test surface temperature. Since the sum of emis- 
sivity and reflectivity is always unity, any change in test surface emis- 
sivity will cause a corresponding change in the amount of heater 
radiation reflected from the surface. Thus, at a specific temperature 
the total test surface intensity (emitted plus reflected energy) remains 
constant regardless of its emissivity. This principle has been used in 
a radiation pyrometer by British Scientific Instrument Research 
Association Chislehurst, Kent, England. 

Figure A. Reflection compensates for emissivity 

Dynamic Infrared Detection of Fatigue 

E. J. KUBIAK, B. A. JOHNSON, and R. C. TAYLOR, U.S.A. 

ABSTRACT: A noncontacting, nondestructive inspection system is described, that 

aircraft and missile structures. The automated infrared system was developed 
for the W A F  for use in their Sonic Test Facility at Wright-Patterson AFB. This 
facility is capable of subjecting large aircraft ar missile structures to the intense 
sound fields experienced in actual flight or launch. 

In addition to presenting the basic concepts of the method, this paper 1) 
describes briefly the design of the system that was developed for the USAF, 
2) discusses test results, and 3) presents conclusions and indicates future applica- 
tions of the technique. 

can rapidly locate, in reo1 time, the position and extent of fatigue cracks in 

Introduction 

At the Fourth International Conference on Nondestructive 
Testing held in 1963, a paper entitled “Dynamic Infrared In- 
spection Techniques” was presented by M. B. Levine and B. 
A. Johnson. The paper presented the basics of several tech- 
niques and discussed potential areas of applications. Since then, 
an automated infrared inspection system for detecting surface 
or near-surface fatigue cracks has been developed for the 
USAF for use in their Sonic Test Facility at Wright-Patterson 
Air Force Base, Dayton, Ohio. This facility is capable of sub- 
jecting large airqaft o r  missile structures to the intense sound 
fields experienced in actual flight or launch. 
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One of the primary instrumentation requirements of the 
facility is a noncontacting, nondestructive inspection system 
capable of rapidly locating, in real time, the position and extent 
of flaws or cracks which develop in the experimental structure 
during the course of the test. An investigation of standard non- 
destructive testing inspection techniques, such as X-ray, photo- 
graphic, eddy current, and ultrasonics, revealed that none of 
these were directly suitable for automated inspection during the 
test, although recently conceived high-speed X-ray and eddy- 
current techniques could be used to advantage by stopping the 
tests periodically and inspecting during the nontest intervals. 
This is, of course, a time consuming procedure, particularly if 
the purpose of the tests is to study crack propagation. 

General American Transportation Corporation had earlier 
successfully applied infrared techniques to the detection of voids 
and flaws buried in rubber and plastic structures. While metals, 
due to their higher thermal conductivity, present a much more 
difficult problem (as the rate of heat flow is faster and the 
thermal gradients that develop are smaller), analytical studies 
indicated that infrared techniques should be applicable to the 
thin metallic skin type of construction normally used in air- 
craft and missiles. However, these studies also indicated that 
infrared techniques would be limited to detecting in metals only 
flaws very close to the surface, such as fatigue cracks. 
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Basic Concepts 

The basic concept of infrarei .-ispection is predicated on the 
fact that flaws and defects within’a body change the thermal 
characteristics of the body. If heat-flow exists in the body and 
various other conditions are proper, this thermal characteristic 
change will manifest itself as a surface temperature difference 
or gradient. In other words, the body will exhibit a different 
thermal radiation signature if it contains flaws than it would if 
it contained no flaws. A high-speed scanning infrared detection 
system can then sense these gradients or signatures and convert 
them into electrical signals that can be recorded and interpreted. 

The important point to remember, however, is that heat- 
flow must be present for infrared methods to detect flaws in 
materials and structures. This heat-flow can be achieved either 
by action within the flaw or by injecting heat from an external 
source. These heat-flow generation methods are known respec- 
tively as passive and active systems. For fatigue-crack detection, 
a passive system would rely on the heat generated by either an 
incipient crack or by the friction between the sides of a com- 
plete crack. Analytical studies showed that the amount of heat 
generated by an incipient or complete crack in metallic air- 
craft or missile structures was not sufficient in most cases to 
create a significantly different thermal signature. Therefore, the 
heat injection method, or active system, was investigated for 
this application. 

Many different methods can be conceived for injecting 
energy into a structure so as to cause flaws to generate a 
measurable surface-temperature gradient on the structure. The 
method that works best depends on the particular application, 
that is, on the size of the structure, the material of which the 
structure is fabricated, the type of flaw to be detected, and the 
location of the flaw in the structure. For example, if the 
structure is of cylindrical shape and the flaw is buried some- 
where in the wall of the cylinder, the simple procedure of heat- 
ing the cylinder interior with hot water or steam and monitor- 
ing the thermal signature of the cylinder exterior may allow 
the flaws to be located and their size defined. However, such 
simple methods are not applicable to all cylindrical structures. 
The size, location, and thermal conductiGty of the flaw, the 
thickness and thermal conductivity of the wall material are 
all parameters that can determine whether or  not a flaw would 
cause a measurable surface-temperature gradient to be generated. 
Another feature of the heat injection system that has to be con- 
sidered is whether energy should be injected continuously or 
in pulses. Again the selection of the best heat injection method 
and mode of operation depends upon the particular applica- 
tion. Analytical studies aid the selection, but often the best 
arrangement is found only by experimental testing. Additional 
techniques that have been used or considered for heat injection 
sources are: 1) hot-air jets, 2) plasma jets, 3) direct flames, 
4) inductive heating coils, 5) contacting tape heating coils, 
6 )  infrared and arc lamps, and 7) lasers. 

For the detection of fatigue cracks in the skin of aircraft 
and missile structures from a distance, the best detection method 
was found to be a system which injected heat into a small area 
or spot on the skin surface by means of a radiant heat source 
and then measured the resulting temperature rise of the surface 
at or near that spot with a radiometer. To facilitate the rapid 
inspection of an aircraft structure, the source and radiometer 
spots are optically scanned in synchronism over a 10 x 10- 
degree field. Figure la shows a plan view of a specimen with a 
fatigue crack being scanned by this technique and Figure l b  
shows the resultant temperature versus position profile obtained 
for one scan. 
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By scanning at constant velocity, each point on the surface 
receives the same amount of energy over the same period of 
time. Therefore, the rise in surface temperature due to the 
injected energy will be the same unless something happens to 
disrupt the thermal characteristics of the surface. A fatigue 
crack open to the surface or near the surface will cause just 
such a perturbation of the thermal characteristics. As the heat- 
source spot approaches the fatigue crack, heat-flow away from 
the spot area will not be omnidirectional-the crack represents 
a restriction to heat-flow. Therefore, the surface temperature 
will rise rapidly as the heat injection spot approaches the crack. 
This is shown graphically in Figure lb .  With the source and 
radiometer spots concentric as shown in Figure la ,  the surface 
temperature should theoretically drop back down to the level 

a. P l a n  V i e w  of Spec imen Being S c a n n e d  

- A c t u a l  

Theoret ica l  
INCREASING 

TEMPERATURE 

Figure 1. Moving heat-spot geometry and resultant temperature profile. 

for “sound” material when the heat spot is centred over the 
crack, because now heat-flow is once again omnidirectional. 
And when the heat spot is just to the right of the fatigue crack, 
the surface temperature rises again because heat cannot flow 
back through the crack. This is shown graphically in Figure l b  
by the dotted lines. 

In practice, this effect is seldom observed-the actual 
measured temperature is more like the solid line. The primary 
reason for this is the resolution of the heat source and radio- 
meter spots; they are of finite size and therefore some averaging 
is achieved. Also high scanning rates have a tendency to “smear” 
the temperature profile. 

It should be pointed out that different effects can sometimes 
be achieved if the radiometer spot is located either ahead or 
behind the heat-source spot. The best location depends upon 
scanning speed and the properties of the material being in- 
spected. By performing multiple scans an area of the specimen 
surface can be inspected. By employing a facsimile recorder of 
the type often used for ultrasonic scanning, a C-scan record of 
surface temperature changes versus x-y coordinates can be 
obtained which will graphically display the extent and location 
of fatigue cracks. 



We have labeled this technique of inspecting an area with 
moving source and radiometer spots as dynamic infrared detec- 
tion. Following is a brief description of the system. Typical 
test results are shown, several conclusions are stated, and future 
applications of the technique are discussed. 

Description of USAF Fatigue-crack Detection System 

Figure 2 illustrates the significant features of the infrared system 
for detecting fatigue cracks. In its simplest form the system can 
be considered to consist of: 1 )  a heat source, 2)  an infrared 
radiometer, and 3 )  an optical scanning system. The heat source 
consists of a compact xenon arc lamp and both reflective and 
refractive optics. The focusing of the energy on the specimen 
being inspected is accomplished with pyrex lenses which serve 
the additional purpose of filtering out energy with wavelengths 
above 3 microns (30,000 A). The reason for this filtering is 
discussed later. The size of the source spot is approximately 
&in. (0.95 cm) dia. The system as designed for the USAF 
operates at a maximum distance of 6 ft (approx. 183 cm) from 
the specimen to the optical axis of the system. 

The infrared radiometer consists of an 8-in. (20.32 cm) dia 
Cassegrainian optical system, a long-wavelength pass-inter- 
ference filter, and a mercury doped germanium (Ge:Hg) detector 
cooled with liquid helium. The radiometer spot is approximately 
.060 in. (.152 cm) dia. The long-wavelength pass-interference 
filter has a sharp cut-on at 5 microns (50,000 A) to insure 
that the infrared detector “sees” only radiation emitted by the 
specimen and that it does not “see” energy from the source 
reflected off the specimen surface. The use of pyrex refractive 
optics in the source further insures this condition by absorbing 
most of the arc lamp’s radiation above 3 microns (30,000 A). 
The electrical signal from the Ge:Hg detector, after electronic 
processing, is used to modulate the intensity of the facsimile 
recorder print-out. 

Two different signal processing techniques, one employing a 
carrier system and the other employing a d-c system, can be 
used. In the carrier system, radiation is optically chopped at 
600 cps just before it reaches the Ge:Hg detector. The lower 
frequency (generated by scanning action) components repre- 
senting temperature changes are superimposed on the 600-cps 
carrier. After synchronous demodulation, differentiation, and 
amplification, the signal is fed to the facsimile recorder. In the 
d-c system, the radiation is unchopped and the lower frequency 
componen:s representing temperature changes are differentiated 
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and amplified directly. Each system has its advantages and dis- 
advantages, of course. A carrier system is capable of deter- 
mining absolute temperature but it also has limited dynamic 
range or bandwidth. At a carrier frequency of 600 cps, the 
system bandwidth is approximately 60 cps. The d-c system, 
while it yields no absolute temperature information, is capable 
of considerably greater bandwidth although it is not as respon- 
sive to extremely low-frequency components as is the carrier 
system. This limitation is brought about by the low-frequency 
response of the preamplifier. For detecting fatigue cracks in 
metallic aircraft skins, the d-c system was demonstrated to be 
superior. For this application, absolute temperature is not 
significant-rate of change of temperature is the important 
factor. In addition, the extremely low frequency components 
are not of interest either because they do not in general repre- 
sent fatigue cracks-they are usually due to larger surface area 
defects such as general surface condition or emissivity changes. 
Regarding the latter, the system responds to emissivity changes 
so that an abrupt emissivity change could be interpreted as a 
fatigue crack unless precautions are taken. Two general tech- 
niques can be applied, constant emissivity coatings, or an 
emissivity compensation system. The compensation system deter- 
mines the actual emissivity (by reflection techniques) at each 
point that a temperature measurement is made and it auto- 
matically adjusts the detector output for emissivity changes. 
Although this technique is more universally applicable, it does 
add considerable complexity. For this application, constant 
emissivity coatings were selected and they performed well. It 
should also be recognized that the use of a constant emissivity 
coating improves the efficiency of the entire system because it 
increases both the absorptivity and emissivity of the surface 
from something like 0.1 to about 0.9. 

The scanning system consists of an oscillatory motion and 
a translatory motion. The oscillatory motion generates the con- 
stant velocity and retrace scans. The translatory motion gen- 
erates the movement in a direction perpendicular to the velocity 
and retrace scans, so that multiple-like scans result. In our 
system, the oscillatory motion is accomplished by oscillating the 
two front surface scan mirrors at constant velocity and with a 
high-speed retrace. The translating motion is achieved by 
moving the entire optical system (source, radiometer, and oscil- 
latory scanning system) along its optical axis. 

Figure 3 is a photograph of the system. The mobile cart 
on the right contains (from right to left) the radiometer, the 
scanning system, and the heat source. The mobile cart on the 
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Figure 2 
Block diagram of dynamic infrared system. 
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left contains the necessary electronics and facsimile recorder. 
Figure 4 is a back view of the oscillatory scanning system 
showing the two scanning mirrors and the oscillatory mecha- 
nism. The mirror yoke is driven through a precision-programmed 
cam by a high-speed, high-resolution stepping motor operating 
at a maximum speed of 1500 stepdsec. An identical stepping 
motor is used to drive the helix of the facsimile recorder. A 
common pulse generator and amplifier assures that the two 
stepping motors stay in step. In this way the oscillatory scan 
motion and recorder helix drive are synchronized. The time 
required to inspect a given area of a specimen depends on 
how close, physically, the multiple line scans are made. This 
usually depends on the size of cracks that are to be detected. 
At a working distance of 6 ft (183 cm), a 12 x 12-in. 
(30.48-cm) square area will be inspected.in a maximum of 3 
minutes. This is the time. required for .fiO-per-cent overlap of 
the radiometer spots for successive scans at maximum scanning 
speed. 

Test Results 

Figure 5 is a photograph of a .090-in. (.229-cm)-thick alu- 
minum panel with fatigue cracks emanating from a g in .  (0.95- 
cm)-dia hole. The location of the source and radiometer spots 
and the direction of scan are also shown. Figure 6 is a photo- 
graph of the facsimile recorder output for this specimen. 

There are several interesting points to note in Figure 6. 
Probably the most intriguing is that one of the cracks showed 
up lighter than “sound” material and the other showed up 
darker. This effect is due to two factors: 1) the relative position 
of the radiometer spot with respect to the source spot, and 2)  
the direction of scan relative to the inclination of the crack. 
Referring back to Figure 5,  it can be seen that for the positive- 
sloped (running from the third quadrant up to the first) crack, 
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the radiometer spot crossed the crack ahead of the source spot. 
In SO doing, the infrared detector “sees” a temperature change 
from that corresponding to “sound” material (because the 
source spot isn’t close enough to the crack to cause a tempera- 
ture rise) to a lower temperature (because the material on the 
other side of the crack has not as yet received any heat). 
Because our radiometer electronics performed a differentiation 
of the detector signal, this change was detected as a negative- 
going change and thereby printed lighter than the “sound” 
areas did. For the negative-sloped (running from the second 
quadrant down to the fourth quadrant) crack, the radiometer 
and source spots cross the crack at approximately the same 
time. Under this condition, the infrared detector “sees” a 
temperature rise, the electronics interpret it as a positive-going 
change, and the result is an indication darker than that for 
“sound” material. 

It was interesting to note that even if the direction of scan 
was parallel to crack inclination, an indication of the start and 
end of a crack was obtained. This is very encouraging because 
theory would indicate that this orientation would result in only 
a slightly different absolute temperature pattern than that for 
a “sound” material. The start and end of the crack are detected 
by this system only because differentiation of the signal is 
used. 

The dark area following the hole (the white area) is due 
to the electronics being saturated by a large positive-going 
signal at the top edge of the hole. This same effect is observed 
at the ends of a specimen. Changes in the electronics would 
minimize this effect. 

Conclusions and Future Applications’ 

Several conclusions can be drawn from the work to date. 
Dynamic infrared inspection is capable of detecting and locating 

Figure 6 
Photograph of C-scan record from facsimile 
recorder. 
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fatigue cracks in the metallic skin of aircraft and missile 
structures. However, in its present state of development the 
technique is limited to surface or near-surface defects such 
as fatigue cracks. In lower conductivity materials, of course, 
the method will respond to defects farther below the surface. 
In addition, the resolution of the system is not as yet maxi- 
mized. The system as developed for the USAF will detect 
surface cracks that can also be found optically with a little 
magnification or by dye penetrants. Subsurface cracks that can 
be found with this system can also be detected with eddy cur- 
rents. Of course, none of these other methods are consistent 
with requirements of the Sonic Test Facility for which this 
equipment was developed. This comparison with other tech- 
niques does illustrate the present capability of the technique. 

This present capability, however, is far from the ultimate 
that can be reached with the technique. With the rapid advances 
being made in gas lasers, the use of a CW laser in place of 
the arc lamp is an improvement worth investigating. Because 
of the laser’s inherent high degree of collimation and higher 
energy density, the resolution of the present system can be 
increased. An added advantage of the laser that must not be 
overlooked is its capability to inject heat from greater distances. 
Imagine the potential of a technique that could inspect a 
structure for defects from a distance of 30 ft (914.4 cm) or 
more! 

The technique, of course, has applications other than the 
detection of surface or near-surface fatigue cracks in thin 

Discussion 
Q. ALFONSO J. PASSERI, Pratt & Whitney Aircraft Co., East 
Hartford, USA: 

What is the limit of resolution for detecting cracks (smallest 
size crack) in low conductivity metals, such as those used in turbine 
blades and vanes. 
A. The smallest size crack which can be resolved with this system 
has a length of approximately in. (6.35 mm) and a depth of & in. 

metals. In low-conductivity materials, such as rubber, plastics, 
wood, and bonded fibrous materials, its advantages are partic- 
ularly attractive for detecting debonds or buried voids or flaws. 
However, with the rate at which power levels of gas lasers are 
being increased, it is also easy to visualize the technique be- 
coming useful in more massive metal structures in the near 
future. Its inherent advantages of being noncontacting, and 
capable of permanent and instant record output are often (as 
was the case with detecting fatigue cracks in a sonic environ- 
ment) just what the engineer or researcher requires in a NDT 
method. 
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(1.585 mm)-the width of the crack can be infinitely small as long 
as there is an actual separation of the material. It should be pointed 
out, however, that in order to be able to detect any surface defect 
with this system it is necessary for heat to flow primarily along the 
surface and not into the material. Therefore the system is limited 
to detecting surface defects in fairly thin materials. This is particu- 
larly true in high thermal conductivity materials such as metals. 

An Analytical Approach to Infrared Nondestructive 
Testing 

ARNOLD W. SCHULTZ, U S A .  

ABSTRACT: A theoretical analysis of the infrared radiometric scan method i s  
presented in a generalized parametric form that can be applied to a wide range 
of problems concerned with void detection. Principles of the method and the 
several facets involved in surface image formation of voids and their radiometric 
detection are detailed in a manner that provides a practical foundation for 
designing test techniques and establishing inspection procedures. Working graphs 
for determining test parameters for a range of void characteristics are given, 
and their use i s  illustrated. limited preliminary experimental evidence is presented 
to substontiate, in part, the validity of the analysis. 

The thermal diffusivity and thermal conductivity of a materiol must be known 
if the theory i s  to yield specific quantitative results. Two convenient and rapid 
transient radiation methods are discussed. One is an extension of a well-known, 
through-transmission method for measuring diffusivity absolutely. The other is 
now undergoing development at the Avco Corporation, Space Systems Division, 
and is a novel comparative method for determining diffusivity and conductivity 
when only one surface of a material is accessible. A desirable charocteristic of 
both methods is that knowledge of heat flux input i s  unnecessary. 

Introduction 

During the past year, Avco SSD has been involved in non- 
destructive evaluation of materials used in space vehicle heat- 
shield applications by employing, among several methods, 
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infrared scanning. This method has been successfully used in 
a variety of problem areas (1-4). In  the course of reviewing 
for background information the many papers dealing with 
infrared scanning, it became apparent that many investigators 
preferred a trial-and-error approach for establishing the several 
experimental parameters necessary to radiometrically observe 
voids within a material. Only a few papers hinted at approach- 
ing a scanning problem analytically. Since Avco problems 
include a multitude of material types, which can contain voids 
at all depths, it was decided that an analysis of the general 
problem of thermally detecting voids in materials by scanning 
would ( 1 ) probably facilitate determining experimental para- 
meters, ( 2 )  make possible the optimization of experimental 
results, and ( 3 )  provide a basis for proposing inspection speci- 
fications. This paper, then, is essentially both a summary of 
this analysis and a report on some of th: exporiments performed. 

The infrared radiometric scan method consists of intro- 
ducing focused heat continuously over the surface of a material 
and, simultaneously, monitoring radiometrically the resultant 



temperature rise in the scan path after a suitable time delay. 
During this delay, heat is conducted away from the surface 
into the material at a rate that depends upon the influence that 
the material properties have on heat flow. Variations in surface 
temperature arise from variability in these properties, which 
include such discontinuities as voids, cracks, and inclusions. 
For voids, the time delay at which a maximum surface tem- 
perature disturbance occurs is critically dependent upon ( a )  
characteristics of the material itself and (b)  void size, shape, 
and location. Proper design of a test technique for detection 
must consider (1) the separation between the heat source and 
the radiometer field-of-view at the surface; (2) the scan velocity 
of the source-detector system, with respect to the material sur- 
face; (3) the heat-source characteristics; and (4) the response, 
sensitivity, and resolution of the radiometer. By “proper design” 
is meant an optimized situation for detection: i.e. compatibility 
between the criterion of minimum heat input to the material 
(consistent with nondestructive testing) and sufficient image 
contrast at the material surface to permit reproducible detection 
of the void. This image contrast is a time-varying quantity and 
in this method is regarded to be of most concern. 

The physics of the scan method is treated here as a 
sequence of separate problems. As the principles of the method 
are well known they are discussed as briefly as possible, con- 
sistent with complete analysis. The objective is to show that a 
source of heat moving over a surface creates a system of 
isotherms that are centred about the source and move at the 
same velocity as the source; thus a radiometer focused at a 
point that follows the source by a fixed distance continuously 
observes one of the isotherms and, hence, a constant tempera- 
ture, even for real cases where heat losses from the surface 
exist and where the material is of finite thickness. 

Image formation theory is then presented in sufficient 
detail to provide a basis for designing void-detection techniques 
and for extending these techniques to other problem areas 
requiring the use of the infrared scan method. The theory treats 
heat-source types in terms of mathematical approximations and 
develops the concept of surface-image contrast of a chafacter- 
istic void shape in a general parametric form suiiable for broad 
application. This is followed by a discussion of the effect of 
heat-pulse shape on image contrast with illustrations of two 
types of heat pulses typically generated by real sources. Source 
design is then viewed in terms of desirable pulse-shape charac- 
teristics and source size, and examples of the use of the theory 
for the two pulse types are given. 

Image detection is treated next from the viewpoint of 
interacting image characteristics with characteristics of the radio- 
meter. Detection is assumed possible when this interaction 
satisfies established criteria for observability. Limited experi- 
mental results are then offered as preliminary evidence for 
validating the analysis in part. 

Involved throughout the theory are the parameters’ thermal 
diffusivity and thermal conductivity. These parameters must be 
known for a material, should quantitative results be desired. 
Their rapid infrared experimental determinations are available 
from the author. Such determinations, made either by an exten- 
sion of a well-known absolute through-transmission method or 
by a novel one-surface comparative method, are now undergoing 
development at Avco. 

Principles of the Scan Method 
Should a source of heat be regarded as a point of constant 
intensity moving at a constant velocity over a plane surface 
of homogeneous material at uniform temperature, the spatial 
distribution of the higher temperature created on the surface 
takes the form of a system of concentric, oval-shaped isotherms. 

These isotherms move at the velocity of the source and diminish 
exponentially in magnitude, such that the gradient is steeper in 
front of the source than to the rear of the source. The tempera- 
ture of one of these isotherms is described by Equation 1 for 
an adiabatic situation where all heat losses from the surface are 
neglected ( 5 ) .  

vx -- 

where 
TI 
TA 
40 
k 
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= Temperature of isotherm on surface 
= Temperature of surface prior to heating 
= Point source heat strength at surface 
= Thermal conductivity of material 
= Thickness of material 
= Velocity of heat source 
= Thermal diffusivity of material 
= Surface coordinate moving in the direction bf the straight- 

line scan, in which the heat source is fixed, such that x = xo 
- v f  where xo is the coordinate fixed on the material, and VI 
is the separation between the moving and stationary systems 

= Modified Bessel function of the second kind, zero order 
= Surface coordinate perpendicular to the scan direction 

Examination of equation 1 shows that at a fixed position 
on the surface TI is a function of time since x is a function 
of time; whereas for a fixed separation between the moving 
source and radiometer, which observes TI, x is constant, and 
TI depends only on 40. Consequently, continuous evaluation 
over a surface results in the radiometer sensing a constant 
temperature, or radiation intensity. 

For real cases, radiation and convection heat losses from 
the surface to the environment and conduction of heat from 
the surface into the material, cause distortion in the shape of 
the moving system of isotherms. This can be seen by incorporat- 
ing these losses into Equation 1, which results in the following 
equation for the conditions of material homogeneity and semi- 
infinite thickness (6): 

-2 - r [ ( + y + X ]  h X  

40 2a 
TI = TA + - e e 

2rrkr (2) 
where 

r 
z 
h 

= (xz + y* + 22)” 
= Depth coordinate perpendicular to the scan direction 
= Coefficient of surface heat transfer (including radiation and 

Even though distortion exists, the temperature sensed by 
the radiometer at the surface (z = 0) remains constant and is 
obviously less than that sensed at the same radiometer-to-heat 
source separation for the no-loss case described by Equation 1. 

If the material appears finite in thickness and is homo- 
geneous, then the temperature sensed by the radiometer will be 
greater or less than that for the condition of semi-infiniteness, 
depending on the degree of impedance to heat flow that exists 
at the finite boundary. Finiteness arises when the heat source-to- 
radiometer spacing is greater, in terms of time, than the transit 
time required for heat to diffuse to a depth at which impedance 
to the heat flow changes. If, for example, the diffusivity at the 
boundary is greater than that of the material itself, the result- 
ing surface temperature will be less than that for the case of 
semi-infiniteness. The heat source-to-radiometer spacing is then 
an important quantity, since void detection depends critically 
upon the transit time of the heat to and from the void. This 
spacing, S, can be described by the relation 

s = vt, , (3) 
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where t. is the time delay between heating and temperature de- 
tection of a point in the scan path on the material surface. 
The radiometer senses a constant temperature for a particular 
S- or t.-value that is related to a particular depth in a material. 

Since a void creates a time-dependent temperature disturb- 
ance at the material surface, there exists an optimum spacing 
that corresponds to a maximum localized disturbance. This 
disturbance will appear either positive or negative relative to the 
undisturbed temperature, depending on the mechanism for 
heat transfer at the void. This mechanism is regarded either as 
predominantly one of radiation or one of conduction. To de- 
termine which mechanism exists, the void is assigned a conduc- 
tivity equivalent that permits, ideally, the same quantity of 
heat to flow through the void by conduction as would flow by 
radiative transfer. Comparison of this equivalent conductivity 
with the conductivity of the material itself determines, to a first 
approximation, whether the void acts as a heat source or as a 
heat sink. Should the void be assumed to have a cylindrical 
shape, its axis being parallel to the flow of heat and its walls 
being adiabatic and exhibiting grey body characteristics, then 
its equivalent conductivity can be expressed as (7, 8) 

k, = 4a tFI T3 (4) 
where 

Q = Stefan-Botzmann constant 
e 
F 
L = Void length 
T 

= Total emissivity of void walls 
= View factor (=0.5 if void diameter and length are equal) 

= Average absolute temperature of void 

When ks is less than the conductivity of the material, the 
predominant mechanism can be regarded as one of conduction; 
the void then acts as a heat source, and the surface temperature 
disturbance will appear positive, the image of the void appearing 
as a hot spot at the surface. One interesting aspect of Equation 
4 suggests that a material can be heated to a temperature where 
the T for a void results in a value for ka equal to the conduc- 
tivity of the material itself. In this situation the void is not dis- 
cernible, since it creates no surface temperature disturbance. 
Additional heat would cause the void image to appear as a cold 
spot. 

Image Formation 

The formation of an image on a material surface is time-dependent, 
and, as indicated previously, many variables influence its temper- 
ature contrast. It is the optimization of this contrast with regard 
to image detection that is of principal interest here. As a starting 
point, use has been made of image theory studies performed at 
Avco that have considered stationary heat sources, particular 
ranges of void sizes, and somewhat general boundary conditions 
(9). The results of these studies have been adapted for application 
to the scan method. 

Heat Sources 
Heat sources are regarded here to be radiative only and to consist 
of two types, (1) those that produce a uniform intensity at the 
surface of a material and (2) those that produce a nonuniform, but 
symmetric, intensity at the surface. Both types of distributions can 
be produced by, for example, a point source of heat. Such a source 
when located a considerable distance beyond a surface will produce 
a nearly uniform distribution over a small area at the surface which 
can be defined by an aperture. The same source located near the 
surface will produce a spatially symmetric-shaped, cosine-squared 
intensity distribution. Reflecting or transmitting optical devices 
can be used to obtain a variety of intensity distributions. 

Image Contrast of Voidr 
Rather than attempting to obtain the temperature distribution 
about the void, the approach taken for obtaining the image 
contrast of a void at the surface was to first determine the disturbed 
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Figure 1. Geometry for void problem 

surface temperature caused by the presence of the void and to 
then determine the disturbed temperature deviation from the undis- 
turbed. In this development it is assumed that (1) the material is 
homogeneous, exhibits constant thermal properties, and is finite 
in thickness; (2) the void is cylindrically shaped, with its axis 
perpendicular to the surface; and (3) the heated surface area is 
disc-shaped, is large compared to the circular area of the void, 
and is located directly above the-void. This last condition is neces- 
sary to permit the use of a “point-source solution.” This solution 
assumes that the undisturbed heat flux at a depth in the material 
corresponding to the upper tip of the void can be considered as 
concentrated at the centre of the tip. The point-source strength 
at the tip is then assumed to equal the heat that is reflected by the 
tip. The accuracy of this approximation is well within 10 per cent 
if the void is small, a criterion that will be defined. 

To provide a basis for broad application, the size and location 
of the void in the material are described by three dimensionless 
parameters, G, Z, and J, the geometry for which is illustrated in 
Figure 1. These parameters are defined as: 

I 
(5 )  

where the length of the void is 1, its radius is R, and its depth below 
the surface of a material (that is L units thick) is E. The limits of 
G are 0 to infinity, where the former value indicates the absence of 
a void. The top of the void is located by Z, which may vary from 
0 to 1, where the former value indicates a semi-infinite material. 
J may vary from 0 to 1 ,  with the former value being a slit-void, 
and the latter value a full-depth void. A void is considered to be 
small, and results of this analysis are then valid when the condition 
G 5 0.5 exists. It is to be noted that a void with a G = 0.5 and 
Z = 0.5 is physically quite large. 

In terms of surface temperature disturbance and these geo- 
metrical parameters, the image contrast of a void can then be 
described by the following dimensionless relationship : 

R E 

E L L - E  
G = - ; Z = -  ; J E  -, 

TO - TO m 

w =  (6) 

where w is this dimensionless temperature disturbance; TO Q) is the 
undisturbed, constant-scan surface temperature when no void is 
present; TO is the disturbed surface temperature directly above the 
void; Qo is the surface heat flux; and k is the material thermal 
conductivity. The quantities Qo and k are usually known in an 
experiment, and G and R are the variable parameters, so that it is 
then necessary to develop relationships for TO and TO 

GQoRlk ’ 

. 
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For a homogeneous finite slab heated on one surface with a 
constant and uniform flux, TO oo is given closely by 

for the condition at 5 L 2 / 3 ,  or TE = at /E2 5 1 1 3 2 2  (References 9 
and 10). 

The quantity TA is the temperature of the surface prior to 
heating, and the quantity TE is a dimensionless characteristic time, 
where t is the time during which heating occurs. This condition is 
equivalent to stating that the material appears semi-infinite during 
heating. As an example, if the top of a void is located at a depth 
equal to one-half the material thickness, then Z = 0.5, and Equation 
7 is valid as long as TE 5 1.3. The disturbed temperature To has 
been obtained for small voids by the point-source solution. This 
involves a complex mathematical development* and results in an 
expression that consists of summing series of complimentary error 
functions that are mainly dependent on TE and Z. 

Parametric graphs of w as a function of TE for G 5 0.5 and 
for several values of J and Z are shown in Figure 2 ;  these indicate 

*Available from the author. 

Figure 2 
Surface temperature disturbances 
for small voids (G 5 0 . 5 )  

Figure 3 
Percent change in surface tempera- 
ture for small voids (G 50.5) 

the disturbance to be expected from various void sizes during 
heating. It is seen that a small void length (J-value) produces a 
small dkturbance, and for the case of no void (J = 0) there is no 
disturbance. Also, as void depth Z increases, the disturbance de- 
creases. Further, it is noted that, for particular TE- and J-values, 
the disturbance varies little as a function of Z for 2 5 0.5, especially 
for early times. and that w will equal 0 when Z = 1 (no void). 

A quantity that can be more useful than w is the per cent 
change in surface temperature caused by a void, graphs for which 
quantity are shown in Figure 3 as a function of TE for several void 
parameters. This figure illustrates vividly the time-dependent nature 
of surface image contrast. An interesting facet of each function is 
the exhibition of one maximum, which occurs at approximately 
TE = 2. Heating of the surface for periods greater or less than this 
value results in a diminished contrast. As an example of the use of 
Figure 3 :  Should G = 0.5, Z = 0.5, and J = 1 for a void, then 
at TE = 2 the disturbance shall correspond to a change in surface 
temperature equal to 9 per cent. At a surface temperature (To 
equal to 100" F a contrast of 9" F can then be expected. 

The image of a void at the surface is not sharply defined, but 
rather exhibits a spatial temperature or intensity distribution that is 
time-dependent. Temperature disturbances as a function of radial 
position for several void characteristics and TE-values are shown 
in Figure 4. 
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Figure 4. Surface temperature disturbances for small voids for J = l  as a function 
of radial position. 

Heat Pulse Shape 
It is important to remember that these results for temperature dis- 
turbance are applicable only for stationary and constant heat fluxes 
that are introduced at the surface of a material and directly over a 
void which can be treated mathematically by a point-source solution. 
By using principles of convolution and superposition, it is possible 
to adapt these results to the case of a time-varying heat pulse for 
application in the scan method. To a close approximation, con- 
volution permits a varying heat flux to be represented by the super- 
position of a few uniform fluxes. Consequently, a stationary 
disc-shaped heat source can be replaced by a moving source of the 
same shape that emits a time-varying flux that is approximated by 
the superposition of several uniform-in-time-and-space fluxes. 

Knowledge of pulse shape is essential, then, for determining 
the mathematical approach to be used for obtaining image contrast. 
A consideration basic to determining pulse shape is the requirement 
of the appropriate dimension of the heat source relative to that for 
the void, consistent with the use of the point-source solution. This 
determination has been performed by experiment, and the conclusion 
is that the heat source should have a diameter approximately five 
times the desired inspection depth for small voids (1). Diameters 
larger or smaller than this diminish surface temperature contrast. 
Consequently, if the disc-source diameter (0) must equal 5E for 
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optimum image contrast, then, since G= R / E  5 0.5 for small 
voids, the diameter must be equal to or greater than 10 void radii 
( D  2 10R = 10 GE).  It is noted that, although the diameter selected 
for the area to be heated is a function of inspection depth, this 
diameter probably does not have as critical an effect on contrast as 
do other parameters; thus a range of depths are probably observable 
using a single source size in practice. 

In illustration of the theory, two common heat source pulses 
will be discussed, pulse shape being described either by the temporal 
distribution of intensity or by pulse amplitude as a function of 
pulse length. Should a disc source be uniform in intensity, then the 
pulse shape viewed at  a point on the surface directly above the 
void, as the source moves over this point, shall appear to be essen- 
tially a square wave. Should the spatial intensity distribution over 
the disc be non-uniform, but symmetric (cosine-square), the pulse 
shape shall exhibit symmetry. 

Pulse length observed at a point on a surface, for the centre 
of a disc source passing over the point, is given simply by 

D 
T O = - ,  V 

where v is the velocity of the moving source. Should, for example, 
the disc source be replaced by a rectangular source, the pulse length 
would still be described by (8), except that D would be replaced by 
the length of the rectangle in the scan direction. 

The pulse amplitude of the square-wave produced by the 
uniform disc source is 

Au = QO 9 (9) 

where Qo is the heat flux at the surface after correction for the 
surface emissivity. The amplitude for the cosine-squared intensity 
distribution is 

A ,  = ~ Q P  cos* 0 ,  

where e is the emissivity of the surface; Qp is the strength of the 
point heat source; and H is the perpendicular distance from the 
source to the surface. The angle between H and the ray from the 
source to the surface is 0, which is subjected to the boundary 
condition 0 I 0 5 arctan D/2H,  where Dl2  defines the radius of 
the disc-shaped area on the surface that undergoes heating. 

Use of Theory 
The theory is useful for calculating image contrast and scan tech- 
nique parameters, which include velocity and spacing of the heat 
source-radiometer system, source size, heat flux, and surface 
temperature for uniform and time-varying heat pulses. 

As an example of the use of the theory for a uniform flux: It is 
desired to determine whether a void having a radius G = 0.5 and 
a length J = 1 exists at a depth 2 = 0.5 in a material of diffusivity a. 
A uniform flux is available over a disc-shaped area of diameter D.  
From Figure 3 ,  a maximum change of 9 per cent occurs at TE = 2. 
Since TE = a t/E2, the time for optimum observation then occurs 
at t = 2E2/a. But: D = lOGE = 5E, so that t = 202125 a, 
which is the pulse length of the square wave. Recalling that the 
heat source to radiometer spacing S equals vts and that TD = D/v, 
we find then that S = Dt /To. Normally, the condition t > or 
S > D, must be met so that the radiometer shall not view the 
surface during heating and, consequently, shall not record infrared 
radiation either emanating from the source or reflected by the 
surface. Thus, optimum observation of the surface shall follow 
immediately after heating, any delay shall result in diminished 
contrast. This is an important consequence of the theory for a 
square pulse. Other investigators have normally used high-flux, 
short-time pulse techniques. Theory implies, however, that optimum 



contrast is achieved by slowly injecting a comparatively small flux 
into the surface, an obvious advantage of which is the over-all 
reduction in final surface temperature. 

From Figure 2, the surface temperature disturbance is seen to 
equal 0.15 at TE = 2. The minimum required flux, Qo, can thus 
be determined, first by using the disturbance value to solve for Qo, 
then by eliminating To-Tom, using the value of per cent difference, 
and finally by solving (Equation 7) for Tom. It may be important 
to determine this minimum Qo, since properties of the material may 
undergo change should surface temperature be excessive. 

Use of convolution is necessary to determine the surface tem- 
perature disturbance and the velocity and spacing of the heat 
source-radiometer system for the time-varying flux case. Illustrated 
in Figure 5 is a cosine-squared flux in terms of the relative pulse 

R E L A T I V E  TIME 

Figure 5. Variable surface heat flux example. 

time TD and the maximum amplitude AM. A sample disturbance 
calculation, for the same parameters as above, is included in the 
figure, the variable flux being represented at 0.83 70 by three 
uniform fluxes, labeled M, N, and P, with magnitudes of 0.5 AM, 
0.4 AM, and -0.4 AM and with pulse times of 0.67 7 ~ , 0 . 5  7.0 and 
0.08 70 respectively. The step-by-step calculation consists of first 
determining a TE-value for each flux using the relation TEN = 
a tN /E2 = 0.08 a TD /E2 as an example of the N component. Then, 
from Figure 2, dimensionless temperature disturbances w for each 
of the three TE-values are obtained for Z = 0.5 and J = 1. Each w 
is then multiplied by its corresponding flux value, as, for example, 
\yp Q" = -0.4 w p  AM. The resulting three weighted fluxes are 
added giving the product of AM and the sum 0.5 vM + 0.4 W N  - 
0.4 wp. Multiplication by the appropriate GR/k-value then yields 
the temperature disturbance TO - Torn. By this procedure, the 
disturbance at other times can be quickly calculated. The pe rcent 
change in temperature is obtained by using (Equation 7) to divide 
each w by the corresponding G(T0m - TA)k/Qo R-value and 
then summing the individual per cent changes. 

The maximum temperature disturbance and per cent change in 
temperature occur during heating, so that the radiometer shall 
observe infrared radiation reflected from the surface (unless appro- 
priate filtering is used) and superposed upon the radiation emanating 
from the heated surface. This is a disadvantage that does not exist 
for the square-pulse case. Of course, the surface can be observed 
after heating, but image contrast shall have diminished. 

Image Detection 

Knowledge of the spatial intensity distribution of the image and 
of the resolution, sensitivity, and response of the radiometer, 
together, provide all of the information needed to determine 
whether an image is detectable. The output signal V(T) from a 
radiometer can be conveniently related to the input signal W(T) by 
means of a generalized transfer function, which accounts for the 
effects on detection of surface emissivity, sensitivity, collector 
optics, spatial resolution, and spectral response. This transfer 
function g is defined as 

where W = e l a A ~ T , $ ~  is the background radiation incident to 
the radiometer from the surface area AS, covered by radiometer 
field-of-view, and e?,. is the spectral emissivity corresponding to the 
spectrum sensed by the radiometer. CE accounts for the effect of 
change in emissivity Ath of the image relative to background, and 
is equal to 1 + p( Aex/th), where = A z / A s ,  and AI is the image 
area covered by the radiometer field-of-view. CT accounts for the 
effect of temperature change and equals 1 + 4  TO - TOm)/TOm], 
where TO is assumed constant over AI.  C, accounts for the effect 
of the radiometer collector optics and equals [4(1 + p)2f#2]-1 
where p is the magnification of the optical system, which equals 
(AD /As)1/2, and A D  is the area of the detector. f #2 is the f-number, 
or optical speed of the system, and equals f/2nd, where f is the 
system focal length and d is the diameter of the optical collector 
or field stop. R(d) accounts for optical resolution and equals 
Jl(do/d)/(do/d), where J1 is the Bessel function of zero order, and 
do is. the diameter of the blur circle due to spherical aberration 
and collector size. SR is the responsivity of the radiometer, usually 
given in units of volts per watt. 

71 accounts for the spectral response, or wavelength limitation, and 
equals 

J . C  

where Ex is the photon density characteristic of the material surface 
at T o m ,  and he is the wavelength cutoff of the detector. From 
CE, it is seen desirable to have a surface that exhibits a high ex, to  
increase radiometer putput voltage, and,' ideally, to have a Atx 
equal to zero to reduce signal noise. 

Noise diminishes the useful signal from the radiometer. This 
effect can be stated as 

VD vN(E2 - , (12) 

where VD is the detectable output signal voltage from the radi- 
ometer, V D  is noise voltage, and Z = V(T)/VN, where V(T) is the 
output signal voltage. A criterion for image detectability occurs 
when Z > 1. V ~ c a n  be related to temperature through a radiometer 
figure of merit termed Noise Equivalent Temperature (NET), the 
mathematical definition of which is available from the author. This 
quantity indicates the minimum target temperature that can be 
observed by the radiometer to obtain a Z = 1. Small values of 
NET indicate high radiometer sensitivity and performance. 
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Field-of view Image Interaction 
As the field-of-view of the radiometer AS intercepts the area of the 
image AI,  an increase in signal voltage is produced that is propor- 
tional to the total radiance emitted by the areal segment of AI that 
is viewed. The results of this interaction shall be discussed qualita- 
tively, first in terms of voltage shapes for four idealized signals 
and then for a real situation. 

Ideally, it is assumed that the image is sharply defined and 
emits a uniform and constant radiation intensity. In all cases, as 
A S  moves a t  a constant velocity over AI, the total length of response 
equals either the sum of the lengths I, and lr or the diameters of 
AS and AI in the direction of scan. For the case where 11 << I,, 
the pulse shape, or response, is nearly square and exhibits slightly 
canted skirts having a base length equal to 11 in terms of scan time. 
AS1,I increases so that 11 < I,, both the signal amplitude and the 
response length increase, and the canted skirts occupy more of 
the total response length. When 11 = I,, the amplitude increases 
further, and the response shape is triangular and of length equal 
to twice I,. For 11 > I,, the signal amplitude and skirts do not 
change further, but the response length increases, the amplitude 
being established by AS. Consequently, should amplitude signify 
the existence of a void image, optimum response would occur when 
AS = AI;  further reduction in AS would diminish amplitude. More- 
over, should AI lie in a background of larger objects (e.g., emissivity 
changes), the optimum AS would be that just equaling Ai ,  since 
the response to the larger objects would have been reduced, and 
signal contrast would be enhanced. 

For image observation, it is important to compare pulse length 
in terms of time with the response time of the entire detection 
system. Should the time for AI to pass by A S  be less than two 
system time constants, the image would be considered unobservable. 
Practical considerations require the pulse length to exceed two, and 
preferably ten, time constants; where one constant is the time 
necessary for the system to produce 67 per cent of its maximum 
amplitude response to a step-function signal. 

The spatial resolution capability of the radiometer is another 
important quantity for observing images. High resolution is re- 
quired to detect small images. One measure of this quantity uses 
the distance between the intercepts of a canted skirt, such distance 
taken at 10 per cent below and 10 per cent above the maximum 
and minimum signal levels, respectively( 12). 

In reality, a void image is not sharply defined, but exhibits a 
radiant intensity distribution that is a function of radial position, 
void depth, and time, as shown in Figure 4. Since the temperature 
decreases with distance from the image centre, the apparent size 
of the image shall depend upon the minimum temperature that can 
be discerned by the radiometer, which temperature is its NET. 
As the time TE increases, the temperature disturbance increases, 
and the image appears larger and more blurred. The effect of this 
blurring on radiometer response can be estimated by determining 
the change in NET caused by the change in differential radiance 
a N T /  aT as temperature increases. 

Experimentation 

A complete experimental evaluation of the analysis has as yet to 
be performed. Some evidence, however, of its validity can be de- 
monstrated in the scan results shown in Figure 6. A slab of a 
low-k material, which contains 4 large holes (G >> 0.5) drilled 
into its rear surface (J = l), was scanned over its front surface. 
A constant set of test parameters was used but with three different 
heat source-to-radiometer-field-of-view separations. The tempera- 
ture rise of the surface was a few degrees above ambient. 

It is immediately obvious from the figure that (1) the voids 
have created “hot” surface images, and (2) that the surface tempera- 
ture disturbance TO - Tom decreases as the dimensionless radius of 
the voids decreases. As the source-to-field-of-view separation in- 
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creases, the following effects are observed: (1) the undisturbed 
surface temperature Tom decreases; (2) the disturbance caused by 
void A decreases at a faster rate than that due to the other voids; 
and (3) the widths of void images A and B have increased and are 
beginning to merge. In general, then, all of these observations are 
in accord with projections from the analysis. Although these voids 
are considered large, it can be inferred from the trend of the G- and 
Z-values that a small void (G 5 0.5) with a Z of approximately 0.3 
and greater can probably be discerned. An obvious conclusion that 
can be drawn from the figure is that the separation distance is a 
more critical parameter for the A and B voids that are nearer to 
the surface. 
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Figure 6. A superposition of actual radiometer scan recordings obtained for 
three different heat source to radiometer field-of-view separations moving at a 
constant velocity relative to a slab containing four voids that have various char- 
acteristics. 

Discussion 

The preceding analysis is somewhat general in scope in that the 
results are applicable to a range of small voids located in homo- 
geneous materials. Clearly, much experimentation is required 
to evaluate the validity of the analysis, but once validated it 
should provide a foundation upon which test techniques can be 
designed, and inspection procedures specified. Extension of 
many of these results to other varied problems employing 
infrared scanning should not be difficult. 

Application of the transient through-transmission diffusivity 
method to low thermal conductivity materials yields accurate 
absolute values, as well as values that are a function of thick- 
ness and are needed in the analysis. The fact that additional 
evidence supporting the validity of the “finite pulse-time effect” 
has been demonstrated is regarded as noteworthy. The one- 
surface, comparative method used for determining either the 
thermal conductivity or the diffusivity of solids presents a po- 
tentially highly useful tool for the nondestructive evaluation 
of materials. The intrinsic ability of this tool to permit rapid 
determinations in localized regions in various geometrical shapes 
is both unique and desirable. 
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Thermal Nondestructive Testing with Cholesteric 
Liquid Crystals 

W. E. WOODMANSEE and H. L. SOUTHWORTH, U S A .  

ABSTRACT: The properties of a family of liquid crystals which scatter light over 
small temperature intervals near room temperature are described. Simplified 
methods of applying cholesteric films to test surfaces for thermal mapping are 
discussed. A technique for obtaining permanent flaw patterns with liquid crystals 
i s  given. The applicotion of liquid crystalline materials to evaluation of aerospace 
cooling panels, thermal visualization of Liider lines in aluminum alloys, and flaw 
detection in adhesively bonded titanium components is described. A comparison 
i s  drawn between the applicability of cholesteric liquid crystals and thermally 
quenched phosphors for nondestructive testing problems. 

Introduction 

The unique response of cholesteric liquid crystals to temperature 
changes arises through subtle modifications of their anisotropic 
structure. The effects of the altered molecular arrangement are 
most easily seen as shifts in the colors scattered by thin liquid 
crystalline films illuminated with white light. To explain the 
light scattering and other optical properties of cholesteric 
materials, Oseen ( 1 )  proposed a structure consisting of a series 
of parallel planes each of which contains molecules with their 
long axes aligned. A thin (6100 microns) cholesteric film is 
thus thought to be composed of a series of molecular planes 
parallel to the supporting surface with adjacent planes rotated 
by a small angle so that the locus of vectors along the principal 
molecular axis in successive planes through the film thickness 
describes a helix. Fergason ( 2 )  has discussed the mechanism 
by which circularly polarized light may be scattered by this 
structure and estimated that an angular displacement of 7 
minutes in the orientation of successive planes is sufficient to 
shift the principal wavelength of light scattering over the entire 
visible spectrum. The delicate balance of this helical structure 
may be altered by the presence of trace amounts of various 
chemicals ( 3 ) ,  electric fields (43) and thermally. The dis- 

tinctive changes in the scattered colors produced by small 
temperature changes have been used in a number of thermal 
nondestructive testing problems (6) .  This paper discusses sim- 
plified techniques for performing thermal mapping with liquid 
crystals, and testing applications are described in which these 
materials have been successfully employed. 

Properties of Liquid Crystalline Mixtures 

Several factors should be considered in choosing liquid crystals 
for thermal mapping. The following criteria have been used 
to evaluate our materials: ( 1 ) Distinctive color changes should 
be seen over a small temperature increment: (2) the colors 
should be observed at a given temperature both by heating or 
cooling: ( 3 )  the color changes should occur rapidly in response 
to temperature changes: (4) the cholesteric materials should 
remain liquid when stored at room temperature: ( 5 )  the color- 
temperature behavior should be stable with time. 

The graph in Figure 1 gives the color-temperature response 
of a cholesteric system we have studied extensively. The solid 
line in each set of curves represents the temperature at which 
red scattering commences for a given composition. The dashed 
line indicates the temperature at which scattering occurs in the 
blue spectral region. An example of light scattering by one of 
these mixtures over the red to blue portion of the visible 
spectrum may be seen in the lower right hand portion of 
Figure 1. The liquid crystals were applied to a copper bar 
heated at one end to maintain a stable temperature gradient 
along its length. Thermocouple measurements were made of 
the principal scattered colors to give the temperature seen in 
the graph. More detailed measurements of spectral response 
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Figure 1. Temperature response of cholesteric liquid crystals. 

have also been made with a Beckman spectrophotometer, but for 
rapid evaluation of the properties of a series of mixtures, the 
temperature gradient method has been used most frequently. 
This family of cholesteric mixtures provides considerable latitude 
in obtaining color response over a small temperature increment 
at any temperature between room temperature and 60°C. 

All of the mixtures shown in the graph exhibit completely 
reversible color-temperature behavior. The speed with which 
the color changes may be induced was observed by thermally 
pulsing a one-mil polymeric film painted with liquid crystals 
which change from red to blue scattering from 25°C to 26OC. 

A flash bulb positioned behind the film was used to heat 
the film while movies were taken of the response of the liquid 
crystals. With light scattering initially in the red spectral region, 
at 64 framedsec. the film appeared violet within one frame, 
or about 15 milliseconds after flashing the bulb. 

Although many of the mixtures shown in Figure 1 will 
solidify within a few days at room temperature, this can be 
prevented by dissolving the cholesteric materials in solvents 
such as chloroform, hexane, or benzene. I t  is however, often 
desirable to use liquid crystals free from solvent and application 
of the pure liquid crystals is simplified if they remain fluid 
when stored at room temperature. Samples of mixtures cor- 
responding to the cross-hatched areas on the color-temperature 
plots have not crystallized during 12 months storage at ap- 
proximately 25°C. Many nondestructive testing applications of 
liquid crystals are based on the detection of thermal gradients, 
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and the absolute surface temperature is not significant. For 
precise sensing of specific temperatures with liquid crystals, 
however, it is important to insure they are not contaminated by 
oils, solvents, or vapors, which can greatly change their tempera- 
ture response characteristics. Changes induced hy contamination 
can be effectively reduced, however, by careful storage of the 
liquid crystals. For example, the color-temperature response of 
materials stored in a vacuum (-1 mm Hg) for one year was 
within 1°C of their initial behavior. 

Thermal Mapping with Liquid Crystals 

In  thermal mapping, colors are seen with liquid crystal films 
owing to temperature-dependent light scattering in discrete 
spectral bands approximately 50 millimicrons wide. The non- 
scattered incident white light is transmitted by the film, and if 
the surface supporting the film is reflective, the color isotherms 
due to scattering are indistinct. In our initial work with liquid 
crystals we used a number of different black paints between the 
liquid crystals and reflective test surfaces to absorb transmitted 
light and thus enhance the scattered colors. These intensified 
the colors but the application, drying time, and subsequent 
removal of the paint frequently took much longer than the 
thermal tests. 

To reduce the time needed for thermal mapping with liquid 
crystals, two novel techniques have been developed. To obviate 
the underlying black paint when testing large areas, we have 
added black filler materials directly to the liquid crystals. By 
adding finely divided carbon black, black tempera paint, or 
325-mesh metallic or nonmetallic particles to the cholesteric 
mixtures; reflections from metal test-objects are greatly reduced. 
As the colors appear microscopically to be developed from 
small ‘domains’ in the cholesteric film, the light-absorptive 
material can be dispersed between the scattering regions without 
greatly attenuating the brilliance of the colors seen from the 
film. A comparison between the colors seen with clear and filled 
liquid crystals may be seen in Figure 2. The honeycomb panel 
on the left has clear liquid crystals applied over a black Krylon 
paint while the panel on the right was painted with the samp 
liquid crystal mixture with the addition of carbon black. Gen- 
erally we use from 10 to 30 weight per cent filler depending 
upon the reflectivity of the surface to be examined. Brushing 
may be used to apply either the clear or filled liquid crystals 
without solvent or by adding 10-20 volume per cent benzene, 
hexane, or chloroform; the mixture may be readily sprayed 
with an air brush or self-contained spray can using a Freon 
propellant. T o  remove the chemicals following testing, a rubber 
scraper may be used to collect the bulk of the liquid crystals 
which can then be reused. Final cleaning is accomplished by a 
solvent wipe. 

For small, fixed test areas a flexible vacuum frame was 
devised to hold a thin polymeric film coated with filled liquid 
crystals against the test surface. Frames were fashioned from 
lengths of rubber vacuum tubing adhesively joined at the ends 
to form a continuous ring. A series of holes drilled in the inner 
wall of the tubing and a metal tube sealed in the outer wall 
permit evacuation of the volume between the tubing, polymer 
film, and test surface. Replacement of the film bearing the 
liquid crystals was simplified by sealing it to the vacuum tubing 
with double-backed adhesive tape. If the film is initially stretched 
across the frame, gradual application of a vacuum initially pulls 
the centre of the film against the surface and, as the vacuum 
is increased, the entire film is pressed tightly against the part 
to be examined. With careful evacuation, very little air is 
trapped under the film and in most applications the added 
thermal barrier of the film has not significantly decreased the 



sensitivity of the thermal test. The flexible ring allows some 
latitude in working with irregularly shaped parts and contoured 
surfaces may also be tested in this manner. Thin teflon films, 
and for lower temperatures, saran films have been reused thirty 
times without replacement resulting in a significant reduction in 
chemical costs and testing time. 

Recording liquid crystal temperature patterns photo- 
graphically is relatively straightforward. A technique which is 
helpful in reducing glare from the crystals is the use of 
polarizing filters over both the camera lens and the flash or 
flood lamps used for illumination. If photographs are not re- 
quired, the locations of discrete anomalies revealed by the 
thermal patterns in a part may be retained by tracing the outline 
of the suspect area with a cotton swab to remove the crystals. 
When filled liquid crystals are used, this leaves a clear indication 
of the size and shape of the flaw. 

Another method of retaining certain flaw indications 
utilizes a transition observed with liquid crystals at temperatures 
above the light-scattering range. If a cholesteric film is slowly 
heated beyond the violet scattering temperature, it will appear 
clear until it reaches the temperature at which the anisotropic 
properties of the liquid crystals are destroyed by thermal energy, 
and the film behaves as an isotropic liquid. Near this transition 
point-about 60°C with our most commonly used materials- 
the film has a faint grey or light blue appearance. This has 
been associated with Rayleigh scattering by the homeotropic 
state of cholesteric substances. If a test object exhibiting a 
‘hot spot’ is carefully heated until the anomalous area reaches 
the homeotropic state, as evidenced by the appearance of 
Rayleigh scattering, the abrupt change in viscosity (7)  of the 
liquid crystals at this temperature will produce a distinctive 
textural difference in the film over the questionable area. An 
example of an after-image obtained in this manner may be 
seen in Figure 3. The light square in the centre of the photo 
corresponds to a bonding anomaly in a honeycomb sandwich 
composite consisting of a 0.012” Ti skin bonded to phenolic 

Figure 2 
Clear and carbon-filled cholesteric 
liquid crystals used in thermal rnap- 
ping on honeycomb structures. left: 
Clear liquid crystals applied to flat 
black surface (.010 in Ti face sheet- 
phenolic core). Right: liquid crystals 
containing 20 weight per cent carbon 
black l.010 in. Ti face sheet-Ti core). 

core with a polyimide adhesive. This flaw, produced by a lack 
of adhesive, was quickly detected by cycling the panel through 
the light-scattering temperatures of the cholesteric film. To  
‘fix’ the flaw indication, the panel surface was uniformly heated 
until the liquid crystals over the flaw reached the homeotropic 
state. At this point heat injection was stopped. The reduction 
in viscosity of the film in this state gives the film a smoother, 

Figure 3. Stable flaw indication in cholesteric liquid crystals obtained by heating 
to the cholesteric-isotropic transition temperature. 

more uniform appearance which persists upon cooling below 
the light-scattering temperatures. In addition, if the surface is 
slowly reheated to the scattering temperatures, the colors seen 
over the flaw area appear much more intense, as in Figure 3, 
than adjacent portions of the film which did not reach the 
homeotropic state. The altered textural and scattering properties 
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of liquid crystals treated in this way appear to be stable, and 
clear flaw patterns have been preserved for 24 hours after testing. 

Coolant Panel Evaluation with Liquid Crystals 

A thermal mapping problem for which liquid crystals have 
demonstrated utility is the detection of restricted coolant chan- 
nels in aerospace components. By controlling the temperature 
of fluid circulating through cooling panels it has been possible 
to quickly reveal blockages by the color patterns developed 
on the surface. The panel sketched in Figure 4 had aluminum 
face sheets diffusion-bonded to a core containing a series of 
parallel +-in.-wide ribs separated by lightening cavities. On the 
top and bottom of each rib, coolant slots 0.030 in. wide and 

elliptical pattern on the left side of the panel was due to the 
blockage in both upper and lower channels and the smaller 
ellipse at the right was caused by the channel blockage on the 
opposite side of the panel. The panel was initially cooled by 
circulating cold water through it and the photo shows the 
results obtained during a heating cycle. Owing to the flow re- 
strictions in the artificially blocked channels, the panel surface 
over the blockages briefly remained one or more degrees Centi- 
grade cooler than portions of the panel with normal flow 
rates. The blockages were readily detected with liquid crystals. 
This type of test is well suited to the use of a vacuum frame 
to hold a film supporting liquid crystals in intimate contact 
with the coolant panel surface. 

Figure 4 
liquid crystal thermal test of coolant 

panel. 

0.080 in. deep were machined along the centre line. Fluid 
reaches the coolant channels from a header system A in. wide 
and 0.090 in. deep around the periphery of the panel. Two 
pins were inserted in coolant slots of the sample panel to  simu- 
late channel blockage. One of these blocked only the channel 
on one side of a rib, while the other pin extended completely 
through a second rib and blocked the channels on both the top 
and bottom of the rib. 

T o  determine if the blockages could be detected with liquid 
crystals, the input to the header was connected to a laboratory 
water tap and hot water and cold water alternately circulated 
through the panel. Liquid crystals which scattered light at 
approximately 30°C were applied over a water-base black paint 
on one surface of the panel. The single-channel blockage was 
on the unpainted side of the panel to establish whether flow 
restrictions in both top and bottom cooling channels were de- 
tectable by inspection from one side. A photo of the thermal 
indication seen with the panel is shown in Figure 4. The large 
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A similar test was successfully conducted on a copper 
cooling baffle. The baffle contained sixty-six 0.085-in.-dia cool- 
ing holes parallel to the side of the baffle at a depth of 0.1 15 in. 
The hole separation was nominally 0.200 in. As before, the 
wall of the baffle'was coated with liquid crystals while hot and 
cold water was injected alternately into the baffle. By rapidly 
pulsing the water temperature it was possible to obtain a rela- 
tively stable temperature pattern which revealed twelve arti- 
ficially blocked holes in the baffle. 

Flaw Detection in Adhesively Bonded Titanium Composites 

The thermal properties of titanium composite structures being 
evaluated for aerospace structures are, in many instances, well 
suited to nondestructive testing with liquid crystals, to reveal 
voids generated by entrapment of volatile products from ad- 
hesives, lack of adhesive, crushed core, faulty adhesive splices, 
and nonuniform filleting. Any of these bonding anomalies could 



adversely affect bond strength and liquid crystals have been 
effective in detecting these conditions in a number of sandwich 
panels consisting of titanium face sheets bonded to titanium 
core or phenolic core and in titanium metal-to-metal bonds. The 
advantage of this method of thermal testing, where applicable, is 
the speed with which relatively large surface areas can be ex- 
amined in detail. Among the disadvantages are the necessity for 
careful control of the rate and uniformity of heat injection in 
the test surface, and careful interpretation of the thermal indi- 
cations associated with bonding irregularities. The thickness of 
metal between the surface painted with liquid crystals and the 
bond line being examined is one of the most important factors 
determining the sensitivity of these tests. As the skin thickness 
increases, more lateral heat flow occurs which reduces the flaw- 
related surface-temperature gradients. These gradients are 
produced by the effects of bonding anomalies on heat flow 
through the skin thickness and flaws will be less sharply defined 
with thicker skins. 

In  order to establish the effect of skin thickness upon the 
sensitivity of liquid crystal thermal tests, a series of test panels 
was fabricated with simulated flaws prepared by removing the 
adhesive in areas of 4 in. x in., f in. x 4 in., and 1 in. x 1 in. 
Titanium face sheets varying in thickness by 0.010 in. incre- 
ments from 0.010 in. to 0.080 in. were bonded with a polyimide 
adhesive to titanium core for the first set of samples, and to 
phenolic core for the second set. Each panel was painted with 
cholesteric materials containing 20 weight per cent carbon 
black. The red to blue transition of the mixture in these tests 
was 35.0 to 36.0"C. The panel face sheet over the simulated 
flaws was alternately heated and cooled to cycle the surface 
through the temperature 'window' in which light scattering oc- 
curs. Two 1000-watt photoflood lamps heated the test surface 
which was then convectively cooled with an air jet. The results 
of these tests are summarized in Tables 1 and 2.  In most cases 
the flaw indications were easily seen, however, with the thicker 
skins it is doubtful that the flaws denoted by a question mark 
would have been found if their presence were not known. These 
results are meaningful only for voids comparable in shape to the 
simulated flaw and do not imply that long narrow flaws could 
be seen as readily as a square flaw of the same area. Table 3 
contains the results of similar tests on a series of titanium 
metal-to-metal bonded panels with different skin thicknesses. 
When these panels were bonded, the adhesive evidently flowed 
into the void areas provided by removing portions of the ad- 
hesive. The temperature pattern seen on these panels revealed 
a number of small bond irregularities due to volatile products 
generated while the adhesive was being cured. The approximate 
areas of the smallest voids associated with the thermal indica- 
tions seen with the different skin thicknesses are given in Table 
3. The flaws seen with heat injection and cooling from the 
near side only are listed together with the flaws seen with near- 
side heating and far-side cooling. These estimates are only mean- 
ingful in evaluating the ability of liquid crystals to locate, in 
titanium composites, voids comparable to the flaws simulated 
for these tests. 

Fatigue, Flow, and Fracture of Metals 

The sensitivity and rapid response of liquid crystals to small 
temperature variations signalled their potential usefulness in 
studies of fatigue, flow, and fracture phenomena. It was felt 
that thermal conversion of mechanical energy during deforma- 
tion could be detected and visualized with the aid of liquid 
crystals in a manner leading to increased understanding of 
flow and fracture processes. A few of the phenomena of 
current interest are: non-homogenous plastic flow; size and 
configuration of plastic enclaves at crack tips; location of 

Table I 
Artificial Flaws Detected by Liquid Crystals in 

Ti SkinlTi Honeycomb Sandwich Panels 

Programmed Flaw Areas 

4 in. X 4 in. 
Face Sheet 

Thickness (in.) 4 in. X 4 in. 1 in. x 1 in. 

.010 

.020 

.030 

.040 

.050 

.060 

.080 

X 
X 
X 
? 
0 
0 
0 

X X 
X X 
X X 
X X 
X X 
X X 
0 ? 

X-Detected 
?-Questionable 
@-Not Detected 

Table 2 
Artificial Flaws Detected by Liquid Crystals in 

Ti Skin IHRP Honeycomb Sandwich Panels 

Programmed Flaw Areas 
Face Sheet 

Thickness (in.) 4 in. X in. 4 in. X + in. 1 in. X 1 in. 

.010 

.020 

.030 

.040 

.050 

.060 

.070 

.080 

X X X 
X X X 
X X X 
x X X 
0 X X 
0 ? X 
0 ? X 
0 0 ? 

X-Detected 
?-Questionable 
@-Not Detected 

Table 3 
Void Areas Detected by Liquid Crystals in 

Ti /Ti Bonded Panels 

Smallest Flaw Detectable 

Face Sheet Front Heating Front Heating 
Thickness (in.) and Cooling Far Side Cooling 

.010 

.020 

.030 

.040 

.050 

.060 

.070 

.080 

.090 

.loo 

,014 
.011 
.009 
.009 
.059 
.234 
.240 
.860 
.540 
.540 

.oo9 

.014 

.009 

.009 

.059 

.059 

.240 

.590 

.540 

.540 
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initial slip and slip saturation during fatigue; and fatigue crack 
initiation and growth characteristics. Local generations of heat 
can be expected with each of these. Contemporary studies 
conducted with miniaturized strain-measuring devices and tem- 
perature-sensing instrumentation are seriously limited by the 
necessity of predicting, before testing, the location of expected 
anomalies (8). Otherwise, the placement of strain gauges and 
thermocouples or seleFtion of lines of scanning with infrared 
detectors introduces a large element of chance. 

The utility of liquid crystals in such studies has been 
examined and established by a limited amount of testing of 
fatigue and static tensile specimens. Small thermal gradients 
created by strain concentrations were readily revealed within 
gross areas of both types of test specimens. The tip of a growing 
fatigue crack was vividly delineated by a zone of indicated 
temperature rise having a size compatible with the expected 
plastic enclave. In testing of sheet metal tensile specimens, the 
inception of plastic instability and its location was readily 
discernible by a local increase in temperature before necking 
of the specimen became visible. 

During these tests a short series of highly transitory, 
flickering color changes of unknown origin were frequently 
observed prior to rupture. Assuming that these thermal transients 
were associated with unstable plastic flow, an aluminum alloy 
(5456 in the H321 condition) was selected which exhibits very 
prominent strain irregularities above its yield point. These 
cause a characteristic serrated load-strain curve as indicated 

Figure 5 
Visualization of Liider-line formation 
with liquid crystals on aluminum ten- 
sile specimen. 

defects. Whether they develop, commonly depends on the prior 
thermal-mechanical history. 

Luder bands result from unstable plastic flow and appear 
abrupLly as local bands of thinning. A laboratory investigation 
of the stretch-forming problem was initially hindered by inability 
to detect or control the responsible strain irregularities in 
uniaxial tensile specimens. Application of liquid crystals greatly 
facilitated the investigation by permitting visual observation of 
the formation, location and orientation of the Luder bands and 
led to being able to produce them at will. They could be initiated 
after a critical amount of plastic elongation followed by a rest 
period at constant load. Resumption of straining resulted in their 
appearance, and single bands could then by cyclically induced 
by sudden increase in rates of strain from zero to 0.1 min.-’. 
Single bands could also be induced under steady load by a 
sharp blow of a lead hammer on the lower crosshead. 

Liquid Crystals-Thermally Quenched Phosphors 
Limited comparative tests have been performed with our liquid 
crystals and commercially available (U. S. Radium Corporation 
#1807) thermally quenched phosphors. The intensity of visible 
light emitted by these phosphors, with suitable ultraviolet il- 
lumination, changes by as much as 25 per cent per degree 
Centigrade (9).  Their useful temperature ’ range is room tem- 
perature to 8OoC. Due to the nature of the temperature-response 
mechanisms in these two types of indicators, it is to be expected 
that there will be differences in their ability to give visual 

I 

schematically in Figure 5. Local thermal disturbances were 
revealed by liquid crystals on tensile specimens of this alloy 
which corresponded to the irregularities of the load-strain 
recording. 

Coincident with the above tests, a production problem 
developed involving “Luder bands” or “stretcher-strains’’ ap- 
pearing during stretch-forming large panels of 2024-T3. This 
aluminum alloy and temper is not commonly known to be 
prone to such forming difficulties. Materials which exhibit a 
pronounced yield point, such as mild steels, or a serrated load- 
strain curve, as in some aluminum alloys, tend to develop these 
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temperature information. The liquid crystals are, in some in- 
stances, more easily used as they may be viewed with white 
indoor lighting or in bright sunlight. Testing with the phosphors, 
of course, must be conducted in darkened areas with ultraviolet 
exciting radiation. As noted earlier, our liquid crystals provide 
thermal indiio:i?w over a narrow temperature increment. The 
phosphors, on the othel :::-d7 exhibit changes in intensity of 
light emission over a much broader range of temperature. This 
feature of the phosphors has been advantageous in examining 
honeycomb sandwich panels with complex geometry, For ex- 
ample, a honeycomb composite containing a doubler around 

- . .. . .- . - . . . .. . , .. . 



the outer edge will, when heated uniformly from the front, 
reach higher temperatures over the metal skin bonded directly 
to the honeycomb than over the skin bonded to the doubler. 
This is due to the greater heat capacity of the metal-to-metal 
construction. The phosphors are frequently able to give thermal 
indications over several areas differing in temperature due to 
structural difference, and thus allow simultaneous evaluation of 
the bonds over these areas. With the liquid crystals it is neces- 
sary to examine such areas separately as each passes through 
the temperature 'window' over which light scattering occurs. 

When used to visualize the temperature distribution on the 
back of a human hand, liquid crystals produced a more detailed 
thermal pattern due to the venous bed than was seen with 
phosphors. Similarly, liquid crystals gave much more obvious 
indications of Luder-line formation in aluminum alloys. Al- 
though' the thermally quenched phosphorx- are not susceptible 
to contamination by oils, greases, solvents, etc., we have ob- 
served a permanent degradation of phosphors exposed to sun- 
light for approximately a week. Generally, if a small thermal 
gradient may be related to a material property, liquid crystals 
can probably reveal it more effectively. If sensitivity is desired 
over a broader range of temperature, thermally quenched 
phosphors may be more suitable. 

Conclusions 

Cholesteric liquid crystals may be used to detect small temper- 
ature gradients in a number of areas of interest to nondestructive 
testing. In  addition to the examples discussed above, liquid 
crystals have been successfully used to locate shorts in multi- 
layer electronic circuit boards, to determine the uniformity of 
conductive coatings on aircraft windshields, in a penetrant de- 
tection application, and in several medical skin-temperature 
visualization studies. In  thermal mapping studies in which sur- 
face contact is possible, the simplicity and convenience of their 
application and interpretation make liquid crystals a very use- 

Discussion 

Q. E. J. KUBIAK, General American Transportation, Niles, USA: 
Surface finish required for vacuum film method? Sensitivity of 

technique over complete colour range? 
A. The test must be clean to permit use of the vacuum film tech- 
nique, however, relatively rough surfaces may be examined in this 
way due to the uniform force exerted by atmospheric pressure which 
holds the plastic in intimate contact with the test surface. The colour 
response of cholesteric materials with which we have worked is 
generally linear in terms of the thermal shift of the wavelength of 
maximum scattering from the red to the blue visible colours. The 
wavelength of maximum scattering then decreases much more 
slowly with increasing temperature. The red to blue shift of the 
chemicals we have used occurs in response to temperature changes 
of 1.0 to 15°C. 
Q. GERHARD JAEGER, Lufthansa German Airlines, Frankfurt, 
Germany: 

Is the method already in use during production and construction 
of airplanes? 
A. Thermal testing has been used to a limited extent on current 
aircraft to determine, for example, the uniformity of conductive 
defrost coatings on Boeing 707 windshields. Extensive thermal test- 
ing of preliminary design titanium bonded structures for the SST 
has been performed with cholesteric liquid crystals. 
Q. DAVID STEIN, Picatinny Arsenal, Dover, USA: 

ful testing tool. The direct surface temperature indications 
generally allow one to quickly determine the applicability of 
thermal testing to a problem and to establish optimum heating 
and cooling techniques necessary to reveal the desired material 
property. 
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Can you give me information on the application of cholesterol 
crystals on leakage detection? 
A. James Fergason did some work on identification of gases by 
their effects upon the color-temperature response of cholesteric 
compounds and mixtures. This technique could be adapted to leak 
detection in some instances although the susceptibility of liquid 
crystals to contamination from sources other than the gas being 
sensed will probably limit their use in this aplication. 
Q. HAROLD BERGER, Argonne National Laboratory, Argonne, 
USA: 

Would you please comment on the quantitative aspeats of tem- 
perature differences that can be detected with the liquid crystal 
method? 
A. Spectral shifts from the red to blue regions of the visible spec- 
trum have been observed with temperature changes of 0.1"C. The 
limit to the thermal sensitivity obtainable with cholesteric liquid 
crystals has not been established. 
Q. H. SCHWARTZBART, 11T Research Institute, Chicago, USA: 

Are the crystals strain sensitive? 
A. The chemicals we have used do not exhibit strain sensitivity. 
Some colour response to mechanical stress has been described for 
cholesteryl oleyl carbonate and the carbonate formed with nonyl- 
phenol but stress induced colour changes are much less pronounced 
than those produced chemically or thermally. 
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Technical Session 4/ Testing of Welds 

The Activities of the International Institute of Welding 
in the Domain of Nondestructive Testing 

A. DE STERKE, NETHERLANDS and 
G. A. HOMES, BELGIUM 

Introduction 

At the Annual Assembly of the International Institute of Weld- 
ing in 1964, it was considered desirable to establish liaison with 
the organizers of future international conferences on nondestruc- 
tive testing. 

For this reason a liaison group was formed in IIW Com- 
mission V, dealing with testing, measurement and control of 
welds. 

I t  was proposed that a list of documents relating to the 
testing of welds, as published by Commission V of the IIW, 
should be made available together with a report on the activi- 
ties of Commission V and its sub-commissions. 

In  the following, a general outline of the structure, scope 
and activities of the International Institute of Welding is given, 
with particular reference to Commission V. 

Foundation and Objects 

The foundation of the International Institute of Welding In 
1948 was the result of striking successes in the application of 
welding. Confronted with the technical problems raised at each 
stage in its development, which was rich in discoveries and from 
which many lessons were to be learned, specialists in the differ- 
ent countries concerned felt the need to exchange information 
and to meet for discussion; many personal contacts had already 
shown that there was a marked desire to work together at an 
international level so as to link and coordinate exertions which, 
though often resulting in brilliant successes within the different 
countries, were being made quite independently of each other. 

The establishment of an international body met a Dutch- 
inspired suggestion put forward at the symposium held at 
Utrecht, 1947. A first meeting, convened by the (British) Insti- 
tute of Welding, of which J. L. Adam was President, took 
place the same year in London. A provisional committee was 
then set up to draft the constitution of the proposed institute 
and to define its structure. 
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The committee was able to complete quickly its difficult 
task, meetings being held successively in Paris on the invitation 
of the (French) Institut de Soudure and in Bdle on that of the 
“SociCtC Suisse de 1’AcCtylitne”. 

In  June 1948, at the end of a two-day international meet- 
ing convened by the “Institut Belge de la Soudure” and held 
in Brussels under the auspices of the Belgian Minister of Eco- 
nomic Affairs, the International Institute of Welding was 
founded at the offices of the “Fonds National de la Recherche 
Scientifique” by the representatives of the following thirteen 
countries: Austria, Belgium, Denmark, France, Italy, the Neth- 
erlands, Norway, South Africa, Spain, Sweden, Switzerland, 
the United Kingdom and the United States. 

Such was the original nucleus which, through the work 
of the General Secretariat, so many more members were later to 
join. 

Today 31 countries participate in the work of the IIW. 
The other countries that have joined since 1948 are: Argentina, 
Australia, Bulgaria, Canada, China, Czechoslovakia, Finland, 
Germany, Hungary, Israel, Japan, New Zealand, Poland, Ru- 
mania, Turkey, Uruguay, U.S.S.R., Yugoslavia. 

The participating organizations in the different countries 
are listed at the end of this document. 

On 11th June 1948, the first Governing Council meet- 
ing was held at the offices of the “Institut Belge de la Soudure”. 

Composed of delegates previously nominated by the mem- 
ber societies, it then appointed the first officers, electing a 
President, three Vice Presidents, a Treasurer and a Secretary 
General; it drew up the annual budget and organized the initial 
series of technical commissions. The commissions were made 
responsible for dealing with the technology of the various weld- 
ing and allied processes, standardization, terminology, metallur- 
gical and constructional problems and also with the testing, 
measurement and control of welds. 



In an article of the constitution it is stated that an objec- 
tive of the Institute shall be, either by itself or in collaboration 
with other bodies, “to promote the development of welding 
by all processes”. 

That such an expansion would lead to a natural, but also 
fruitful, rivalry between the different welding processes was 
clearly foreseen by the founders, as were the difficulties which 
might result from it. For this reason it was stated in another 
article of the constitution that “the Institute shall not engage 
in commercial or trade activities and in particular shall not 
concern itself with prices, wage rates, markets or agencies”. 

Indeed, the action of the Institute cannot be other than 
disinterested. In the course of its work difficult problems may 
arise, in particular when new processes appear, because the 
Institute’s duty is simultaneously to promote progress and to 
prevent competitive advantages being gained from its support. 

For this reason the Institute has laid down its policy 
clearly and firmly in the constitution and bylaws. 

It is also stated that the Institute shall assist in the formula- 
tion of international standards for welding in collaboration 
with the International Standards Organization. It has been able 
to do this effectively as a result of its close participation in the 
work of ISO/TC 44. Finally, it is laid down that the I.I.W. 
shall periodically organize assemblies, with a view to the promo- 
tion of team work at an international level. 

Technical Structure 

The activity of the IIW as a whole depends essentially on the 
work of its technical commission. Unlike many international 
organizations whose principal activity takes the form of holding, 
at regular or irregular intervals, congresses at which papers on 
certain previously chosen themes are presented, the IIW has 
tried to obtain its results from the continuous cooperative work 
of a limited number of members and experts who constitute 
working technical commissions. 

The advantages of this formula, which was deliberately 
chosen on the foundation of the IIW, seem today to have 
been proved by experience. 

The working sessions of the IIW commissions, sub- 
commissions and working groups enable detailed and practically 
uninterrupted work to be carried out since, between meetings, 
the members correspond with each other and, if necessary, 
with members and chairmen of other commissions. 

Under these conditions it is possible not only to compare 
different opinions and to draw conclusions, but also to prepare 
programs of work, to allocate this work between the participants, 
to collect experimental results, to carry out investigations, etc. 

At present, the IIW has the following sixteen commissions: 
Commission I - Gas welding and allied processes. 
Commission I1 - Arc welding. 
Commission 111 - Resistance welding. 
Commission IV - Documentation. 
Commission V 

Commission VI 
Commission VI1 
Commission VI11 
Commission IX 

Commission X 

Commission XI 
Commission XI1 

- Testing, measurement and control of 
welds. 

- Terminology. 
- Standardization. 
- Health and safety. 
- Behaviour of metals subjected to weld- 

- Residual stresses, stress relieving and 

- Pressure vessels, boilers and pipelines. 
- Special arc welding processes. 

ing. 

brittle fracture. 

Commission XI11 - Fatigue testing. 
Commission XIV - Welding instruction. 
Commission XV - Fundamentals of design and fabrica- 

tion for welding. 
Commission XVI - Welding of plastics. 

Publication of the Work of the IIW 

On the foundation of the IIW arrangements were made to 
ensure that the work which had been accomplished should be 
made known. These arrangements have resulted, firstly, in the 
publication and sales, under the auspices of the IIW, of a 
certain number of documents and secondly, in the publication 
in the technical press of documents recommended for publica- 
tion by the IIW. 

Since 1949 abstracts of welding literature have been 
published in an IIW periodical “Bibliographical Bulletin for 
Welding and Allied Processes”. 

In “Welding in the World”, another bilingual quarterly 
journal, the International Institute of Welding has published 
since 1963 the principal documents recommended for publica- 
tion by its technical commissions, reports by chairmen of com- 
missions and general information on the activities of the IIW. 

Influence of the IIW at an International Level and 
Liaisons with Other International Organizations 

The Institute has attempted to ensure that all necessary liaison 
is maintained with international groups and organizations whose 
objectives have points in common with its own activities. 

In the first place, it may be mentioned that the IIW 
became a member of the Union of International Engineering 
Organisations (UATI) on the foundation, in March 1951, of 
this body, which was established on the initiative of UNESCO 
with a view to bringing together non-governmental international 
technical organizations for the discussion of common problems. 

Apart from permanent contact with this group of inter- 
national organizations, the IIW maintains liaison with the 
International Standards Organisation (ISO) , and particularly 
with its Committee ISO/TC 44 “Welding” and its sub-commit- 
tees, in connection with standardization problems in welding 
and testing. 

In this connection, the results of the technical work of the 
IIW, which are of interest from the point of view of inter- 
national standardization are considered by ISO, which uses 
them as a basis of discussion with a view to the preparation 

Figure 2. Publications of the IIW. 

TESTING OF WELDS 89 



of international recommendations. In addition, I S 0  frequently 
asks the IIW to give it authoritative advice on the technical 
problems which arise in the discussion of questions studied 
within its committees. Although the I IWs liaison with I S 0  
is principally with ISO/TC 44, it nevertheless maintains contact 
with other committees, among which may be particularly men- 
tioned ISO/TC I1 “Unification of Boiler Codes” and certain 
of its sub-committees and ISO/TC 17 “Steel”. 

As regards international specifications, there is also CO- 
operation with the International Electro-Technical Commission. 

Commission V Testing, Measurement and Control of Welds 
Chairman: Mr. H. L. Carson (United Kingdom), 

Vice-chairman: Mr. M. Evrard (France), 
Membre d’Honneur: Prof. G. A. H0mL.s (Belgium), 

Secretary: Mr. J. Th. Eering (Netherlands), 
Secretarial Assistant: Miss E. Sauer (Netherlands) 

Commission V was established in 1948, to study all methods 
of weld testing. Its first Chairman was P. Goldschmidt-Clermont 
(Belgium). He was succeeded in 1950 by Professor G. A. 
H o m b  (Belgium), who was in turn succeeded in 1963 by the 
present Chairman, H. L. Carson (United Kingdom). 

The late L. van Ouwerkerk (Netherlands) played a very 
active part in the early life of the Commission and was its 
Vice-chairman from 1954 until his death in 1958. 

The 31-member countries of the IIW are each entitled to 
appoint one delegate and one or more technical experts to serve 
on the Commission. At present, the number of persons so 
accredited is 103 and about half this number can usually be 
relied upon to attend each year on the four days when the 
Commission meets during the Annual Assembly. To work 
effectively with such a large number of people and to give ade- 
quate attention to the wide range of subjects which come within 
its terms of reference, the Commission is divided into the fol- 
lowing sub-commissions: 
Sub-Commission V-A-Radiography; 
Sub-Commission V-C-Ultrasonics; 
Sub-Commission V-D-Destructive Tests; 
Sub-Commission V-E-Methods of Nondestructive Testing 

other than radiography and ultrasonics; 
Sub-Commission V-F-Welding Defects and their Significance. 

Each sub-commission holds its own meetings (usually two 
per year) in the periods between the Annual Assemblies of the 
full Commission. At each Annual Assembly, the work of the 
sub-commissions is carefully reviewed and, where appropriate, 
recommendations are made by Commission V for the publica- 
tion of reports and/or their transmission to other Commissions 
of the IIW or to the International Standards Organisation. 

Certain other commissions of the IIW also find them- 
selves involved in weld testing matters. Sometimes they find it 
convenient to refer these matters to Commission V, but on 
other occasions they find it more convenient to establish a 
special sub-commission or working group of their own and to 
invite Commission V to nominate one or more members to 
assist in the work. An example of such intercommission collabo- 
ration is Sub-Commission 111-G. This sub-commission was estab- 
lished by Commission I11 (Resistance Welding) to enquire into 
the efficacy of nondestructive testing as applied to resistance 
spot welds. More than half the members of Sub-Commission 
111-G are also members of Commission V. Other examples are 
the working groups on nondestructive testing established by 
Commission XI (Pressure Vessels, Boilers and Pipelines) and 
Commission XV (Fundamentals of Design and Fabrication for 
Welding). On both of these working groups Commission V is 
represented. 

General co-ordination of the work of all the commissions 
of the I.I.W. is achieved through the good offices of the Scien- 
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tific and Technical Secretary and by the Technical Committee 
and an annual meeting of chairmen of commissions. 

In the sections which follow, an attempt is made to give 
a rCsumC of the past and present activities of all the sub-com- 
missions, except Sub-Commission V-D. This Sub-Commission 
is omitted since it is not concerned with nondestructive testing. 

All documents approved for publication by the IIW bear 
a reference beginning “IIS/IIW’. Many of them may be pur- 
chased from the national welding institutes which are members 
of the IIW, but where this is not possible, orders can be 
placed with Le Secre‘tariat Scientifique et Technique de t I I S ,  32 
Boulevard de la Chapelle, Paris, 18e, France. A catalogue of 
all IIW publications is available from the same address. 

Sub-commission V-A: Radiography 
Chairman: Mr. M. Evrard (France), 

Secretary: Mr. J. Th. Eering (Netherlands). 

In 1949 a Working Group, presided over by the late L. van 
Ouwerkerk (the Netherlands) was created for the purpose of 
initiating general investigations into the problems involved in 
the application of radiography to the examination of welds. 

Later, three other working groups were created with the 
object of investigating: 
-Image quality indicators (1950); 
-The appearance of weld radiographs and the behaviour of 

-The possibilities of using radio-isotopes (195 1). 
These preliminary studies led to the formation of Sub- 

Commission V-A in 1952, with L. van Ouwerkerk (the Nether- 
lands) as its first Chairman. Following the death of Mr. van 
Ouwerkerk in 1958, H. Vinter (Denmark) took over the Chair- 
manship, and on his resignation for business reasons in 1963, 
the present Chairman, M. Evrard (France) was appointed. 

For convenience of administration, Sub-Commission V-A 
is at present divided into the following sections: 
1 )  Section A-“Study of the fundamental aspects of radiog- 

raphy” 
2)  Section B-“Study of the technological aspects of radiog- 

raphy”. 
These sections are both presided over by the Chairman of 

the Sub-Commission, who can appoint: 
-Drafting committees (3 or 4 members at most) to study a 

particular matter and to draft an appropriate document on it; 
-Rapporteurs, to make studies of a limited nature in accord- 

ance with clearly defined terms of reference. 

Achievements 
The achievements of Sub-Commission V-A may be summarised 
as follows: 
1 ) Image Quality 1ndica:ors ( I Q I )  . 

the welds in service (1950); 

After a very comprehensive study of the existing IQI’s, 
two types were finally recommended for international use: 

a) The step-with-hole indicator with steps in the geo- 
metrical ratio of 1.25 and holes of a diameter equal to 
the thickness of the steps. 

b) The wire indicator with wire diameters in the geometri- 
cal ratio of 1.25. 

Both types are described in document IIS/IIW-62-60. 
Subsequently, rules were established for the reading of these 

IQI (Doc. IIS/IIW-185-65). The IQI are now used exten- 
sively and their international standardization is in course of study 
by ISO. 

2 )  Recommended practices for  radiographic examinations have 
been established for the following: 



Figure 3. Some of the “step with hole” radiographic image quality indicators. 

Figure 4. Some of the wire type radiographic image quality indicators. 

a)  Fusion welded joints for steel plates up to 500 mm 

b)  Circumferential fusion welded butt joints in steel pipes 
up to 50 mm wall thickness (IIS/IIW-36-59). 

c )  Fusion welded joints in aluminum and its alloys and 
magnesium and its alloys up to 50 mm (IIS/IIW-35- 
59). 

d)  Resistance spot welds in aluminum and its alloys (V- 
322-66/OF). 

3) Col1ec:ions o f  reference radiographs which are published 
under the auspices of the I.I.W. by four member countries, 
comprising: 

a )  A collection for steel; the first edition which dates from 
1952, was supplemented in 1953, 1954 and 1966. It 
now contains 86 cards with the reference radiographs 
either in the form of transparencies or copies on paper. 

b) A collection for aluminum and light alloys (1962 
edition) containing 51 radiographs, some of which 
refer to resistance spot welds. 

c )  A booklet of prints of radiographs of welds in s:eel, 
primarily intended for educational purposes. 

(11s-IIW-6-58). 

. 

4 )  Handbook on radiographic apparatus and techniques. 
(Doc. IIS/IIW-46-60), published in three languages, Eng- 
lish, French and Swedish. 

5 Study of radiographic films. 
Knowledge of the characteristics of films is essential for 
good radiography. 
The results of the work are contained in “Recommenda- 
tions for sensitometric tests of radiographic films for use 
without intensifying screens or with lead screens”. (Doc. 
IIS/IIW-184-65). 

6) Calibration of X-ray equipment. 
This is a rather difficult problem, requiring tests which 
cannot easily be performed by normal users of the equip- 
ment. However, the studies resulted in a recommendation 
for determining the focal spot size of X-ray tubes. (Doc. 

7 )  Study on the detectability of fine cracks by radiography. 
A report for information was prepared on this subject 
(Doc. V-288-65/OE), but has not yet been published. 

IIS/IIW-183-65). 

Work in Progress: 
1 )  Studies to define the conditions required in practice to 

obtain optimum image quality. 
In these studies, the two recommended IQI’s are being 
used. It has been shown that it is necessary to investigate 
the conditions under which the films ale read and at the 
same time to define the possible variations in the recording 
of image quality for each type of IQI. 

The investigations in this field are directed towards a 
classification of films. 

3) Recommended practice for the radiographic examination 
o f  fusion butt welds in steel plates with a thickness between 
50 and 200 mm. 
In this document, the use of radioactive isotopes, genera- 
tors of high energy X-rays, such as linear accelerators and 
betatrons, are b-ing considered. 

This refers in the first instance to the steel collection. 
There is a certain degree of opposition to the classification 
of the cards by colours. 

2) Study o f  radiographic films. 

4)  Collections of reference radiographs. 

Figure 5. Collection of reference radiographs. 
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As a result of an enquiry amongst users of the collection, 
it appears that 47% use the collection for educational 
purposes, and 42% use it as an acceptance standard. 
Under these conditions, the present collections will be 
retained for a number of years, but a new collection is 
also envisaged in which each card will bear a macrograph 
illustrating the defect revealed by the radiograph. 

5 )  Study o f  the possibility of using radiographic examination 
for brazed joints, friction welds or electron beam welds 
joining identical or dissimilar metals. 

6)  Study o f  the possibility of using radiography for  the exam- 
ination o f  those welded connections to pressure vessels 
illustrated in 1.1. W .  document XI-125-65. 
(This study is being undertaken at the request of Com- 
mission XI.) 

7 )  Study o f  the application o f  automatic procedures in radio- 
graphic examination. 

Sub-commission V-C: Ultrasonics 
Chairman: Prof. P. Bastien (France), 
Secretary: Mr. M. Evrard (France). 

In 1949, the International Institute of Welding formed a 
Working Group under the Chairmanship of Professor G.  A. 
Homks (Belgium), which was charged with enquiring into the 
use of ultrasonics in the examination of welds. Following on this 
preliminary work, Sub-Commission V-C was established in 1952, 
with Professor Horn& as Chairman. In 1953, Mr. A. de Sterke 
(Netherlands) succeeded him as Chairman, and in 1954 he 
was in turn succeeded by the present Chairman, Professor 
P. Bastien (France). 

Since its formation, Sub-Commission V-C has made exten- 
sive use of working groups of limited periods of existence. Each 
has been entrusted with the study of a clearly defined problem 
and has been able to have recourse where necessary to labora- 
tories for the conduct of experimental work in accordance with 
a carefully pre-arranged program, and to pass on documents 
specimens from one laboratory to another. 

For the solution of simpler problems, the Sub-Commission 
appoints rapporteurs who are asked to carry out particular 
investigations and place the results of these before the Sub- 
Commission for general discussion. 

At the present time, two working groups are in being with 
responsibility for the following: 

a )  Terminology, 
b)  Study of calibration blocks and the determination of 

probe characteristics. 

c )  Attenuation of ultrasonic waves in metals, particularly, 
steel plates; 

d )  Establishment of a unified procedure for the checking 
of ultrasonic flaw detection equipment; 

e )  Study of a means for assessing the dimensions of weld 
flaws revealed by ultrasonic testing; 

f )  Presentation and recording of the results of an ultra- 
sonic examination; 

g) Study of the limitations inherent in the use of ultra- 
sonics for weld examinations; 

h )  Study of the possibilities of using ultrasonics for the 
examination of welded nozzles in the pressure vessels 
indicated in Doc. XI-125-65. This study is being made 
at the request of Commission XI (pressure vessels, 
boilers and pipelines). 

The normal conclusion of a rapporteur’s work is either the 
production of a document or the formation of a working group 
to further advance the study of the subject. 
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Rapporteurs have responsibility for the following: 

Achievements 
These are as follows: 

1 ) Calibration block: 
Important work has been done in this field. Test-pieces 
and blocks were exchanged between the different countries 
interested in this question. The result was a calibration 
block recommended by the IIW (IIS/IIW-23-59) and 
adopted in varying degrees, by a number of countries. 
This block has been standardized in Germany and France 
and is included in a British Standard on calibration blocks. 
It is now being studied by ISO. 

Figure 6. Dutch version of IIW. calibration block. 

2)  Response curves for  ultrasonic waves f o r  typical weld 
defects ( I IS / I IW 127-64). 
Groups of laboratories made experiments on test-pieces 
containing defects, which were circulated between these 
laboratories. One of the results was the establishment of 
a method for distinguishing planar defects (cracks, cold 
cracks, hot cracks. .  . ) from volumetric defects (cavities, 
blow holes. . . ), according to the appearance of the 
echoes and their variation when the probe was moved. 

3) Recommended practice for  the examination o f  welds by 
ultrasonics (US/ I I  W-205-66). 

4)  List o f  terms used in ultrasonic testing (first edition, com- 
prising the list o f  terms in three languages (1959)). 

5 )  List o f  terms used in ultrasonic testing (second edition, 
comprising definitions o f  terms in two languages and the 
list in eleven languages (now being printed) ) . 

6) Unified procedure f o r  the checking o f  ultrasonic equipment. 
(Approved for publication but not yet published.) 

Work in Progress 
1) Study of calibration blocks, by a Working Group, in 

order to determine the influence of the form of the block 
and to specify means for defining the characteristics of 
the ultrasonic beam (beam index, angle of incidence, dis- 
tribution of energy in the beam). 

2)  List o f  terms. 
Preparation of supplementary lists in other languages. 

3) Attenuation of ultrasonic waves in plates. 
4)  Training o f  ultrasonic testing operatives. 

For the time being, this study is restricted to the gathering 
of information. 

5 )  Study o f  means for  determining the sizes of  defects found 
by ultrasonics. 
This is a very difficult problem, but it is of fundamental 
importance. 



6)  Study of the limitations of ultrasonics in weld inspection. 
7 )  Study of the application o f  ultrasonics f o r  the detection of 

defects in brazed joints, friction welds and electron beam 
welds, as well as lack o f  fusion in welds, mode by the 
CO, process. 
Summarizing it can be said that, although the program of 

Sub-Commission V-C is very comprehensive, the subjects under 
investigation and the mutual discussions are sufficiently clearly 
defined to lead to results which will make it possible to im- 
prove and develop the techniques of ultrasonic examination. 

Sub-Commission V-E Methods of Nondestructive Testing 
Other than Radiography and Ultrasonics 

Chairman: Mr. A. de Sterke (Netherlands) 
Secretary: Mr. S. A. Lund (Denmark). 

In 1955, Sub-Commission V-E was established to undertake 
work in field other than radiography and ultrasonics, under 
chairmanship of Mr. A. de Sterke. 
The working procedure normal in the other sub-commissions 
was also adopted for Sub-Commission V-E. In particular the 
system of rapporteurs to deal with specific items. 
The duty of this sub-commission was in the first place to 
study methods of surface inspection, such as magnetic par- 
ticle testing and testing with penetrant liquids. 
As a consequence of the diversity of view on the use of the 
magnetic particle method as a means for the detection of sub- 
surface defects, it was decided to restrict initial consideration 
to the application of the magnetic test, to weld defects in or 
near the surface. 
A document was prepared and approved for publication. (Doc. 
IIS/ IIW-94-62, ex Doc. V-186-6 1 ) “Considerations on the in- 
fluence of various factors in magnetic particle inspection of 
surface defects in welds”. 

A study of the use of penetrant liquids resulted in the 
preparation of Doc. V-236-63/ OE “Recommended practice for 
the application of penetrant testing”, which was subsequently 
published as Doc. IIS/IIW-182-65. 

A further study in the domain of penetrant testing was 
concerned with the development of an artificial demountable 
crack specimen. A great number of designs, some taken from 
published literature and others originating from the discussions 
in the sub-commission, were tried and modified to incorporate 
improvements. 
The latest design is under investigation with a view to checking 
on the reproducibility of the results it gives. 

Work has also been undertaken on the detection of sub- 
surface defects by the magnetic particle method, but at the 
moment, no final agreement has been reached on an inter- 
national scale on the scope of the method in this application. 
The study on  this latter subject has stimulated interest in the 
development of the magnetographic methods which unlike the 
particle method uses magnetic tape as the detecting and record- 
ing medium. 
Factors such as surface condition, magnetic characteristics of 
the material, the way in which magnetic fields are applied, etc. 
are being studied together with the shape, size and other 
particulars of magnetic powders. 
Present evidence suggest that surface condition is the dominat- 
ing factor in the detectability of sub-surface flaws. 

Another investigation being undertaken by the sub-com- 
mission is concerned with the application of eddy-current 
techniques for the detection of weld defects and the determina- 
tion of flaw size. 

After completion of the present program, other items to 
be studied will include the testing of brazed joints and welds 
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Figure 7. Test-piece for the evaluation of penetrants and developers. 

made with special techniques (electron beam etc.); the auto- 
matic examination of welds by magnetic, eddy-current and 
penetrant methods. 

Sub-commission V-F Welding Defects and Their Significance 
Chairman: Mr. J. G. Young (U.K.) 

Vice-chairman: Mr. J. J. C h h e  (Switzerland) 
In 1963 Mr. 3. G.  Young was appointed rapporteur on 

this subject and in 1964 a working group was created to draft 
terms and definitions for weld defects. At the 1966 Annual 
Assembly this activity was given Sub-Commission status under 
the Chairmanship of Mr: Young with Monsieur J.  J. Chkne 
as Vice-chairman. The terms of reference of Sub-Commis- 
sion V-F are to draw up terminology and explanations for 
weld defects; to assess research studies on the influence of 
defects in service behaviour; to classify defects at different 
levels and to devise acceptance criteria. 

At the time of preparation of this document the detailed 
work program is not available. 

Work of Other I.I.W. Commissions in the Domain of 

SUB-COMMISSION 111-G : NONDESTRUCTIVE TESTING OF 

Nondestructive Testing 

RESISTANCE SPOT WELDS. 
Chairman: Dr. H. G. Taylor (U.K.) 
Secretary: Mr. H. L. Carson (U.K.) 

Sub-Commission 111-G was formed by Commission 111 
(Resistance Welding) at the Annual Assembly in 1959. I t  has 
as its object the investigation of the scope of nondestructive 
testing methods for the assessment of the mechanical strength 
of resistance spot welds. 

One of the first acts of the Sub-Commission was to 
initiate a program of co-operative research into means for 
testing spot welds in mild steel and aluminium alloys con- 
taining heavy metals such as copper. This work is still in 
progress and already it has shown that no single method of 
nondestructive testing is likely to be self sufficient. 

The first interim report on the investigations was issued 
in 1962 (Doc. 111. G-12-62/OE) and this was later revised 
and re-issued as Doc. 111. G-12A-63IOE. It  recommended that 
a combination of special X-ray and ultrasonic techniques 
should be used for the examination of spot welds in steel, 
and that a very sensitive X-ray technique should be employed 
to reveal the heavy-element migration ring in the case of 
aluminium alloys containing heavy elements. In this latter 
case, it is believed that the presence of the heavy-element 
migration ring is a clear indication that a weld nugget has 
been formed and that, therefore, the weld has satisfactory 
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adhesion and thus mechanical strength. However, more tests 
require to be made before these recommendations can be 
regarded as final. 

A report on the work done in Italy in association with 
Sub-Commission 111-G was published by GALLINARO in 
“Revista Italiana Della Saldatura”, XIV, 6, pp. 305-317, No- 
vembre-Decembre, 1962. 

This was later’translated into English and issued to Sub- 
Commission 111-G as Doc. 111-G-17-63, and to Commission 111 
as Doc. 111-222-64. Its English title is: “Radiographic Inspection 
of Spit Welds in Primary Aircraft Structures”. 

The Sub-Commission is also following with interest work 
being undertaken by independent bodies throughout the world, 
particularly work in Germany where ultrasonic transducers 
are contained in the welding electrodes and thus permit a 
rapid check to be made of spot-weld quality simultaneously 
with production. 

The possibility of applying eddy-current and special 
magnetic methods to assess the mechanical strength of spot 
welds is under consideration, and certain preliminary tests are 
at present being made. 
COMMISSION IV “DOCUMENTATION” 
One of the jobs of Commission IV is to prepare contribu- 
tions for the publication “Bibliographical Bulletin for Welding 
and Allied Processes”. 

This quarterly bulletin in two languages, French and 
English, publishes about 2,500 abstracts of articles relating 
to welding and allied processes. 

Documents relating to nondestructive testing are included, 
in particular under the headings “Properties of welds and test- 
ing methods” and “Study and testing of welded constructions”. 

Commission IV also organizes exhibitions of publications 
which are almost always held on the occasion of the Annual 
Assemblies of the IIW. 

Research reports and periodicals devoted to welding and 
allied processes are exhibited and these frequently include 
items relating to nondestructive testing. 
COMMISSION VI “TERMINOLOGY” 
Since its creation, Commission VI has occupied itself with 
the establishment in the form of a “Multilingual collection of 
terms for welding and allied processes”, a list of technical terms, 
used in welding and allied techniques. 
The parts already published, contain: 

1 ) general terms-welding procedure-characteristics and in- 

2) Gas welding. 
3)  Arc welding. 
4) Resistance welding. 
5 )  Heat treatment. 

spection of welds. 

As indicated by the title, the first part contains terms relat- 
ing to testing of welds. It comprises lists of terms in 12 languages: 
German, English, Danish, Spanish, Finnish, French, Italian, 
Dutch, Norwegian, Serbo-Croat, Slovene, Swedish and a sup- 
plement for the following languages: 
Polish, Russian, Slovak, Czech, and Turkish. 
At the present time the Commission is preparing a revision of 
the volume. 

COMMISSION VI1 “STANDARDIZATION” 
This Commission studies problems concerned with the stand- 
ardization of welding and allied processes. Its activity is oriented 
towards the transmission to the International Organization for 
Standardization (ISO) and to the “Commission Electrotech- 
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nique Intefnationale” (CEI) of documents drafted by the IIW. 
In turn it refers to the interested technical commissions of the 
IIW, the results of the work done in the I S 0  and CEI in the 
field of the activities of the IIW. 
In this respect the very close liaisons existing’between the IIW 
and IS0  Committee TC 44 “Welds” and its different sub-com- 
missions in particular Sub-committee 5 “Testing and Control of 
Welds” which studies the documents drafted by the IIW (Com- 
mission V) ,  should be noted. 
Moreover, Commission VI1 is continuously occupied with 
reviewing standards existing in different member countries of 
the IIW, including of course those relating to nondestructive 
testing of welds. 
The first review, made about 5 years ago, resulted in a publica- 
tion concerning 21 countries; a new review is in progress and 
will probably interest a greater number of countries. 

This commission is charged with the study of welding in the 
specific field of pressure vessels, boilers and pipelines. Also the 
examination of welds in such structures is given full attention. 

As a result of close cooperation between Commission XI 
and Commission V, a Working Group “Non-destructive Testing” 
was constituted by Commission XI under the Chairmanship of 
Prof. G .  A. Herpol (Belgium) with the task of drawing up 
recommendations for the radiographic inspection of welds in 
boilers and pressure vessels. 
This work was divided into two parts. The first part led to a 
proposal regarding the qualitative principles on which the 
choice of the amount of radiography might be based. Not a 
specification or a code but suggestions regarding the “Radio- 
graphy of welds of boilers and pressure vessels”. This document 
was published as Doc. IIS/IIW-85-61. 

The suggestions in the document were based on the accep- 
tance of the idea that the conditions of sound design and good 
material selection have been fulfilled. With regard to the latter, 
it should be observed that only mild- or low-alloy steels of 
standard quality were considered. 

On the basis of a number of criteria, pressure vessels are 
divided into three classes, determining the extent to which 
radiography should be applied. 
In the second part of the work, quantitative limits of the above 
mentioned criteria are proposed. 
The document prepared by the Working Group bears the 
number XI-159E-66 and is entitled: “Radiography of welds 
of boilers and pressure vessels Part 11: Limit values of the 
criteria”. 
I t  is based on a reasonable evaluation of the risks associated 
with the vessel as a consequence of: 

a )  the gravity of the accident that can result from a failure, 
from the point of view of both the human risk and the 
economic risk. 

b) the assumption of the existence of a defect in the vessel 
itself, which can initiate a failure. 
As fundamental criteria for the amount of radiography, 

pressure and the production of pressure and volume are taken. 
A number of corrective criteria are given, derived from 

such influences as service temperature, manufacturing tempera- 
ture, nature of the contents, residual stresses, material thickness, 
nature of the load and the properties of the material. 
COMMISION XIV “WELDING INSTRUCTION” 
Charged with the study of the problems concerning all aspects 
of welding instruction, Commission XIV made the necessary 
efforts to explore the work of other technical commissions of 
the IIW and to acquaint teaching staffs with this work. 

COMMISSION XI “PRESSURE VESSELS, BOILERS AND PIPELINES” 



In this light, the work of Commission V is taken into con- 
sideration by Commission XIV, in particular with respect to 
nondestructive testing either for the training of personnel work- 
ing in the field of testing welded constructions, or with respect 
to the use of these tests for the qualification of welders. 
COMMISSION XVI “WELDING OF PLASTICS” 
This Commission studies all problems concerned with the weld- 
ing of plastics; the scientific aspects, technical aspects, industrial 
applications, documentation and education. 

A good deal of work is also devoted to the nondestructive 
testing of welds in high polymers. 
Both the aspects of radiographic and ultrasonic examination are 
investigated. Here, particular problems .not known in the testing 
of .metals come to the fore, especially the low absorption 
coefficient for radiation which introduces particular problems, 
for instance with regard to the image quality indicators used. 

For the ultrasonic inspection of welds, special measures 
must be taken to compensate for the relative high acoustic 
absorption of the material and also in other respects, for 
instance the refractive index when angle probes are used, differ 
from those found in the testing of welds in metals. 

For the radiographic inspection, collections of reference 
radiographs are in preparation. 
The collection will consist of 30 radiographs, showing different 
discontinuities occurring in welds in plastics. 
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Ultrasonic Inspection of Weldments Using the 
Delta Technique 

6. 1. CROSS and G. J. POSAKONY, U.S.A. 

ABSTRACT: The delta technique i s  an ultrasonic weld inspection method for rapidly 
accepting good welds. This new method employs several ultrasonic search units posi- 
tioned in a configuration characteristic of the method. Its primary advantage i s  
its ability to detect randomly oriented weld defects with nearly equal reliability. 

The delta technique has been tested with contact, manual water bubbler 
ultrasonic wheels, manual immersion, and automatic C-scan immersion ultrasonic 
systems. These tests performed under field and laboratory conditions have de- 
tected a variety of defect conditions including lack of fusion, porosity, metallic 
and non-metallic inclusion, and cracks. Correlation studies made between weld 
radiographs and ultrasonic delta, C-scan recordings show excellent correlation. 

This paper discusses the principles and potential application for the delta 
technique in the inspection of welded structures. 

Introduction 

While ultrasonic weld inspection techniques are widely used in 
Europe, they have gained only limited acceptance in the United 
States. The reasons for the limited acceptance are, in part, the 
result of inherent limitations of the standard ultrasonic tech- 
niques to detect and identify randomly oriented defect con- 
ditions in a weld. 

While performing research on weld inspection, the Re- 
search Division of Automation Industries, Inc., developed a 
unique technique for weld evaluation. This new approach, 
called the “delta technique” employs two or more ultrasonic 
search units positioned in a manner characteristic of this method. 
The primary feature of this technique is its ability to detect ran- 
domly oriented flaw conditions in weldments with nearly equal 
reliability. A second significant feature is the relative in- 
sensitivity to the weld bead condition. 

A variety of welds and weld conditions have been studied 
in numerous positions and at different frequencies. The defect 
information collected during these tests was displayed on fac- 
simile recordings similar to conventional ultrasonic C-scans. In 
all the work that has been performed, any defect detected with 
radiographic techniques was also detected with the delta tech- 
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nique, and it was established that the condition of the weld 
bead and the orientation of the flaw had only minor influence 
on the capability of the system. 

While the accomplishments of the deIta technique are 
encouraging, there are certain limitations. One is the inability 
to clearly define defects, such as group porosity. Since delta 
scans provide a facsimile recording of weld, test results can be 
compared with radiographs. Excellent correlation was obtained 
for crack type defects, but closely spaced bits of porosity ap- 
peared as single large indications. Although this inability to 
define group porosity exists, the technique successfully detects 
group porosity, laminar defects, and vertical defects in one 
operation. 

The delta technique was developed as a supplement to 
standard ultrasonic weld evaluation methods, a supplement 
that provides a means for rapidly accepting good welds. 

The Delta Operation 

While the analysis of the ultrasonic energy entering and leaving 
a weld zone is complicated, the concept of delta weld inspec- 
tion is relatively simple. The outline drawing of Figure 1 shows 
the general principle. The sound energy is introduced into the 
material under investigation at an angle that produces shear- 
wave energy in the material. In  welds, the energy is usually 
introduced in the parent metal next to the weld. The sound 
propagates in the material until it strikes an interface, which 
is defined as anything having an acoustic impedance different 
than the parent material and resulting in an interruption in the 
propagation pattern of the sound beam. An interface may be 
an inclusion, a crack, lack of weld penetration, lack of fusion, 
etc. At the interface, a variety of things may occur. The con- 
ditions that have been identified are listed as follows: 
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Figure 2. Redirected sound energy. 

Figure 1 
Sketch of delta configuration. 

A. The sound energy may simply be reflected from the 
interface. This type of energy remains as shear energy 
as long as it is in the material. 

B. The energy may be mode-converted from shear to 
longitudinal. This does not imply that the shear energy 
has been absorbed. The shear energy and the long- 
itudinal energy occur simultaneously in the material 
and merely propagate in a manner that is character- 
istic to that particular form of energy. Both the long- 
itudinal energy and the shear energy propagate from 
the defect as a direct reflection, but the angles of 
propagation and the speed of travel are different. 

C. The energy may be reradiated. This phenomenon is 
not thoroughly established or understood. Experi- 
ments have established the apparent existence, but 
the manner in which it occurs is not clear. In concept, 
the defect acts as a new source for sound energy 
generation. 

The various methods for redirecting the sound energy 
incident on the flaw or defect are pictured in Figure 2. The 
various path lengths have been verified by determining the time 
required for the energy to propagate along a particular path 
length. 

Figure 2A shows the path for direct reflected energy from 
three different types of defects. The incident energy, El, is 
shear and the energy, R, is likewise shear. Figure 2B shows 
the path length for mode-converted energy that is redirected 
from the different defects. The incident energy, El, is shear, 
but the energy, R, is longitudinal. This has been established 
by measuring travel time. Figure 2C shows a mode-converted 
energy path that can provide additional information about the 
defect. The importance of Figure 2C is to show that there is 
more than one way in which energy can get back to the re- 
ceiving search unit. Figure 2D shows the concept for re- 
radiated energy. This energy appears to travel at the speed of 
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a longitudinal wave, but it radiates in many directions. The 
source for the energy shown in Figure 2D is not currently 
established. 

The schlieren photograph shown in Figure 3 describes the 
various modes of energy redirected at a metal-to-air interface. 
The defect is a machined slot having a vertical wall normal to 
the top and bottom of the part. A seal is used to guarantee a 
metal-to-air interface. A rubber wedge is used to block the 
reflected incident beam, thus preventing this energy from ob- 
scuring the defect information. Defect information is visible 
at both the top and bottom surfaces; however, energy patterns 
a t  the bottom surface give a better picture of energy redirection 
at the interface. The near-vertical beams are caused by mode 
conversion as shown in Figures 2B and 2C. Part of the trans- 

mitted beam misses the interface and is visible leaving the 
bottom surface at the incident angle (Figure 3A). The shear 
energy reflected at the interface is evident at the bottom surface. 
The vertical energy beam leaving the part surface is believed 
to be the reradiated beam. The schlieren photograph inserted 
in Figure 3A shows the normal or uninterrupted sound beam 
pattern. 

Any energy that is redirected from the defect can provide 
information about the defect. The energy collected at the re- 
ceiving search unit contains information about the defect 
regardless of which path it followed to the receiver. The re- 
ceiving search unit is usually focused to increase the angle of 
capture of the redirected energy. In thinner materials, the 
various path lengths are sufficiently short that they give the 

Figure 3 
Schlieren image of variour modes of 

redirected energy. 
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appearance of occurring at nearly the same time. In  the thicker 
materials, the various paths and modes can be separated and 
identified. 

Separation of the various modes or redirected energy is 
not necessary in locating defects. The main purpose of this 
phase of weld inspection is to assure the detection of all de- 
fects. The probability of detecting all defects is enhanced by 
using all modes of energy. In  a good weld, no energy is re- 
ceived because the normal propagation path of the transmitted 
energy is not interrupted (insert in Figure 3A). 

Defect evaluation with the delta technique is accomplished 
by selecting any one of the various modes of redirected energy, 
preferably the reradiated mode, and carefully examining the 
defect and the surrounding weld area. The characteristic pat- 
tern of propagation for the reradiated energy mode is spherical, 
and apparently originates at the defect boundaries. This 
spherical propagation of energy allows reception of defect in- 
formation with a normal receiver placed directly over the 
defect. Defect information may be displayed on a facsimile 
recorder in  the same manner as conventional C-scans. The 
receiver position being directly over the defect when flaw in- 
formation is received makes the facsimile recording a true plan 
view of the defect location. 

The physical position of search units in the delta con- 
figuration must allow the incident sound energy to strike the 
defect while the receiver is directly over the defect. In thin 
welds, this requirement is easily satisfied; however, as weld 
thickness increases, the size of the transmitter search unit must 
increase accordingly. To prevent the size of the transmitter 
search unit from becoming prohibitive, a shuttle configuration 
may be employed (see Figure 4) .  The shuttle delta configura- 
tion moves the transmitted sound beam back and forth, 
scanning the entire weld thickness; this allows inspection of 
thick welds with moderate search units. 

Another factor to consider in the delta operation is the 
quantity of ultrasonic energy available for defect detection in 
thicker welds. Because of energy partition at the defect inter- 

face, the energy levels of the redirected modes are less than 
normally used in weld inspection. The addition of a second 
transmitter search unit and the use of selected search-unit types 
have increased the available energy levels to reliable states. 
Proper positioning of the second transmitter search unit effec- 
tively doubles the quantity of energy present. The search units 
are selected to give the maximum loop gain. 

Test Results 

Typical results of weld inspection with the delta technique are 
shown in Figures 5 and 6. The welds in Figures 5A and B 
are $-in. steel butt welds. The weld in Figure 6A is a &-in. 
aluminum butt weld; Figure 6B is a 1-in. aluminum butt weld. 
Comparison of the delta scans with the radiographs shows the 
correlation of weld defect data that can be obtained with the 
delta technique. The test results shown in Figures 5 and 6 
were made at average inspection speeds of 10 f t /hr  (3  m/hr ) .  
This rate of weld inspection is not the maximum speed of 
inspection allowable using the delta technique, although it is 
typical of the inspection speed used to obtain well defined 
defect images comparable to those shown. 

The delta technique has been used successfully to inspect 
welds and other parts in both hand-held devices and automated 
systems. The size of these various delta configurations has 
ranged from devices 6 in. X 10 in. X 14 in. (15.3 cm X 25.4 
cm x 35.6 cm) for inspecting welds 4 in. (10 cm) thick to a 
device 3 in. dia x 2 in. (9.5 mm dia X 1.9 cm long) for 
inspecting small fillet welds. 

Conclusions 
Further use of the delta technique appears to be unlimited. 
This inspection method could be used in the following ways: 

A crawling device to circle the hull of a submarine 
for automated girth-weld inspection; 
A hand-held device for on-the-spot inspection of weld 
repairs; 

A. 

B, 

Posi t ions 1 and 2 r ep resen t  the 
maximum excur s ion  points of 
the shuttle movement .  

Figure 4 
Dual-transmitter shuttle delta system 

\-i 
j >-position 1 

Transmi t t e r  \\ 4.J L- 
Posi t ion 2 --- L J 
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F a c s i m i l e  Recosdxng using Delta Terhnlque 

Photograph of Radiogrlph 

(A) 

Facsimiik Reco;ding using Delta Technique 

Photograph  of Radiograph 
(B) 

Figure 5. Comparison between delta scan and radiograph. 

C. A device mounted in an ultrasonic wheel for inspec- 
tion of parts that prohibit an excessive use of couplant 
overflow, or 

D. A split-collar device for inspecting welded tubing or 
pipeline welds. 

Although future application appears unlimited, the delta 
technique in its present state is a research tool. This technique 
must remain a research tool until its operation has been 
further evaluated and is better understood. 

Fiicsimilc Recording using Delta Tcchmque 

Photograph of b d l O g r a l > l l  

(B) 

Figure 6. Camparisan between delta scan and radiograph. 
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Practical Quality Evaluation of Welds by 
U It rason ics 

1. FUJI and M. SATO, JAPAN 

ABSTRACT: A study was made of the ultrasonic inspection method applied to 
weldments in ship's hulls under construction and to underground pipelines. 

(1) Sensitivity of the ultrasonic instrument and the transducer used were 
calibrated against a standard test block established tentatively by the Japanese 
Society for Nondestructive Inspection in 1966. 

(2) In order to employ the ultrasonic method for weldments in ship's hulls 
under construction, quality evaluation standards for the method were established 
by trial. 

Ultrasonic indications were classified in 6 grades similar to those established 
by the Japanese Industrial Standards for radiography, by taking into considera- 
tion both the echo-signal amplitude and the extent of lateral movement possible 
while still receiving a continuous echo signal. 

(3) Segment-type steel pipes used in shield tunnelling operations cannot 
be radiographicdly inspected, because only the inside of the casing i s  accessible. 
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Acceptance standards for the ultrasonic inspection of welds of segment-type 
steel casings were established by  trial using tests similar to (2) above. 

(4) An automatic scanning system involving movement of the prabe and the use 
of standard reflection pieces was developed. The standard reflection pieces were 
found very useful for monitoring scanning conditions similar to the image-quality 
indicator in radiography. 

Introduction 

The ultrasonic method applied specifically to weld inspection 
does not provide as accurate a record as does the radiographic 
method. Therefore, in Japan, critical weld assemblies are al- 
most all radiographically inspected rather than ultrasonically 
inspected to determine the internal quality of weldments. 



Recently, however, the ultrasonic method is gradually 
coming into use to detect internal defects of weld assemblies, 
as this method has certain advantages over the radiographic 
method. 

In  order to employ the ultrasonic method for weld as- 
semblies, many unsolved problems were studied, among which 
were: 

(1) Suitable test equipment; (2)  Calibration for sensitivity; 
( 3 )  Method of quality evaluation for weld; (4) Automatic 
scanning system by moving probe; (5) Standard reflection piece 
for monitoring automatic scanning. 

Standard Test Block for Calibrating Sensitivity 

Before initiating weld inspection, the level of sensitivity of the 
ultrasonic equipment and transducer shauld be calibrated. 

For this purpose, we used the standard test block, known 
as NDI-STB-A2T, which was established tentatively by the 
Japanese Society for Nondestructive Inspection in 1966. 

The standard test block (NDISTB-A2T) for calibrat- 
ing sensitivity is made up as follows: 

(1)  Material: Rolled steel for welded structure with 
50 Kg/mmz tensile strength. 

(2) Normalizing: 925OC 15 minutes, air cooling 
( 3 )  Stress relief: 625OC 50 minutes, furnace cooling 
(4) Grain size: McQuaid-Ehn No. 7-8 
The block is 15 mm thick, 150 mm wide and 300 mm 

long as shown in Figure 1, and is finished by surface grinding 
to an accuracy of f 0.1 mm. 

+ t  

Figure 1. 

The block has four different sized flat-bottomed drill holes 
and one perforated drill hole for calibrating sensitivity, and 
two flat-bottomed drilled holes for measuring resolution. 

For calibrating sensitivity, the probe is placed on the same 
surface as the drill holes, and is then moved so as to find the 
maximum echo-signal amplitude at 1 skip distance. The level 
of sensitivity is calibrated by the maximum echo-signal am- 
plitude from the specific drill hole. For example, the maximum 
echo-signal amplitude from the 2-mm-deep hole at the first 
reflection is set at 50% of full scale on the cathode ray tube 
by adjusting the grain control. 

To  alter the grade of inspection of the weldment, the 
levels of sensitivity are alternated by varying the hole size and 
setting the amplitude. 

For measuring resolution of the flaw detector and probe 
system, the probe is placed on the same surface as the drill 
holes, and is then moved so as to obtain the equivalent echo- 
signal amplitudes from two adjacent drill holes (1.5 mm dia, 
4 mm deep) at 1 skip distance. 

The resolution is measured by the clarity of separation of 
the two echo-signal amplitudes from the two adjacent drill holes. 

Application to a Weld of a Ship’s Hull under Construction 

Critical weld parts of a ship’s hull have been radiographically 
inspected and evaluated, and classified in 6 grades according to 
JIS* (Japan Industrial Standard) in Japan. 

To  apply the ultrasonic method to the weldment in a ship’s 
hull, we established the quality evaluation standards for the 
ultrasonic method by trial. 

As radiographs are classified in 6 grades according to JIS, 
ultrasonic indications were also classified in 6 grades by taking 
into consideration both the echo-signal amplitude and the extent 
of lateral movement possible while still receiving a continuous 
echo signal, as shown in Table 1. 

Table 1 

Echo signal 
amplitude (%) 

Extent of 
lateral 

movement 
(mm) 

5 
6 

10 

5 Max. M A  

6-10 A B 

1 1-20 1717 
21-30 I C 1 D 

- 3 1 4 r  1 D I E 

41 Min. 1 E 1 F 

11 

15 

B 

C 

D 

E 

F 

F 

As the classified JIS grades for radiography are too 
stringent, especially in regard to porosity, the quality-evaluation 
standards for ultrasonics impose very severe grades on echo- 
signal amplitude. 

During construction, in our shipyard, both ends of the sub- 
merged, machine-arc-welded butt joint of a ship’s hull are 
inspected ultrasonically instead of radiographically. 

The flaw detection is carried out as follows: 
Thickness of material: About 20-35 mm 
Test equipment: Krautkramer, USK-5 M 
Probes: Frequency, 2 andlor 4 MHz 

Angle, 70” 
Scanning: Manual, %-1 skip distance 
Sensitivity: The maximum echo-signal ampli- 

tude from the 2-mm-dia, 2-mm- 
deep hole of the test block at 1 
skip distance is set at 50% of full 
scale on the cathode .ray tube. 

Before using ultrasonic inspection, we had used both 
ultrasonic and radiographic inspection for the machine-welded 
parts of a ship’s hull, owing to the reliable checks that could 
be made with ultrasonic inspection. 

Correlation between ultrasonic and radiographic results in 
the classified grades on the whole corresponded well in the 
above tests, save in some cases, as follows: 

The ultrasonic method could not detect fine porosity when 
the sensitivity was at a low level, but the radiographic method 
could not detect a large enough defect to be recorded by the 
ultrasonic echo signal. 

* See Appendix. 
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In  conclusion, the quality evaluation standards for both 
the echo-signal amplitude and the extent of lateral movement 
possible while still receiving a continuous echo signal cor- 
responded well with the classified radiographic grades, and gave 
good evaluation of the internal quality of the weld. 

The acceptance standards for ultrasonic inspection of a 
weld for segment-type steel casings were established by trial 
on the same basis as used for a weld in a ship’s hull, as shown 
in Table 2. 

Table 2 

Echo signal 
amplitude (%) 

Extent of lateral 
movement (mm) 

Underground Casing Welds 

Until recently, underground casings have been constructed in 
the open, on the ground. However, urban traffic conditions 
now make this impractical, and they are now constructed from 
separate pieces, or segments. 

We have constructed many segment-type steel casings for 
high-pressure town water in a number of large cities ,in Japan. 
Details of segment-type steel casings are as follows: 

Diameter : About 1500-3500 mm 
Length of unit pipe: 750-2000 mm 
Thickness: About 10 mm 
Materials: High-yield-point steel 
Division: 4-6 per circumference 
Joint preparations : 
Welding: Manual or semi-automatic 
The segment-type casings used for shield tunnelling can- 

not be radiographically inspected, because only one side of 
the casing is accessible. Therefore ultrasonic inspection is the 
only nondestructive testing method that can be used to deter- 
mine the internal quality of the weld part of the casing. 

Single-Vee with backing ring 

The practice of flaw detection is as follows: 
Test equipment: Krautkramer, USK-5 M 
Probes : Frequency 4 MHz 

Angle 70’ 
Normal probe when detecting for 
penetration to backing ring 

Scanning: Manual, 4-1 skip distance 
Sensitivity: The maximum echo-signal amplitude 

from the 4-mm-dia, 4-mm-deep hole of 
the NDI-STB-A2T test block at 1 skip 
distance is set at 50% of full scale on 

12 Max. 12-25 

c 2 0  

25 Min. 

21-50 

5 1-80 

81-100 

A 

A 

B 

C 

- 
- 

- 

A l B  
B C 

C I C  
A (small defect) ................................ Good 
B (medium defect) .......................... Fair 
C (large defect) ................................ Poor 

To check the correlation between ultrasonic results of 
welded test plates and their mechanical properties, about 100 
welded test plates 10 mm thick containing various sized internal 
defects, were mechanically tested after being classified accord- 
ing to the above acceptance standards. 

The results of the tensile strength test gave mean values 
of grade B and grade C as about 95% and 90% respectively 
of the mean value of grade A. 

Results of the fatigue strength test, showing the difference 
of strength according to the above grades were observed qualita- 
tively. However, fatigue strength is affected by the position of 
the defect. Test plates with surface or sub-surface defects showed 
lower fatigue strength than those with internal defects of the 

the cathode ray tube. same size. 

Figure 2. 
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For segment-type steel pipes fatigue strength is not a major 
requirement, but the welds themselves receive repeated stresses 
and require fatigue strength. Therefore, the acceptance standards 
for the entire welded structure demanded consideration of fatigue 
strength, based not only on the echo-signal amplitude and the 
extent of lateral movement, but the position of defects as well. 

Maximum 
thickness 

of test 
specimen 

(mm) 

Automatic Scanning System by Moving Probe 

As is well known, the weak point in ultrasonic testing lies in 
the recording of results, especially by manual scanning, and an 
automatic scanning and recording system for weld inspection 
has been developed for moving objects, as for example welded 
pipes in the factory. 

However, when the objects cannot be moved, such as a 
large object or fixed one, the probe system must be moved in 
order to achieve automatic scanning. 

Our automatic scanning and recording system by moving 
probe is as follows: 

Drive: Alternating current motor 
Transmission: Gear and chain 
Moving direction: Parallel to welded seam 
Moving length: 600 mm 
Probe: Angle 70°, 2 MHz 
Probe-to-weld distance: Adjustable, but usually probe is 

fixed in three positions (4, 2, 
and 1 skip distance) 

Test equipment: Krautkramer, USIP--10 W 
Monitor: 2 channels 

gate No. 1 for weld part 
gate No. 2 for reflection piece 

One example of records for welded test plate is shown in 
Figure 2. The records consist of 3 charts received from different 
probe-to-weld distances. 

By comparing the 3 charts, we can recognize internal 
defects, including shape, size, position and kind of defect. If 

5.0 Max 

I i+-- -4 w 
In l t la i  Gate G ? i t  
Pulse for f o r  

Weld Piecc 

20.1-50.0 

Figure 3. 

50.1 Min 

necessary, more critical examination may be done by manual 
scanning with a high-frequency, small-sized probe. 

We can recognize internal defects from the recording chart, 
but we do not know the scanning conditions, such as sensitivity 
level, probe contacting condition, etc. In order to monitor the 
scanning conditions, we use the standard reflection pieces. 

The standard reflection piece is made of synthetic resin 
and is similar to the wedge of an angle probe. When this piece 
is placed on the parent material near the welded seam as shown 
in Figure 3, the echo signal from its surface appears on the 
cathode ray tube beside, and to the right of, the echo signal 
from the defect. 

To pick up the echo signal from this piece and reject the 
needless echo signal, we use a 2-channel monitor. No. 1 gate 
of the monitor is used for the weld part and No. 2 gate for 
the standard reflection piece. 

Standard reflection pieces are very useful for monitoring 
the scanning conditions, such as sensitivity level, probe con- 
tacting condition etc., with a function similar to the image- 
quality indicator in radiography. 

Grade 1 

Grade2 

Grade3 

Grade4 

Appendix 

Japanese Industrial Standard 

Radioactive Ray Penetration Test 
for Metals 

(EXTRACTION) 

(JIS Z 2341-1955) 

“4. Grading Classification of Test Results 
“4.1. The evaluation of radiographic test results shall be made 
by photographic-negative taken direct. 
“4.1.1 The weld zone shall be classified into 6 grades according 
to the standard shown in Table 3.” 

0 

2 Max 

4 Max 

8 Max 

5 Max 

10 Max 

18 Max 
-Cathode ray 

tube 

6 Max 

12 Max 

20 Max 

Grade 6 

Grade 5 I 12 Max 

Having a greater number of defects than Grade 5 

Table 3 

5.1-10.0 

0 

3 Max 

6 Max 

12 Max 

18 Max 

10.1-20.0 

1 Max 

4 Max 

8 Max 

15 Max 

25 Max 

1 Max 1 Max 

30Max 1 40Max 

Remarks: The numerals in the Table indicate the number of 
defects found in the area of 10 x 50 mm in the region of highly 
concentrated defects. The sizes of defects are assumed to be less 
than 2 mm in length but those exceeding 2 mm shall be multiplied 
by the coefficients given. A defect exceeding 12 mm and containing 
a crack shall be considered of Grade 6 .  

TESTING OF WELDS 103 



Size of 
defects 

mm 
4.1-6.0 

6 

6.1-8.0 8.1-10.0 10.1-12.0 

10 15 20 
Ceffici- 
ents 

2.0 Max 

1 

2.1-4.0 

4 

Analysis of the Strengths of Aluminum 
Repair Welds 

SHELDON LEONARD, JAMES K. S. LEE 
and JOHN S. CHASTY, U.S.A. 

ABSTRACT: A program was conducted to (1) determine the effects of multiple 
repair welding on the tensile strengths of 6061-T6 fusion welds, and (2) develop 
a nondestructive test method to monitor the changes in strength due to these 
repairs. The program was limited to the analysis of fusion welded 0.090-in. 
6061-T4 material; the weldments were subiected to uniaxial tensile loading 
after artificially age-hardening to the T6 condition. 

Successive repair welding produced significant strength reductions as deter- 
mined by the uniaxial tensile test data. These reductions ranged from 6,600 psi 
(16 per cent of control average) for one repair cycle to 15,600 psi for three 
repair cycles. In contrast, welded samples containing extreme amounts of porosity 
rejectable to MIL-R-45774-STD II, failed at higher average strength values than 
weldments subjected to single and multiple repair cycles. 

The effects of multiple repairs were expressed in terms of electrical con- 
ductivity measured in the heat-affected zones of the parent metal. These data 
were statistically analyzed and compared with the mechanical test results. The 
conductivity measurement method devised during the course of this investigation 
readily indicated weld area strength by changes of the conductivity in the heat- 
affected zone of the metal. Ultimate weld strength relative to heat effects can be 
predicted with a confidence level of 95 per cent based on prior test data. 

Introduction 

Radiography is the nondestructive test most widely used for 
the inspection of thin-gauge aluminum fusion welding. Cracks, 
inclusions, porosity, and similar type defects are readily de- 
tected by this method. Anomalies are recorded pictorially in 
essentially true size in two dimensions. Considering the amount 
of information provided, interpretation is relatively easy. Al- 
though the ultrasonic method has been shown to be effective 
for the inspection of certain weld alloys, thicknesses, and joint 
designs, radiography is still superior. 

This superiority, however, has had a negative effect. 
Reliance on radiography by most of those concerned with weld 
quality has retarded the development and use of other weld- 
inspection methods. Weld-quality specifications are usually 
based on radiographic standards, which limit the use and 
acceptance of results of other nondestructive tests. The limita- 
tions of radiography to provide a complete quality evaluation 
are not widely known nor understood. These limitations are 
emphasized in the case of the nondestructive inspection of 
aluminum repair welds. 

This report describes a program conducted by Lockheed 
Missiles and Space Company (LMSC) to perfect a non- 
destructive test which would provide quantitative information 
of repair weld strength. These data are vital in situations in- 
volving multiple repair welds of heat-treatable aluminum alloys. 
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Background 

Two factors motivated the study to analyze the strengths of 
repair welds nondestructively. One was the misuse of radio- 
graphic information in rendering dispositions of repaired welds. 
The other factor was the little attention shown to metallurgical 
changes occurring in the parent metal adjacent to repairs in 
relation to the importance placed on the presence and mag- 
nitude of porosity in such welds. 

The misuse of X-ray inspection came as the result of 
placing too much importance on it. This was revealed in 
several ways. First, the weld specification would usually in- 
dicate radiography as the only nondestructive test. Second, the 
X-ray standard contained thorough descriptions of grades of 
porosity, including formulae for calculating porosity area per 
unit length of weld and minimum distances permitted between 
porosity. AI1 this information implied a direct relationship be- 
tween porosity in a weld and the performance (strength) of 
the weld. This implication was made regardless of alloy, weld- 
ing technique, or type of service imposed on the weld. This 
implied relationship, not verified for the alloy in question, 
could, and occasionally did, lead to a weld being repaired many 
times until it passed X-ray inspection. In the meantime, the 
metallurgical changes arising from these repairs were not 
evaluated. Fortunately, experienced shop liaison engineers pre- 
vailed on the matter of porosity, resulting in a broader range 
of acceptance. 

The following brief discourse provides a basis for under- 
standing why the present study was necessary. 

Conditions affecting the quality and performance of welds 
fall into two categories. The first category covers defects that 
are visible or would be visible if the interior of the weld were 
accessible. Cracks, inclusions, porosity, undercut, and mismatch 
are examples of visible types of flaws. These are defined and re- 
ferred to as first-order defects. The other category contains 
those anomalies that are not visible without high magnification 
or that manifest themselves in ways not revealed by light 
energy. These are second-order defects; examples are adverse 
stress concentrations, severe redistribution of alloying constit- 
uents, intergranular and other insidious forms of corrosion, 
gross variations in chemistry, and micro conditions of first- 
order defects such as microcracks and microporosity. 



It follows that nondestructive tests of welds, or any other 
material objects, also divide into two groups. The first are those 
methods that provide visual evidence of first-order defects and, 
hence, are qualitative. The most widely employed methods, 
namely radiography, dye penetrant, magnetic particle, and 
ultrasonic flaw detection make up most of this first group. 

The second group of nondestructive tests reveals the 
presence of second-order defects by measuring some charac- 
teristic of the object. Quantitative nondestructive test data are 
available for correlation to the object’s performance. Electrical 
conductivity and ultrasonic attenuation are examples of these 
types of tests. 

Applying the foregoing information to the situation of 
evaluating the quality of repaired aluminum fusion welds, it was 
evident that radiography alone was not adequate. Consequently, 
in late 1964, a preliminary investigation was performed to de- 
termine the effects of multiple repairs on 0.090-in.-thick 6061- 
T 4  aluminum welds. 

Two effects, namely ultimate strength and electrical con- 
ductivity, were monitored in the repaired areas. The objectives 
were: (a)  to establish the amount of strength reduction caused 
by the heating from multiple repairs cycles and (b)  to devise 
a quick and accurate nondestructive test to indicate the mag- 
nitude of this strength reduction. 

Owing to the small number of test coupons (18, exclusive 
of controls), firm conclusions could not be drawn. This did not 
prevent the indication of several interesting relationships. For 
instance, each successive repair. cycle reduced the ultimate and 
yield strengths of the weld specimens. The repairs to the weld 
nugget areas resulted in a greater strength reduction per repair 
cycle than did repairs to the weld fusion zone. Changes in 
electrical conductivity of the weld areas were inversely related 
to the ultimate and yield strengths, e.g., as the physical 
strengths of the weld areas were reduced due to multiple re- 
pairs, the electrical conductivity values increased. The informa- 
tion obtained from this brief investigation justified repeating 
the study on a larger, more detailed scale. 

Procedure 
General 
To evaluate the effect of the weld heat damage due to repair 
welds, it was necessary to fabricate a series of welded test 
plates on which the various repair cycles could be made. These 
welded test plates were then machined into test coupons suitable 
for both eddy-current conductivity evaluation and mechanical 
testing. Shop personnel, equipment, and fabrication methods 
were used when possible since it was felt that such a procedure 
would more closely represent actual hardware fabrication and, 
therefore, be more meaningful to future shop applications. All 
laboratory functions were performed by LMSC’s Manufacturing 
Research personnel in the welding, metallurgical, and non- 
destructive testing laboratories. These functions included elec- 
trical conductivity measurements using the eddy-current method, 
repair welding, age hardening, and mechanical testing. 

Detail 
A 48 X 14441-1. sheet of 0.090-in. bare 6061-T4 material was 
sheared into 36 equal 4 x 48-in. pieces. After degreasing and 
edge preparation, the pieces were assembled and welded to 
make eighteen 8 x 48-in. test plates. The test plates were then 
radiographed to confirm the over-all weld quality and were eddy- 
current tested to establish the as-welded electrical conductivity 
of the heat-affected zone. Next, the control and test coupon loca- 
tions were established and identified by steel stencil. Each 
plate contained eight test coupons and six control coupons. 
Although the final coupon width for both coupon types was 
12 in., the test coupons at this stage were 4 in. wide in order 
to provide a heat-sink distance between repaired areas (see 
Figure 1) .  

The test-coupon repair areas were prepared for repair 
welding by rotary filing a & x 4 x 0.060-in. groove in either 
the weld-nugget area or the fusion zone, depending upon which 
repair type was designated. After repair welding, the beads 
were removed. The plates were again radiographed to confirm 
the repair-weld quality and were eddy-current tested to measure 
the heat-affected zone conductivity. The above procedure was 
then repeated on those coupons designated as second or third 
repair cycles, All repairs and conductivity measurements were 
made on the “top” side of the test plate weld, not on the “drop- 
through” side. Finally, the plates were sheared into coupon 
blanks and the blanks were machined into coupons. A final 
radiographic check and a conductivity measurement of each 
coupon were made and recorded. The entire group of coupons 
were age hardened and mechanically tested for ultimate tensile 
strength (UTS). The conductivity and UTS data were then 
statistically analyzed. 

The test plates were welded per Lockheed Aircraft 
Corporation Specification No. 1422, using the tungsten-inert gas 
process. The welding technique was: 275 amps., 26 VAC, 
lO-in./min head travel, 7/ 32-in. tungsten electrode, “L” wire 
feed, and 4043 weld wire. The direction of weld head travel was 
90” to the rolling mill direction. All test-plate welds chosen for 
this investigation were acceptable to MIL-R-45774-STD I. Three 
in. of plate weld from each end were discarded because 
of possible weld start-or-stop problems. 

Both the control and the test coupons were 8 in. in 
width at the reduced section dimension and conformed to 
Federal Test Method Standard No. 151A, paragraph 4.1.3. 
The test coupons consisted of two main groups or categories: 
(a )  those repaired in the weld-nugget area and (b) those 
repaired in the fusion zone. Each main group was further 
divided into three categories of one, two, and three repair cycles. 
There were 16 coupons in each of the six categories. Each test 
coupon category, in turn, was represented by 14 control coupons. 
The control coupons were tested in the unrepaired condition 
and, therefore, represented the over-all weld quality of the test 
plate from which the various test coupons were taken. Each 
coupon was identified as to plate source, location in the plate, 
repair type (weld nugget or fusion zone), and number of 
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repair cycles. The repair welding was manually performed with 
the tungsten inert-gas process using 4043 weld wire. 
Eddy-Current Conductivity Test Method 
The electrical conductivity measurements were made with an 
E.D. 500 and an F.M. 103. Both are Magna-test instruments 
sold by the Magnaflux Corporation of Chicago, Ill. Each was 
used individually or in combination. All three procedures yielded 
essentially the same results. The nondestructive test data reported 
here were obtained by using the E.D. 500 unit with a Flex 
E. C. number 1 probe. This probe is a special, small diameter 
(4-in.) element which has a very small area of influence on 
a specimen. Because of its high degree of sensitivity and resolu- 
tion, the probe can be placed adjacent to the weld and can 
readily distinguish conductivity changes that occur in the heat- 
affected zones of aluminum fusion welds. 

The coupon conductivity was measured in the following 
manner. The instrument probe was placed on an area of the 
parent metal not affected by the weld heat, the probe was then 
moved slowly towards the weld, and the conductivity rise caused 
by the heat-affected zone was noted. The heat-zone conductivity 
peak, as well as the parent metal values, were recorded (see 
Figure 2) .  

The relative conductivity differences derived from the E.D. 
500 unit were converted to absolute unit differences through 
the use of the F.M. 103 instrument. Throughout this phase of 
the program, the E.D. 500 measurements were carefully and 
frequently checked with the F.M. 103 unit. This somewhat in- 
volved procedure was necessary because the F.M. 103 probe 
was large in diameter (2 in.) and hence averaged the specimen’s 
conductivity, making it unsuited to read small heat-zone changes. 
The Flex E.C. number 1 probe did not function in the F.M. 
instrument, therefore the above procedure evolved. All con- 
ductivity measurements were related back to the three standards 
furnished with the F.M. 103 instrument and were expressed as 
a percentage of the International Annealed Copper Standard 
(IACS) . 
Statistical Analysis 
A portion of the data, randomly selected, was analyzed, while 
the rest of the data was used as a check on the analysis. A 
linear relationship was assumed between the tensile strength 
and the difference in IACS as measured. The correlation coeffi- 
cient was calculated to check the linearity assumption. An 
analysis was then performed to determine the minimum strength 
for a given difference in IACS with a confidence level of 95 
per cent. An analysis of variance was also performed to estimate 
if there was any significant variation between the control and 
the test coupon. 

- I 

The experiment consisted of 12 groups of control and 12 
groups of test coupons. From each set of control and test 
coupons, four data points were randomly selected and analyzed. 
Thus, 48 data points of the 177 recorded were analyzed. The 
nomenclature “Y” was the unit tensile strength in hundred 
pounds, and “X’ was the difference between the maximum 
heat-zone conductivity and the stock. Conductivity was meas- 
ured in IACS.* 

Discussion of Results 

The results of both the mechanical tests and electrical con- 
ductivity measurements were in agreement with the study dis- 
cussed under Background. Each successive repair cycle reduced 
the UTS of the weld area and increased the conductivity of the 
heat-affected zone. These results are shown by category and 
repair location in the bar charts of category averages in 
Figures 3 and 4. The above category-average data are also 
shown in Figure 5 as a curve of UTS versus heat-affected zone 
conductivity. 

Statistical Results 
The curve in Figure 6 indicates the minimum UTS (with a 
95 per cent confidence level) for a given heat-zone conductivity 
difference. The derivation of this curve and the statistical 
analysis employed are discussed in the Appendix. 

Strength Reduction 
From the Figure 3 bar chart, it is apparent that no great strength 
loss difference exists between a weld-nugget repair and a fusion- 
zone repair. The significant factor is that an average strength 
loss of 11,200 psi resulted when any given weld area was 
subjected to three successive repairs. This average strength loss 
represents 28 per cent of the average as-welded control coupon 
strength. The greatest individual strength loss resulting from 
three repair cycles was 15,600 psi, or 40 per cent. I t  was not 
an objective of this program to establish biaxial or polyaxial 
stress loading on repaired aluminum-alloy weldments. 

Figure 3 also indicates that an average loss of 16 per 
cent can be expected when only a &in. length of weld or 
fusion zone is removed and rewelded. In general shop practice, 
the length of a weld repair is usually much longer than the 
&-in. maintained in this investigation. Also, the width of a 
repair usually exceeds the &in. specified in this investigation. 
Repairing a longer and wider grind-out will, in turn, induce 
more heat into the parent metal and will result in a greater 
heat-zone strength loss. 

* Statistical data available from the authors. 
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Figure 3 
Percentage reduction of ultimate 
tensile strength (category averages). 

Figure 4 
Conductivity increase (category 
averages). 

Figure 5 
Ultimate tensile strength vs. conduc- 
tivity (category averages). 

A repair-weld strength analysis,* conducted by C. Gott of 
the Martin-Denver Co. on 2024-T6 aluminum alloy welds, current strength analysis methods. 
showed similar strength losses for one, two, and three successive 

repair cycles. The Martin-Denver study did not employ eddy- 

Conductivity Measurements 
* Martin-Denver Co., Effects of Multiple Repairs on 2024-T6 

Aluminum Alloy Weld Joints, Laboratory Report 62-11-3, Denver, 
Colorado, 13 Nov. 1963. 

The data in Figure 4 Clearly indicate that increasing the num- 
ber of repair cycles will raise the conductivity of the heat- 
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conductivity difference. 

affected zone and, in addition, weaken the parent metal in this 
area. The weld heat distribution of the test plates before repair 
welding was uniform, as evidenced by nearly identical con- 
ductivity measurements taken along each weld edge, and by 
an even distribution of control coupon fracture locations on 
either edge of the weld. In contrast to the as-welded control 
coupons, the manually repaired test coupons displayed a varying 
edge-to-edge heat distribution and conductivity pattern, par- 
ticularly those coupons repaired in the fusion zone. Of all 
the repaired coupons, both weld nugget and fusion zone, 
96 per cent failed in the heat-affected zone having the greater 
conductivity. This again points up the heat damage caused by 
repair welding. 

The curve in Figure 5 reveals the relationship between 
the weld area heat-zone conductivity average and the average 
UTS. Of particular interest is the isolation of the control- 
coupon averages from any of the repaired-coupon averages. 
This phenomenon could be used as a quick post-weld evalua- 
tion to determine the uniformity of the welt-heat distribution 
and the subsequent size of localized heat-damaged areas. Of 
greater importance, an  eddy-current conductivity check’ of a 

repaired area would be a nondestructive strength analysis of 
the repair heat-affected zone. 

Other Results 
In  addition to the coupons used in this investigation, several 
other test specimens containing excessive as-welded porosity 
and drilled holes were subjected to physical testing and radio- 
graphic inspection. The as-welded porosity (and, of course, 
the drilled holes) were far in excess of the minimum acceptable 
voids in MIL-R-45774-STD 11. A comparison of these data to 
those from coupons of repeatedly repaired welds and radio- 
graphically clear, indicated the absence of any relationship be- 
tween radiographic quality and mechanical strength. 

Conclusions 

Multiple weld-repair cycles to a given area in a 0.090-in.- 
thick 6061-T4 aluminum alloy fusion weld reduces the average 
UTS of the weld joint due to heat damage in the adjacent 
parent metal. Of significance is the great amount of this strength 
reduction, Le., from 16 to 28 per cent of the control average, 
depending upon the number of repair cycles. 

The average electrical conductivity of the heat-affected 
parent metal increases with each successive repair cycle. These 
average increases ranged from 2.4 per cent IACS for one re- 
pair to 5.3 per cent IACS for three repair cycles. 

The UTS of a 6061-T6 aluminum alloy fusion weld joint 
can be predicted with a confidence level of 95 per cent, if the 
electrical conductivity of the heat-affected T 4  parent metal is 
known. 

The eddy-current strength analysis described herein can 
be applied before a second or third repair cycle is attempted. 
A nondestructive strength analysis at this stage could influence 
a decision as to whether to continue the repair and further 
weaken the heat zone parent metal, or accept the weld area 
in its present condition. Obviously, the type and magnitude of 
the radiographically revealed defect would be a factor in this 
decision. 

Eddy-current strength analysis is recommended as a sup- 
plement to, rather than a replacement for, present test and 
inspection methods. 

Inspection and Tracking of Welds Using the New 
Magnetic Reaction Analyzer 

GEORGE H. SMITH and 
ROBERT C. McMASTER, U.S.A. 

ABSTRACT: A new eddy-current instrument, the Magnetic Reaction Analyzer 
has demonstrated strong potential os both a sensitive nondestructive test and a 
guidonce control for welded products and automatic welding operations. The 
magnetic reaction analyzer differs from the conventional coil instruments in that 
a Holl element is  used to sense the magnetic reaction fields. Use of a Holl element 
as an eddy-current detector in the pickup probe facilitates high resolution and 
reduced sensitivity to lift-off variations which are always detrimental to an eddy- 
current system in an industrial environment. The magnetic reaction analyzer in its 
differentiol form is  useful to perform sensitive nondestructive inspection of welded 
ports on process lines, in weld mills, or at distribution points whether the test parts 
are moving at high or low speeds or ore fixed statically in iigs. This differential 
analyzer produces an unusually pronounced magnetic reoction at the edge of 
conductive materials and at many welds. This reoction is  used to form a control 
signal to track precisely the position of welds and weld preparations so that 
inspection heads can be accurately referenced to the weld and welding torches, 
and electrodes can be critically positioned relative to the preparation in auto- 
matic welding operations. 
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Introduction 

One of the most interesting application areas of the new mag- 
netic reaction analyzer is its employment in the inspection and 
tracking of welds and weld preparations. The analyzer systems 
use Hall elements as detectors, and as a consequence they ex- 
hibit a combination of characteristics unlike any conventional 
eddy-current system. These characteristics are used to definite 
advantage in the formulation of test and control systems for 
welded products. A description of the absolute and differential 
analyzers and their operating principles as they relate to 
evaluation and location of welds and weld preparations are 
presented in this paper. 
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The Hall Element as an Eddy-current Detector 

The Hall effect has opened new doors to eddy-current testing. 
This phenomenon, discovered in 1879 by E. H. Hall, makes it 
possible to have an eddy-current probe that responds directly 
to the magnetic vector amplitudes and is insensitive to the fre- 
quency of test. Thus, the Hall element introduces the eddy- 
current probe that is not sensor-limited, as all coil pickups 
(detectors) must be, by virtue of this inherent sensitivity- 
dependence on frequency. 

A diagrammed representation of a Hall element is shown 
in Figure la .  Typically, they are thin (2-10 mils) and rec- 
tangular in shape; a common size is 30 x 60 mils. The Hall 
voltage, measured across the width, is proportional to the prod- 
uct of control current through the element and the magnetic 
vector component perpendicular to its surface. Therefore, by 
maintaining the control current constant, a linear response to 
the normal magnetic vector field is provided across the Hall 
voltage terminals. The sensitive area of a Hall element is gen- 
erally circular with a diameter equal to the element width. 
Good resolution is attainable with this point sensitivity even at 
very low frequencies. 

B 

I l l  

Figure l a  Hall element operation. 
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When the Hall element is used as a detector in an eddy- 
current probe, excitation is provided by a coil that surrounds 
or is positioned near the Hall element (or elements, when 
multiple detectors are used). Sensitivity is essentially constant 
for a given Hall detector for all frequencies of excitation, a 
feature unattainable with coil pickups. Nearly 100 per cent 
coupling efficiency of the magnetic vector fields is common 

Figure 1 b Differential test configuration. 

because the Hall element can easily be positioned near the 
test surface. Sue, shape and location of the excitation coil are 
variables that produce significant effects on the probe sensi- 
tivity and in a predictable fashion. As the coil diameter (or 
cross-sectional area for noncircular coils) is increased, two 
effects are readily apparent. 

First, the depth of eddy-current penetration increases. 
Since penetration depth also increases as the excitation fre- 
quency is lowered, two variables of the eddy-current test can 
be used to improve penetration into the product under test; or 
where it may be desirable to use a relatively high-test frequency, 
the depth of penetration can be adjusted by varying the 
excitation-coil diameter. This can all be done without loss of 
resolution or sensitivity since the Hall element is the detector. 

A second effect that is apparent when the excitation-coil 
diameter is increased, is a reduction in the effects of lift-off 
(spacing between probe and test surface). Often normal pro- 
duction-line vibrations introduce lift-off signal variations to an 
eddy-current inspection system that are considerably larger than 
those produced by the defect signals which are of real interest. 
Unless these lift-off signals can be reduced in such a system, 
the product inspection is a useless operation. The magnetic 
reaction analyzer probe can be simply designed to give a de- 
sired lift-off sensitivity on flat surface and many contoured 
surface inspections without a sacrifice in sensitivity or resolu- 
tion, both of which are essentially constant for a given Hall 
element. Therefore, analyzer probes with large excitation coils 
provide excellent eddy-current penetration and effectively 
normalize sensitivity to lift-off, such that variations of VI in. 
can be tolerated for some production tests. 

Description of the Magnetic Reaction Analyzers 

The Hall element is used for detection in all magnetic reaction 
analyzer systems. This has produced a new concept in eddy- 
current testing that features an absolute analyzer with internal 
standardization, and a differential analyzer useful for both 
sensitive inspection of a product and accurate control of the 
production process. 

Absolute Magnetic Reaction Analyzer 
Direct readout of all of the components of the magnetic vector 
plane are produced by the absolute magnetic reaction analyzer. 
The magnetic vector plane might well be considered one of the 
most direct and most easily understood of the complex plane 
representations. The means by which these vector quantities are 
produced and displayed has been covered in several previous 
papers (1-3). Further treatment of this subject can be found 
in the new edition of the Nondestructive Testing Handbook (4). 
A brief description and the performance characteristics of the 
absolute analyzer that are pertinent to the subject matter of 
this paper is summarized here. 

The absolute analyzer, though not used in industrial appli- 
cation, serves the function of establishing the initial feasibility, 
optimum test frequency and often the final test-probe design. 
The instrument provides constant current, variable frequency 
excitation to the test probe over a frequency range of 20 Hz 
to 100,000 Hz. A typical absolute probe is composed of a coil 
that encircles a Hall detector where the magnetic axis of each 
is aligned, so that nearly 100 per cent coupling efficiency is 
commonly achieved. 

An increase in the magnetic reaction vector Hr is ex- 
perienced for either an increase in test frequency, electrical 
conductivity, or thickness for their materials. This would be 
expected since all of these parameters increase the eddy-current 
density within a test material. Therefore, when inspection is 
performed at a fixed test frequency, any material discontinuities 
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that alter the conductivity or thickness (geometry) of the 
product under test will be reflected in the magnetic reaction of 
the eddy-current test. 

In practice, a test frequency is chosen to penetrate the 
material to the desired inspection depth. Coil diameter can be 
increased for even greater penetration depth. Then fabricated 
or natural discontinuities can be evaluated in absolute magnetic 
reaction units (a  scale referenced to the fixed excitation ampli- 
tude of the probe coil). It is generally possible to determine 
the smallest discontinuity (of a defined type) that is detectable 
in the light of normal variations of conductivity and geometry 
within the test material. When these normal property variations 
are prohibitive, which is commonly true, a differential probe 
can be used to minimize these inconsequential variables. 

AC C O N S T A N T  

CURRENT AMPLIFIER 
~ 

Differential Magnetic Reaction Analyzer 

The concept of the magnetic reaction analyzer has been carried 
further so that high-sensitivity differential testing can be effec- 
tively performed in an industrial environment. All characteristics 
of the absolute analyzer are utilized and even apparently 
insignificant absolute analyzer variations often can serve as a 
basis for a practical production test. 

A differential magnetic reaction analyzer is depicted in 
Figure 2a. This instrument provides an excitation field for two 

VARIABLE FREQUENCY 

O S C I L L A T O R  

Hall detectors that may be located within a single probe. The 
outputs of the detectors are connected differentially, so that the 
indicated output of the analyzer represents the difference 
between the two detector outputs. A high-attenuation filter 
plug-in module facilitates noise-free operation in electrically 
noisy environments. The system block diagram in Figure 2b 
shows that the indicated vector output is the difference of the 
net magnetic vectors at two discrete test locations. 

Differential testing with the differential analyzer is generally 
performed with a test probe in which two Hall detectors are 
encircled by a single excitation coil. A configuration of this 
type is diagrammed in Figure lb .  Local property variations 
within a product such as defects, voids and metallurgical non- 
homogeneities can often be detected with this type of configura- 
tion to the exclusion of long-term variables such as gradual 
changes in wall or material thickness, physical properties or 
heat-treat condition. This is because long-term variables do not 
change abruptly, and hence affect two closely spaced Hall 
detectors in like manner. This same probe configuration is used 
to formulate precise guidance systems for process control 
applications. 

Defects, voids and metallurgical nonhomogeneities within 
a material that, at least in part, lie in planes parallel to the axis 
of the test probe can often be detected with standard differential 
analyzer system when a local change in conductivitv or 

Figure 2 a  
Differential magnetic reaction an- 

alyzer (F. W. Bell, Inc.). 

I 

B A L A N C E  F I L T E R  
C I R C U I T  

Figure 2b 
Black diagram of differential an- 

alyzer (F. W. Bell, Inc.). BLOCK DIAGRAM MRA 1290 
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geometry is produced by the discontinuity. Laminar defects 
that lie totally in planes parallel to the surface of the test part 
are not detectable with probe techniques since the flow of eddy 
currents is also in planes parallel to the surface except when 
diverted by edges of, or transverse discontinuities within, the 
test part. 

Eddy-current inspection with probe systems has, in general, 
been highly unsuccessful because of the false output signals 
resulting from mechanical noise and vibration. Because lift-off 
response of the magnetic reaction analyzer probes is totally 
predictable and controlled, this noise problem can usually be 
resolved even in demanding production environments. Even 
further lift-off compensation is afforded by the differential probe 
configuration since both Hall elements sense identical lift-off 
changes and their outputs are connected in electrical opposition 
(differentially). 

Inspection of Welds 

Weld inspection is most efficiently performed when only the 
weld zone is included in the inspection. When an additional 
area is covered by the test, excessive power units are sometimes 
necessary and resolution required to detect small defects is 
generally sacrificed. In particular when the weld is longitudinal, 
a line inspection is all that need be performed with the analyzer 
by scanning the probe along the weld zone. On weld mills, 
inspection can even be performed with a near-stationary probe 
as the weld passes under it. Where curved welds or weld skew 
must be followed, tracking of the weld position i s  many times 
feasible using an analyzer system to provide positioning 
correction. 

Depending on the required level of sensitivity, an inspection 
path from 0.030 in. to $ in. can be provided with a standard 
differential probe that has two Hall elements in it $ in. apart, 
each being an 4 off-centre. Typically very high sensitivity can 
be achieved with a scan path width of about Q in. This is 
accomplished by twisting the test probe within a fixture so 
that the effective spacing between the Hall elements, with 
respect to the direction of scan along a weld, is %6 in. If each 

. . ...... . .... ..... ........ ......... . ... ..... ~ . .... . . ... - - - - - - - - . - - - - - - - . .  

element is considered to have an effective range of 4/16 in., then 
together they will scan +wo adjacent 4/16-in. paths-a total scan- 
path width of & in. 

The depth to which inspection can be performed may be 
adjusted, using the variable of test frequency and, when neces- 
sary, the excitation coil diameter. However, it is sometimes 
advantageous to select the coil diameter and/or shape to 
minimize the pesky effects of lift-off. On large parts large-area 
excitation coils facilitate deep penetration (to 1 in. in brass 
and around 2 in. in most aluminum alloys) and can tolerate 
unusually large lift-off variations (to 2 in. on steel). By selecting 
the appropriate test frequency either surface or subsurface dis- 
continuities can be emphasized for a given material, since the 
depth of penetration varies inversely with the root of the test 
frequency. If only' surface discontinuities or leakers are of 
interest, a high-test frequency would be a logical choice. 

Inspection of welded tubing is commonly accomplished 
with encircling eddy-current coils, even though nearly all 
objectionable defects are located in the weld zbne. Much higher 
sensitivity and, consequently, far more critical inspection of the 
weld in welded tubing can be performed with a differential 
analyzer probe referenced to the weld seam. This is logically 
so, since encircling coils must view the total body of the tube, 
and property variations throughout the body of the tubing 
produce signal variations that only serve to mask the informa- 
tion of interest from the weld zone. Because the resolution of 
the weld area is so greatly improved, sensitivity to lack of 
fusion, root defects, and other inside-diameter weld imperfec- 
tions is often possible. 

Figure 3 depicts differential analyzer output signals for 
scans made along a longitudinal weld seam for two pieces of 
stainless steel tubing. Both welds appeared good on the 3&-in.-dia 
tube outside-diameter surfaces, but further examination showed 
that weld penetration was not complete at the root of the weld 
on the inside-diameter surface of one. 

Tracking of Welds and Weld Preparations 
An interesting characteristic of the basic analyzer probe design 
is its unusually pronounced reaction to the edge of a conductive 

Figure 3 
Differential analyzer output signals 
for weld seam scans of two stainless 
steel tubes, 3-f OD. 
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material. When the probe of the magnetic reaction analyzer is 
remote from edges of the test material, consistent readings are 
obtained over conducting materials of uniform properties and 
thickness. Negligible effects upon signals are observed as the 
probe is moved towards the edge of the specimen, so long as 
the magnetizing coil of the probe remains wholly over the test 
material. However, when the Hall detector is just within the 
edge of the material, it is subject to the strong demagnetizing 
effect of the distorted eddy-current path. If the Hall detector 
is just outside the edge of the conducting test material, this 
magnetizing effect is reversed. This distortion and reversal is 
shown in Figures 4(a)-(d) .  

This remarkable effect is the result of the point sensitivity 
of a Hall detector being located in a relatively large excitation 
field area. Just outside the material edge the magnetic reaction 
(H.) of the eddy currents is reversed from its normal direction 
and aids the exciting field (H,) of the excitation coil. Numerous 
applications in process control, weld tracking and guidance of 
automatic welding electrodes are now feasible using this 
magnetic-reaction analyzer concept. 

At an edge of a material or at a through-crack location, 
the circular eddy-current paths are totally diverted along the 
edges (Figure 4d) and significant differences in Hr, the mag- 
netic reaction field, are noted. If a longitudinal variation in 
conductivity, permeability, or geometry (such as many welds 
represent) exists along a material, only a certain percentage 
of the eddy currents are diverted along the line of property dis- 
continuity or weld. Often this variation is sufficient to produce 
enough change in the magnetic reaction so that a weld is 
easily detected and useful as a control signal for guidance 
systems. 

If an absolute probe (single Hall detector probe) is scan- 
ned across a weld zone, an increase in the magnetic reaction 
vector, Hr,  is normally experienced at the weld. The exact 
location of the weld can be easily defined in this manner. How- 
ever, when positioned to the side of the weld it is impossible 
to discriminate one side of the weld from the other by merely 
observing the reaction signal, since both provide identical 
information. 

If instead, a differential probe is positioned over the weld 
such that the two Hall detectors straddle the weld, not only 
the amount of offset, but also the direction of offset from the 
weld is indicated, Figure 5 depicts the three possible probe posi- 
tions over a weld and the corresponding differential analyzer ac 
output signals. As the probe senses any wander of the weld 
from the balance (centred) position, the control signal created 
commands a servo-controlled system to immediately eliminate 
the positioning error. Such positioning correction is useful for 
guidance of inspection transducers on, or a &en distance away 
from, a weld, or for precise referencing of welding electrodes or 
arcs along the weld preparation. 

Figure 4 
A. Path of eddy current when probe magnetizing coil extends 
partially over edge of sheet material. Demagnetizing field of 
eddy currents i s  increased as flow path approaches Hall device 
(shown os black square in centre of magnetizing coil). B. Path of 
eddy current when Hall device at probe centre approaches edge 
of sheet material. (very high demagnetizing field acts upon Hall 
detector). C. Path of eddy current when Hall device at probe 
centre i s  located outside edge of sheet material. In this case, the 
magnetic field of eddy current i s  reversed, and aids the magnetiz- 
ing coil, resulting in field strengths greater than probe coil mag- 
netization at the Hall detector. D. Eddy-current distribution when 
probe i s  located over a long, through crack in thin sheet material. 
(Note that eddy currents flow in opposite directions along each 
side of the through crack, producing an intense reversed magnetic 
reaction field due to the clockwise effective current flow which aids 
the field of the magnetizing coil current, It). 

I 
I - 

n 

\ I 
\ I e! '- J 

If 

If 

> 
Long, Through 

Sheet Materir 
I s  pe c imen * 

112 TECHNICAL SESSION 4 



/ H A L L  ELEMENTS WELD 
SEAM \ 

0- OUTPUT - ' - I " -  

OUTPUT 
(CENTERED ON WELD) 

DIFFERENTIAL MRA OUTPUT 
SIGNALS FOR CORRESPONDING 
PROBE POSITIONS. 3 PROBE POSITIONS OVER A WELD. 

Figure 5 Differential MRA output signals produced for various probe positions 
over a weld. 

Accuracy of such a tracking signal is limited by the back- 
lash in the mechanical gearing and can conceivably be held to 
a fraction of a mil for applications that require such precision. 
Normal variations in material properties can also serve to limit 
the accuracy, but often metallurgical and geometrical non- 
homogeneities can be normalized in the preparatory stages of 
a production process. 

Many applications may not require this degree of accuracy, 
so that other means of control may be entirely suitable. One 
such possibility is the use of reversing dc motor control. In  
this case, the ac output of the differential analyzer is used to 
feed a standard synchronous detector and electronic gate com- 
bination which can directly furnish signals for multi-speed dc 
motor correction. 

Tracking and Inspection Systems 
The differential form of the magnetic reaction analyzer is useful 
as both a critical inspection and accurate guidance control 
system. When sensitive inspection of a weld must be performed 
at production rates of speed, both functions can often be accom- 
plished with identical electronic systems. The advantages in 
terms of maintenance, personnel training, and general simplicity 
of using identical systems are evident. 

Of paramount importance in the successful operation of 
systems of this type is a well engineered mechanical referencing 
unit. It is many times necessary in this area of mechanical 
fixturing to attempt a best-effort type of design and hope that 
in the final testing it will prove to be adequate. This non- 
scientific approach can only be eliminated when it is possible 
to produce sound, reliable, lift-off curves in terms of absolute, 
not relative, units that are readily reproducible without referring 
to fabricated standards that often prove to be dissimilar. 

Conditions common to production, such as vibrational 
noise, are represented in early test stages of system development 
with the magnetic reaction analyzer, and studies are made of 
these conditions that result in tabularized and platted relation- 
ships. These data are all in terms of magnetic reaction units, 
an absolute unit scale that is established within the absolute 
analyzer unit. This internal standardization that produces an 
identical calibration on every absolute analyzer makes data 
meaningful and reproducible in remote locations without any 
reference to test standards or blocks of material that can change 
with time and environmental conditions. 

When the fundamentally important relationships have been 
determined for a given application, the test or control system 
mechanical unit can be designed from this information on a 
knowledgeable basis. Tolerances for various motions and mating 
parts can be dictated so that the unit will be adequate but not 
unnecessarily overdesigned, an expensive element in any type 
of system. 

An example of a dual-function test and control system 
and mechanical referencing unit is shown in Figure 6 .  This is 
a production unit to track and inspect the weld on small- 
diameter tubing. This is typical of the magnetic reaction 
analyzer systems that are finding broad areas of application in 
industrial welding processes because of their linear sensitivity 
at all frequencies, sensitive point resolution, and minimized 
lift-off sensitivity. 

Figure 6 Mechanical referencing unit used for tracking and inspection of welds 
on small diameter tubing. 
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Scientific Principles of lntroscopy 

P. K. OSHCHEPKOV, USSR 

Introscopy, a new trend in science and technology, has of late 
emerged and developed in the Soviet Union as a natural require- 
ment of modern technical progress. 

In  the most general sense introscopy means direct vision 
inside opaque bodies and media. Its main aim is to develop 
methods and apparatus which ensure the study of the inner 
properties and qualities of materials, parts of machines and 
,processes, which are impenetrable to usual light, without 
destroying them. 

There are very few transparent bodies and media in nature 
because the visible part of the spectrum of electromagnetic 
waves constitutes only a very small part of the multiformity of 
the known types of radiation. Such bodies and media can 
literally be counted on the fingers. They are water, air, vacuum, 
quartz, rock salt, fluorite and several more natural formations. 
There are also very few artificial transparent materials. Of these 
only glass and a few plastics may be mentioned. Opaque bodies 
constitute the overwhelming majority in nature. 

However, if the type and spectral composition of the radia- 
tion is chosen correctly,. it is possible, on the basis of trans- 
forming these invisible radiations into optical visible images, to 
make the whole world, as it were, transparent. In this con- 
nection it is not out of place to mention here that for a flux 
of neutrino-type elementary particles even the terrestrial globe is 
transparent. 

The achievements of physics (beginning with the dis- 
coveries of Becquerel and Roentgen), especially those of 
modern technical electronics, have made it possible to consider 
introscopy one of the practically soluble problems of our time. 

The needs of production, research, medicine, etc., urgently 
require the development of high-speed methods of obtaining, 
treating and establishing the fullest possible-Le., multiple-unit 
-information directly from the inner spheres of the investigated 
or controlled bodies and media. By making extensive use of the 
most diverse types and spectra of penetrating radiations, intro- 
scopy as a method of producing and obtaining multi-unit 
information, is one of the real methods of solving such problems. 

The physical basis of introscopy is the interaction of the 
penetrating radiations with the substance in which they are 
propagated. This interaction may express itself in a change and 
in variation of the absorption coefficient of radiations in the 
manner of their propagation inside the radiated body, as well 
as in a change of the characteristics correspondingly connected 
with reflection, diffusion, dispersion, polarization, diffraction, 
nuclear reactions, magnetic resonance and other phenomena. 

In the most general sense the capacity of introscopy to 
inform is determined by the physical nature of the penetrating 
radiation and the mechanism of its interaction with the sub- 
stance of the radiated or controlled body, namely, the intensity, 
spectrum and geometry of distribution of the flux of penetrating 
radiations; the material, structure and geometry of the object 
being studied; the speed with which the multi-unit information 
is obtained and treated; the method of registering the images 
in the invisible fluxes of penetrating radiations; the share of the 
effectively absorbed energy in the receiving element; the type 
and parameters of the transformer and amplifier of the images; 
the method of discriminating the images of introscopic informa- 
tion; and the type of logical and computing machines used. 
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Many types of optically formed or spatially distributed 
fluxes of penetrating radiations, from gamma-quanta of high 
energies to radio waves of millimetre and submillimetre bands, 
and from high-frequency resilient oscillations to corpuscular 
radiations, may be used as agents capable of carrying multi- 
unit information about the internal structure, composition and 
properties of opaque bodies and media. Fluxes of neutrons and 
other particles with a still higher penetrating ability may also 
be used for the same purposes. 

Nowadays many new scientific and technical problems are 
solved on the basis of already known technical elements and 
of finding new interrelationships between them. This also applies 
to the problem of introscopy. I t  is confirmed by the example 
of using the near infrared radiation for purposes of introscopy. 
The “MIK-I”-type infrared microintroscopes, first built in the 
Soviet Union, have made it possible to effect direct vision in 
single crystals of silicon, gallium arsenide and a number of 
other semiconductor materials. 

However, the problem hinges on finding fundamentally 
new technical ways, owing to the special demands made of 
such apparatus. 

What are the most essential and most important methods 
of technical solution? 

The specific character of simultaneous reception and trans- 
formation of multi-unit information through optically formed 
or volumetrically distributed fluxes of radiant energy consists 
in the fact that many types of radiations cannot be directly 
transformed into a distributed electron flux by the known 
methods of transformation, for example, through the external 
photoeffect. The reason is that in some cases (e.g. long-wave 
infrared radiation, submillimetre and millimetre radio waves) 
the energy of separate quanta is fundamentally insufficient to 
overcome the work of photo-electron yield, while in other cases 
(e.g. gamma-quanta and high energy accelerated particles) the 
energy of the quanta or particles is too great to produce such 
an effect, and leads to their negligibly low absorption in the 
surface layer of the emitter. 

The solution to this problem was found through elabora- 
tion of an entirely new principle of receiving and transforming 
optically formed or spatially distributed fluxes of radiant energy. 
This principle rests on the fact that the received radiation is 
in this case used, not for direct influence on the photoelectric 
cathode, as is done in all the usual electron-optic transformers, 
but for the creation of a so-called electric potential relief 
(electric image) outside the electron-vacuum apparatus. The 
electric potential relief is then used for contrqlling the secondary 
electron or photo-electron emission inside the electron-vacuum 
apparatus. To  transfer the external electric potential relief into 
the electron-vacuum system, it was necessary to develop new 
materials which combine vacuum strength and properties of 
anisotropic electric conductivity, i.e., electric conductivity only 
in one direction (Figure 1 ) . 

Technically the new principle of transforming distributed 
fluxes of penetrating radiations was embodied in “Unikon-55”- 
type universal transformers. The principle of action of such 
apparatus can be explained as follows (Figure 2 ) :  the electric 
relief created in the receiving element and reflecting the received 
image in the flux of invisible radiations directly, and with the 



Figure 1. Material possessing electric conductivity only in the direction of the axis of the apparatus. Figure 2. Fundamental scheme of 
“Unikon”: A-body being studied; 8-receiving element. Figure 3. A multidyne. Above it are a match and a normal multistage photo- 
electronic multiplier shown for comparison. Figure 4. lntroscope screen showing pincers immersed in a cuvette containing an opaque 
liquid. 

same spatial distribution in the plane of reception, is transmitted 
within the electron-vacuum apparatus. This transfer is effected 
because the anisotropic material of the inlet of the apparatus 
has electric conductivity only in the direction of the axis of the 
apparatus. In all other directions this material acts as an in- 
sulator. Such material may number from 1,000 to 10,000 and 
more conducting elements per one square centimetre. 

The anisotropic material of the inlet of such a transformer 
is covered on the inside, i.e., on the side of the vacuum, with a 
thin film that possesses secondary-electron emission, and second- 
ary electrons will therefore be emitted from this film when the 
electron beam passes over its surface. The value of the 
secondary-emission current will follow exactly the value of the 
electric potential at the point of interaction of the electron beam 
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with the surface of the emitter, and the current from the 
collector will carry television information corresponding to the 
received image in the penetrating beams. 

The principle of reception and transformation of pene- 
trating radiations through the external electric potential relief 
is universal and in its further development it will ensure a 
considerable expansion of the different types of radiation used 
for purposes of introscopy. 

In the apparatus in which the principles and methods of 
introscopy are used the receiving and transforming elements are 
in one complex with the radiating devices. This extends the 
possibilities of introscopy because insufficient intensification of 
the received multi-unit information may in this case be com- 
pensated for by the power of the radiation source. However, 
we must take into consideration the fact that in its further 
development introscopy will undoubtedly come across such 
materials and processes that their control is possible only at  
weak and ultra-weak radiation fluxes. This is dictated by the 
requirements of biological protection, when using any pene- 
trating radiations, as well as by the necessity of obtaining 
information on very small physical changes in the media in 
question. 

These requirements bring forward the problem of de- 
veloping methods of simultaneous reception and amplification 
of the weak radiation fluxes and isolating signals which lie 
below the background level. Theoretical and experimental 
studies have shown many basic principles of radio engineering, 
and electronics may successfully be transferred to the sphere 
of light, magnetic, 2emi-conductor and even mechanical pheno- 
mena. Here, too, there are extensive prospects for using, in 
photoelectronics, principles analogous to those of radio engineer- 
ing and also for finding such properties in them as differ quali- 
tatively from those of radio engineering. 

In the reception of single-channel information it was 
possible to show that the elaborated principle of photo- 
electronic supergeneration (analogous to the superregenerator) 
displays not only considerable amplification (about 10G-lOe)- 
high sensitivity to a weak signal-but also makes it possible to 
receive a weak signal against a background which exceeds the 
received signal 100-fold and more. This is particularly important 
in studying images of objects with a weak contrast. The phenom- 
enon thus discovered has a high degree of non-linearity. 

The subsequent development of this principle relative to 
simultaneous reception of multi-unit information has led to the 
creation of a system of multichannel electronic amplification. 

The many years working out systems of multichannel 
secondary electron amplification have resulted in putting into 
practice the principle of uninterrupted secondary-electron 
amplification which we named, for the sake of brevity, 
multidyne. 

The distinguishing feature of multidyne is the absence of 
separating electrodes (unlike all types of photomultipliers) and 
the possibility of making the smallest desirable amplifiers (down 
to the size of a micron). The coefficient of multidyne amplifica- 
tion is in principle unlimited. Only the thermal stability of the 
material itself is the limit. 

The principle on which the multidyne works can be seen 
in Figure 3. Only one tension is fed to the tube, made of 
high-resistance, but nevertheless conducting, material. An in- 
creasing distributed potential is placed along the tube and, 
consequently, an increasing electrical field inside the tube. Under 
the action of this field the electron emitted from any point of 
the inner surface of the tube will move along a parabola. And, 
if the calibre of the tube, Le., the ratio of the length of the 
channel to its diameter, is large enough (about 50-60), the 
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electron will soon meet with the opposite wall of the tube at  a 
point whose potential will in this case necessarily be higher than 
the potential at the point of its emission. Thus the electron, 
picking up this difference in potentials, will cause a secondary 
emission at the point of incidence. This will be followed by a 
chain electron multiplication which will very soon lead to 
amplification of the primary signal a thousand-, a millionfold, 
and even more. 

A single-channel multidyne, but not the smallest, compared 
with the usual photoelectron multistage multiplier, is shown in 
Figure 3. This multidyne is the size of a match, but multidynes 
can be made scores and even hundreds of times smaller. 

This principle has now been theoretically and experimen- 
tally confirmed. An engineering realization of various systems 
of multidynes and further development of their theory will 
make a serious contribution to technical electronics and radio 
engineering; this principle of amplification is now being de- 
veloped in many countries. 

No development of high-speed methods of controlling and 
investigating materials and processes, especially when studying 
very important objects, is thinkable unless the results of radia- 
tion can be recorded at the same speed. The “Unikon”-type 
universal electronic transformers make it possible simultaneously 
to solve this problem also, since the use of materials with 
anisotropic electric conductivity permit of transferring the dis- 
tribution of the electric charges inside the vacuum system 
without any distortion to any dielectric material outside the 
vacuum system. The methods of developing such electric charges 
on dielectric materials are already well enough known. 

Such electronic videographic recording of. the results of 
observations in the form of images, graphs, figures and codes 
will also be very useful for computing engineering. In such 
devices the rate of printing may be brought up to 20,000 signs 
a second. 

The multi-unit introscope information obtained in fluxes 
of penetrating radiations is conditioned by the interaction 
between the quanta or particles of radiations of various energy 
and the substance being studied. In evaluating the information 
obtained an important role must be played by methods of 
analysis, particularly spectral methods of its investigation. 
Elaboration of systems of coloured and stereoscopic introscopy 
may be one of the possible results of such investigations. But 
for the nearest practical problems the spectral analysis of 
information makes it possible to separate the irregular anomalies 
from the regular ones in the process of studying the substance. 
With the existing highly sensitive primary elements this becomes 
very important. 

Such are the basic scientific and technical problems of 
introscopy formulated in their most general fundamental signi- 
ficance. It should be noted that these fundamental propositions 
give rise to an enormous number of scientific and practical 
problems. 

Stemming from the aforementioned problems is the neces- 
sity of working out specialized analogs and computers for dis- 
cerning the introscopic images obtained and studying the 
information capacity of penetrating radiations during interaction 
with substance. 

The importance of introscopy is hard to over-estimate. It 
has vast fields of application. It is necessary to many branches 
of the national economy, practice, scientific experiment and 
medicine. In engineering, for example, it is necessary in studying 
the quality of metals and, especially, new materials developed 
on the basis of minor materials and polymers, plastics, ceramics 
and pyroceramics, for improving the methods of defectoscopy, 
determining the sizes of types and orientations of defects, the 



degree of reliability in the work of aggregates, in studying 
fatigue stress, internal stresses, etc. In  metallurgy the application 
introsccpy is necessary for studying and controlling the kinetics 
of high-temperature processes on the metal-slag borderline; for 
automatically controlling the quality of hot and cold metal in 
the process of rolling on blooming and slab mills; in tube- and 
sheet-rolling production. In the chemical industry the methods 
of introscopy are-needed for active control of a number of 
technological processes. 

Introscopy will play an important role in building for it 
may be used in studying the strength of building materials and 
structures. Introscopy will also find application in geology and 
hydraulic engineering. 

Introscopy has found one of its first applications in studying 
the quality of semi-conductor materials and the optic efficiency 
and homogeneity of single crystals impenetrable to visible light, 
But this is only the beginning. In the field of semi-conductor 
materials, and in the field of quantum radio electronics much 
is still to be done to extend the application of introscopy to 
make it possible not only to observe structural and chemical 
anomalies, but also to study electrical processes at the border 
of transition with different conductivity, to observe the real 
distribution of currents inside semi-conductors, and to study 
the topology of thermal fields, etc. 

Infrared microintroscopes have made it possible to see 
directly into single crystals of semi-conductor materials. In 
scientific experiments introscopy is needed for studying the relief 
of magnetic, electromagnetic and ultra-high-frequency fields, in 
radio astronomy-for studying the spatial structure of radio 
signals-and in biochemical and encephalographic research- 
for studying pathological changes in the living organism. 

To improve the work of ports and airfields under unfavour- 
able meteorological conditions, it is also necessary to have 
means of seeing through opaque or barely transparent obstacles. 
Under these conditions introscopy can solve the problem of 
seeing through fog, rain, clouds, etc. 

There is no need to list further the fields of application of 
introscopy. It is sufficient to suggest that its application will be 
wider than that of microscopy and telescopy, since introscopy 
rests not on a narrow region of visible light, but on the enor- 
mous range of electromagnetic radiations, as well as other types 
of radiation, including corpuscular fluxes and resilient oscilla- 
tions. 

In  summing up we may merely state that the emergence 
of introscopy was in a measure predetermined by the develop- 
ment of such now powerful branches of technology as com- 
puting engineering. It is generally known that the achievements 
already made in this field have widened the prospects for de- 
veloping the most diverse systems of automatic control and 
regulation. It has now become possible to use computing .engi- 
neering in many branches of science and technology, from 
metallurgy and machine building to scientific experimentation 
and from agrotechnics to medicine and biology. Automation, 
systems of control or, in a more general sense, cybernetic 
devices offer unlimited opportunities for application and are of 
paramount importance to the national economy because, in the 
long run, a consistent rise in labour productivity, which society 
needs so much, depends on their development. But effective 
utilization of this large store of devices may be ensured only 
if the means of obtaining objective primary information are 
ensured. Insufficient attention has as yet been devoted to prob- 
lems of developing techniques of obtaining such information, 

and a clearly marked gap between the requirements and the 
possibilities has formed as a result. As an example, mention 
may be made of the fact that a number of the most highly 
developed countries now already have several thousand elec- 
tronic computers, whereas for control of ihdustrial processes, 
i.e., for control with feedback, and improvement of the processes, 
the number of machines in use is only in the hundreds. The 
control of technological processes, the determination of the 
degree of dependability and quality of materials, parts of 
machines and structures, and especially the technical diagnosis 
of particularly expensive objects require new and high-speed 
methods of obtaining primary information. 

All the now existing pick-ups, electrical, mechanical, 
thermal, ultrasonic and other values make it possible to obtain 
information mainly of a local or composite character. The 
ammeter, for example, makes it possible to measure the 
strength of electric current in the chain of a semi-conductor 
apparatus, but furnishes no information on the distribution of 
current inside this apparatus. The nominal value of a certain 
ohmic resistance does not as yet mean that its physical proper- 
ties are homogeneous in cross-section or surface, that it does 
not have zones of dangerous concentration of possible over- 
load, etc. The temperature of the exhaust gas of a jet engine 
has a complex spatial distribution. The same may be said about 
the distribution of internal forces of stress. The temperature of 
the human body also shows a complex picture of its distribution 
along the surface, as well within the internal organs. 

These conditions very naturally gave rise to the necessity 
for multi-unit information characterized by the spatial distribu- 
tion of these and other similar physical properties inside the 
studied or controlled body. Many problems of modern technol- 
ogy can no longer be solved without such information. This is 
particularly important in the problem of technical diagnosis 
which determines the degree of dependability of various devices, 
schemes and structures. 

Modern technical progress presents a number of other 
requiremerits which determine such a problem. 

Most things and materials used in modern technology are, 
as is well known, impenetrable to visible light. That is why the 
problem of penetrating inside opaque bodies and media must 
be solved by the new trend in science and technology-intro- 
scopy-which, as has already been stated, in the most general 
sense means seeing inside. In a broader sense this implies a 
complex of means which makes it possible to obtain multi-unit 
information in the form of an electric potential relief capable 
of being subsequently treated quantitatively or logically by 
means of electronic computers. Direct visual perception of 
information on cathode-luminescence or other screens is, as it 
were, a specialty of introscopy. 

Practically speaking, in the final analysis our eye also 
works to elaborate electrical impulses. The neurons of the 
cerebral cortex actually treat not the image on the retina of 
our eye, but the sum of electrical signals reaching them along 
optic nerves. This suggests a rather important analogy with 
bionics for thc subsequent development of introscopy. 

All the means of modern electronic computing engineering 
with its sjstems of control and automation may be regarded as 
a complex of means for treating information and issuing com- 
mand signals, whereas introscopy is the obtaining of primary 
information for such treatment. The development of techniques 
of penetrating inside opaque bodies and media with the aid of 
all available types of radiations and fields, is destined to play 
an increasingly important role. 

TESTING OF WELDS 117 



Technical Session 5/Visual Aids in NDT 

By far the majority of these other television systems now 
in use are those used in medical and industrial X-ray imaging 
systems. Such systems respond to a wide range of X-ray energies 
and are available in many forms. These include those in which 
the camera tube itself responds to X-radiation (8-11), and 
other systems in which the X-radiation is converted to light by 
means of fluorescent screens (12-15), or image intensifier tubes 
( 16-20). These latter systems make use of light-sensitive tele- 
vision equipment to provide a television presentation of the 
converted X-ray image. Such equipment has been used to 
present X-ray images in the high-Mev X-ray energy range 
(14, 15, 18-21) and, in the other extreme, has been used to 
view X-ray diffraction patterns (22) and medical X-ray images 
(12, 16, 17) in the Kev energy range. 

It is difficult to generalize as to the performance capabilities 
of these systems, since so many different types are available. 
Generally, however, those television techniques which employ 
phosphor screens to detect the X-ray beam, as in the image 
intensifier and fluorescent screen systems, provide resolution 
capabilities in the 0.25 to 0.50-mm range. An order of magni- 
tude improvement in resolution can be obtained if one uses a 
small X-ray vidicon camera technique ( 1 1 ) . The resolution 
improvement in this case comes at the expense of useful imagt 
area, and the X-ray intensity required for viewing. This lattei 
property, of more interest for medical rather than industria 
applications, varies from a value of about 30 R/min at the fact 
of the X-ray vidicon tube for a routinely useful image presen. 
tation, to values about 1/1000 of that for medical X-ra) 
examinations with X-ray image intensifier systems. 

The image area covered in an X-ray television system 
presentation is of some importance. For industrial inspectior 
applications a traversing mechanism for moving a large object 
through the inspection area can, in some cases, reduce the 
importance of this property. Nevertheless, for examinations of 
very heavy objects, or in cases in which it is desirable to view 
at once an object area large enough so that the viewer can 
easily orient himself (this is of some importance in medical 
applications, for example), the area factor can be important. 
Sizes vary from the scanned area of a small X-ray vidicon 
camera tube (11) (about 1.2 X 0.95 cm) to the 30-cm-dia 
fluorescent screen sizes used in commercially available fluores- 
cent screen-image orthicon television systems (23). Image in- 
tensifier tube systems typically provide useful X-ray detection 
diameters betwen 12.5 and 22 cm although tubes having detec- 
tion diameters as large as 27.5 cm have been built (24). X-ray 

Television Systems for Nondestructive Testing 

HAROLD BERGER, U.S.A. 

ABSTRACT: The methods of operation of a number of unusual television tech- 
niques are discussed, as ore the capabilities of each system in regard to sensi- 
tivity, resolution, contrast, and speed of  response. Emphasis is placed on those 
television techniques which respond to x-radiation, infrared, ultrasound, and 
neutrons; ultraviolet and light sensitive television systems also receive some ot- 
tention. In addition to the discussions of each system, the general areas of  appli- 
cation of television systems for nondestructive testing are  outlined. Included i s  a 
discussion of  the advantages and limitations of television techniques as applied 
to the nondestructive testing area. Several methods for recording and using 
test data from such television systems are given. An extensive bibliography is 

Included. 

Introduction 

The dictionary definition of television refers to this term as 
the transmission and reproduction of a scene by a device which 
converts light into an electrical signal and then back into light. 
This definition is unduly restrictive, in that one can use tele- 
vision techniques to display images formed by radiations other 
than light. Many such radiations involve other portions of the 
electromagnetic spectrum, such as infrared, ultraviolet, or 
X-radiation. Radiations outside the electromagnetic spectrum, 
such as ultrasound or neutrons have also been used with tele- 
vision techniques. All of these radiations can be very useful for 
nondestructive testing applications. I t  is primarily these unusual 
television systems and their potential for nondestructive testing 
with which this report is concerned. 

Many of the systems make use of television camera tubes 
which are directly sensitive to the radiation of interest. Others 
employ some detection device which converts the radiation of 
interest into a radiation, such as light, which can be more easily 
handled by conventional techniques. The characteristics of the 
detection devices are discussed, with particular attention being 
devoted to the sensitivity, resolution, and contrast capabilities 
of the detection device, and of the complete television system. 
Data recording techniques for nondestructive testing television 
systems are also discussed since many application situations 
require that inspection records be retained for later examination. 

Electromagnetic Spectrum Television Systems 

Of course, the largest percentage of television systems in use 
are those devoted to the detection, of light. Many light-sensitive 
television systems are used for the observation, inspection, or 
control of inaccessible processes, and may, therefore, properly 
be designated as nondestructive testing television systems. Since 
these light-sensitive systems are outside the primary interests of 
this report, we shall give a few references to such studies (1-7) 
and then consider other television techniques. 
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vidicon tubes having useful detection diameters as large as 
30 cm have also been uskd in some medical X-ray investiga- 
tions (25). 

The contrast capabilities of the various systems are given 
in a Tecent review (23) by Vincent et al. Thickness changes as 
smal' as 1.5 per cent can be detected under optimum condi- 
tions with most of the X-ray television systems; for most prac- 
tica! conditions, penetrameter sensitivities in the range of 2 to 
4 per cent can be achieved. 

The other two portions of the electromagnetic spectrum 
of interest from a television point of view are those on either 
side of the visible spectrum, namely ultraviolet and infrared. 
The ultraviolet region has not received much attention from a 
nondestructive testing point of view, so it will receive little 
attention here. Camera tubes directly sensitive to ultraviolet 
radiation have been made and used, however, primarily for 
biological work in the field of ultraviolet microscopy (26). 

In the infrared region, there has been a wide range of 
activity in the development of image intensifier and other 
imaging devices. Only a few of these latter devices readily lend 
themselves to television techniques since they include phos- 
phor (27) or other coating techniques (28-30), mechanical scan 
techniques with point detectors (31), and oil film imaging 
techniques (32). Image intensifier tubes and other camera tube 
techniques utilizing photoemissive layers (33) do lend them- 
selves very well to television techniques. However, these devices 
are limited to the near infrared region (to about 1.2 p) and are 
useful for testing applications for materials only at fairly high 
temperatures (one would need a temperature almost that re- 
quired for incandescence, or about 45OOC). Photoconductive 
television camera tubes (34) for response in that spectral range 
are also available and have similar limitations. 

Vidicon television camera tubes directly sensitive to infrared 
wavelengths in the 2 p and higher region have also been 
described (35-37). A camera tube having response to a wave- 
length of 2.3 p has been evaluated for use in nondestructive 
testing applications (37). This tube, easily used with glass 
optics and with standard closed circuit television equipment, 
was shown to be useful for observing hot objects having a 
temperature at least 170°C. At object temperatures of 35OOC 
or higher, a surface temperature difference as small as 3OC was 
detectable. The speed of response of the tube was comparable 
to other vidicon systems (11) in that it displayed an image of a 
12-mesh screen moving as fast as 45 cm/min without appre- 
ciable blur. 

The type of image presented is illustrated in Figure 1, 
which is a reproduction of three frames of a kinescope motion 
picture recording. The image shows a cooling, metal jacketed 
reactor fuel pin; sodium is contained inside the jacket to pro- 
vide heat transfer between the fuel and the jacket. As the fuel 
pin cools after having been heated to about 500-6OO0C by a 

radiant heater, the portion of the fuel pin containing sodium 
cools more slowly since a greater mass is involved. Therefore, 
this technique reveals the sodium level; it is shown on the 
figure by the obvious difference in surface temperature (white 
represents a higher temperature) and is indicated by the pointing 
finger. 

Ultrasonic Television System 

Ultrasonic techniques lend themselves to television methods, a 
fact which was recognized long ago (38). In fact, a great deal 
of effort has been expended in past years to devise methods for 
imaging ultrasonic patterns by one method or another, at least 
partially because it was realized that an  image presentation of 
the ultrasonic information eases some of the interpretation 
problems. Much of this effort is described in. several review 
articles (39-41). 

Television system studies in the ultrasonic field have been 
devoted almost exclusively to the development of television 
camera tubes directly sensitive to ultrasonic radiation. One such 
system, shown in Figure 2, illustrates the basic method used. 
In all cases, the charge pattern developed by a piezoelectric 
detector is read by an electron scanning beam, thereby pro- 
viding the video signal. There are a number of differences in 
the various proposed systems, such as the use of an electron 
multiplier in the ultrasonic camera tube (42), the use of the 
piezoelectric target inside the camera tube rather than the 
double use of the target as the vacuum window of the tube (43) 
(a technique which can yield larger inspection areas), the use 
of low-velocity electron scanning beams as opposed to high- 
velocity scans (44), and the use of pulsed ultrasound rather than 
the continuous-wave technique now mostly used (43, 45). 

Each of these systems provides excellent sensitivity to ultra- 
sound. One report (44) indicates that camera tubes can show 
response to ultrasonic intensities as low as 10." watts/cm*. 
Generally, the tubes respond to ultrasonic intensities in the 
order of 10.' to watts/cm2; in actual inspection use the 
ultrasonic intensities used are appreciably higher. 

The resolution capabilities of these systems depend upon 
the ultrasonic frequency used and on the geometry of the image 
arrangement. For a through-transmission system with a rel- 
atively thin object, as shown in Figure 2, one can resolve dis- 
continuities as small as 1 mm, at a frequency of 2 MHz. The 
resolution would improve with increasing frequency. Resolution 
capabilities in the order of 1.7 x lo-* mm at frequencies of 
15MHz have been reported (46), and interest has been 
expressed in system frequencies as high as 100 MHz for ultra- 
sonic microscopy techniques (46). 

In  some respects, the resolution capability of an ultrasonic 
television system is associated with the diameter of the inspec- 
tion area. Those systems employing high frequencies must make 

Figure 1 
Three frames of an infrared television 
system kinescope motion picture re- 
cording showing a thermal image of  
a sodium-filled, metal jacketed re- 
actor fuel pin. The finger points to 
the white-grey image dividing line 
which i s  the sodium level inside the 
metal jacket. 

VISUAL AIDS IN NDT 119 



use of very thin piezoelectric receiving transducers, since the re- 
solution of such systems is limited by the larger value of the ul- 
trasonic wavelength, or the thickness of the receiver. Therefore, 
for high-resolution, high-frequency operation, a thin receiving 
transducer in a camera tube must be supported inside a 
vacuum window (43), or, if used as the vacuum window, it 
must be bolstered by some support such as a metal grid (46), 
or must be small in diameter if it is to have the necessary 
strength for use. For systems employing the transducer as the 
vacuum window of the tube, transducer diameters of 10 cm, 
5 cm, and 2.5 cm are typical for 1 MHz 2 MHz and 5 MHz 
operation, respectively (47). 

The sensitivity of ultrasonic television methods for the 
detection of defects is generally very good, particularly with the 
direct through-transmission system for the inspection of rel- 
atively thin objects (47). Presentations with a continuous wave 
system would appear as shown in Figure 3. The inspected object 
in this case was a flat reactor fuel e lemat;  it was placed clos-, 
to the camera tube, angled to eliminate standing wave pat- 
terns (48), and translated vertically past the camera tube to 
provide a complete inspection. The defect noted in Figure 3 
was a jacket-core unbonded area which impeded the trans- 
mission of the 2 MHz ultrasound. In terms of defect detection, 
one of the major advantages of the ultrasonic television method 
over conventional ultrasonic techniques, concerns detection of 
small discontinuities. For example, in a recent comparison of 
the transmission of thermal and ultrasonic energy through 
bonded samples (49), areas of small, suspect, unbonded regions 
could be found much more easily by the television technique. 

Speed of inspection is another potential advantage, in that 
inspection samples, such as the flat fuel plate indicated above, 
can be translated through the inspection area as fast as the 
inspector can follow tHe motion on the kinescope presentation. 
In the case of the fuel element, linear object movement (47) as 
fast as 120 cmlmin could be used; the inspection area was 
about 4.4 cm in diameter. 

As one might anticipate, the continuous-wave ultrasonic 
systems can present standing-wave problems. These can be 
eliminated or lessened by angling a flat inspection object (48), 
or by using a thin ultrasonic attenuator between object and 
camera tube (50). Pulsed systems should eliminate many of 
these problems, a fact which explains, at least partially, the 
present development efforts in such systems. Pulsed systems 
now in use employ a much slower television frame rate (in 
the order of seconds), as compared to the conventional rates 
offered by continuous-wave systems. Therefore, at the present 
stages of development, one can choose a continuous-wave 
system at conventional television frame ;ates (?& sec, for 
U.S.A.), a system which can follow rapid object movemat  but 
which may have some problem with standing waves, or a slower 
frame rate, pulsed system. The commercial availability of the 
former system, coupled with the advantages offered by the 
fast information rate (a defect indication is much more readily 
detectable if the observer can watch it move across the kine- 
scope than if the image is stationary), account for the more 
widespread use of the continuous-wave systems at the present 
time. As pulsed systems improve (45), particularly if one can 
gain the improved sensitivity offered by storage systems (46), 
this situation may change. 

Thermal Neutron Television Techniques 

Thermal neutrons are a more recent addition to the radiations 
which can be used with television techniques. The develop- 
ment which has made this possible is the neutron image in- 
tensifier (51, 52), a vacuum device which converts a thermal 
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Figure 2a. Diagram of an ultrasonic television system, arranged for through- 
transmission inspection. The camera tube extends into the water tank from the 
left. 

I 

Figure 2b. Schematic diagram of the ultrasonic camera tube. 

neutron image into a bright, small visible image. The operation 
of the intensifier tube involves the conversion of the neutron 
image into a light image by means of a neutron scintillator. An 
adjacent photoemissive layer yields an electron image which 
is then voltage-accelerated towards a small light-emitting, phos- 
phor screen at the output end of the tube. A diagram of such 
a tube is shown in Figure 4. 

The neutron scintillator, as shown in Figure 4, is a mix- 
ture of ‘LiF and a phosphor powder, in a resin binder. Although 
the phosphor used in the first tubes and indicated in Figure 4 
was ZnCdS(Ag), ZnS(Ag) phosphor used in later tubes has 
yielded improved results (53) in terms of light yield and in 
terms of relative neutron-to-gamma response ratio. The basic 
operation of the tube remains the same for either phosphor; the 
absorption of neutrons by the ‘Li results in prompt alpha par- 
ticle emission which stimulates the phosphor and yields light. 

The gain of the intensifier tube, as in the case of similar 
tubes used to detect X-radiation, results from the acceleration 
of the photoelectrons liberated from the photoemissive surface 
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Figure 3 
Three frames of  a continuous-wave 
ultrasound television system kinescope 
motion picture recording, showing a 
long, narrow jacket-core separation 
in a stainless steel jacketed, flot re- 
actor fuel element. The finger points 
to the long, dark defect area within 
white, ultrasound transmission image. 
The 5 cm diameter camera tube was 
overscanned during this presentation 
with 2 MHz ultrasound; the piezoelec- 
tric target image is only in the central 
round white area. 
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adjacent to the scintillator, and from the minification of that 
electron image at the time it stimulates the output phosphor. 
The light yield is linear (52) with neutron intensity, at least in 
the neutron intensity range from los to lo' neutrons/cm'-sec; 
for this higher neutron intensity, an output phosphor brightness 
as high as 50-ft-Lamberts has been achieved. The light yield 
from these tubes is such that one can readily detect the light 
image with a closed circuit vidicon television system for ther- 
mal neutron intensities of lo5 neutrons/cm'-sec or higher. Image 
orthicon television systems, which are more sensitive (54) by 
factors of at least 100 times can be used to improve the 
response by that factor. Direct observation of the signal at the 
output phosphor screen of the tube by dark-adapted observers 
has been accomplished for thermal neutron intensities as low 
as 100 neutrons/cm'-sec. Of course, with these lower in- 
tensities, one would need some storage device in the imaging 
system, electronic or photographic, in order to accumulate 
signal information long enough to obtain radiographically use- 
ful images (55, 56). 

The resolution capability of the neutron image intensifier 
tube, and the associated television system is limited by the thick- 

Figure 4 
A diagram of  a neutron image intensifier 
tube. 

nebs of the neutron scintillator target in the tube and/or by 
the neutron imaging geometry for standard line television 
systems ( 5 5 ) .  High-contrast images as small as 0.35 mm have 
been observed through the television system( 5 3 ) .  

The contrast sensitivity which can be observed through 
the television system follows the pattern observed in other 
penetrating radiation fluoroscopic systems ( 2 3 ) ,  in that best 
contrast values can be realized in a fairly narrow range 
of sample thickness. This is shown in Figure 5, in which 
contrast values for steel, lead, and natural uranium are 
plotted as a function of inspection sample thickness. These 
data are for a thermal neutron intensity of 2 X lo7 neutrons/ 
cm2-sec and for visual detection of the thickness change on 
the television monitor (525 line, 1 / 30-sec frame time, interlaced 
system). For very small sample thicknesses the observed contrast 
is reduced because a fairly large percentage thickness change is 
necessary to present a given transmitted radiation intensity 
change. For the larger sample thicknesses, the limitations involve 
deviation in the number of quanta or neutrons used to present 
the image, and the results of increased scatter in the thicker 
inspection samples. This portion of the contrast curve might 

VISUAL AIDS IN NDT 121 



h 

8 - 20 
>- 

> 

cn z 

t- 
- 
c- I C  

w cn 

l3 a 
K 
I- 
Z 
0 
0 

2 

~ X ,/LEAD 

,i 
STEEL 

I 2 3 4 5 6  

MATERIAL THICKNESS ( inches) 

Figure 5. Thickness changes detectable by direct observation of the neutron 
television system monitor, for steel, lead, and natural uranium. Optimum contrast 
sensitivities are observed for a narrow thickness range centred about a 1-1 12 
half-value layer sample thickness. The thermal neutron intensity was 2 x lo7 neu- 
trons /cm2-sec. 

be improved by using longer accumulation times (longer than 
the 0.2 sec normally used for visual observation), and for grids 
to reduce the influence of the scattered neutrons. 

The motion capability of the system is generally good at 
high neutron intensities. For a thermal neutron intensity of 
2 x lo' neutrons/cm2-sec, a vidicon television system used with 
the neutron image intensifier has presented good images( 5 5 )  
of relatively high-contrast objects moving as fast as 5 m/min. 
The limitation on speed in this case is the vidicon rather than 
the image intensifier. An image orthicon televison system used 
with the intensifier tube under similar conditions has presented 
useful television images of high contrast objects moving 2 to 3 
times faster than the object motion followed by the vidicon 
system. 

One additional property of this television system is its 
relative response to neutron and gamma radiation; this is because 
of the application of neutron imaging techniques for radioactive 
inspection material, and because of the potential use of such a 
system with smaller, possibly portable neutron sources (57). 
Many such neutron sources would have an appreciable gamma 
radiation background (58). 

Intensifier tubes containing ZnS(Ag) in the neutron scin- 
tillator target of the tube have been shown to yield an equal 
output phosphor brightness for either a T o  gamma radiation 
intensity of 600 R/hr,  or loo thermal neutrons/cm2-sec. 
Therefore, if one has available a high-neutron intensity, one can 
neutron-image through relatively high values of gamma radiation 
intensity. With a thermal neutron intensity of 2 x 10' neutrons/ 
cm2-sec, useful neutron images for some applications (53, 59) 
can be obtained even with gamma intensities as high as 
10,000 R/hr.  

Although the neutron image intensifier has been developed 
to a useful state and enables one to assemble a simple neutron 
television system, other techniques appear tb be potentially useful 
for neutron television techniques. A neutron scintillator, for 
example, could be used as the neutron-to-light converter, the 
image then being picked up by a sensitive television system. 
Argonne work with such a system with the very sensitive neutron 
scintillator (60) developed at MIT, and now commercially 
available through Nuclear Enterprises, Ltd. (type NE421 ), 
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revealed that an image orthicon television system. woula present 
useful television images for neutron intensities about 5 x 10' 
neutrons/cm2-sec. Of course, one could improve ttie per- 
formance of such a system by using a light image intensifier to 
amplify the light signal presented to the television camera. 
Commercially available light image intensifiers can provide gain 
factors (61) in the range of 1 0 ;  a gain of this magnitude 
would provide such a system with a neutron sensitivity compar- 
able to that of the neutron image intensifier. 

Discussions and Conclusions 

Certainly the foregoing material proves that a wide variety of 
radiations useful for npndestructive testing applications can be 
used with television techniques. Among the many areas of 
application are the observation of dimensional changes, as with 
visible or X-ray systems, the observation of internal structure 
or details in opaque objects with X-ray, neutron, or ultrasound 
systems, and the location or identification of bonding variations 
with systems employing infrared or ultrasonic radiation. Many 
of the references cited in the discussion of each system describe 
applications in greater detail. As a general statement, the non- 
destructive test technique involved in a television method can 
be used for the same types of applications as are normally 
associated with the technique. Although in many cases, the 
dynamic nature of the television method adds application areas 
which cannot normally be considered with standard techniques. 

Among the advantages offered by television techniques is 
the fact that the information is presented as an image, thereby 
easing some of the test interpretatidn problems presented by 
other inspection techniques. This advantage is perhaps of most 
importance in the case of ultrasonic techniques because com- 
peting imaging methods are not widely used for ultrasonic 
nondestructive testing. Even in cases in which imaging methods 
are routinely used for nondestructive testing, the television 
method provides the significant advantage of an essentially 
immediate image presentation. In addition, television can be 
used to provide continuous surveillance of inspection objects 
as they are heated, stressed, or used in service. The fact that 
the inspector can easily orient the inspection object in the 
radiation beam (62) in order to present an optimum inspec- 
tion result can also be very helpful. 

In  some cases, similar advantages to those given above 
can be obtained with other than television systems, as in the 
case of X-ray fluoroscopy, for example. However, if we add 
the facts that television systems allow the operator to control 
the brightness and contrast of his image presentation, that 
remote and/or multiple viewing of the inspection image is 
readily obtainable, and that a variety of information recording 
and processing techniques readily adapt themselves to the elec- 
tronic television systems, then the over all advantages of televi- 
sion techniques become more apparent. 

Limitations of television techniques include the facts that 
quantitative measurements on the inspection sample often 
present problems and that, in low signal situations, much of the 
dynamic nature of the television technique may be lost because 
of the need to accumulate signal information for long enough 
periods to obtain useful images. As far as the first limitation 
is concerned, recent work at General Electric (63) has shown 
the feasibility of an electronic gating method to measure the 
temperature of a small portion of an infrared television scene 
to a reasonable degree of accuracy. Similar techniques appear 
possible with other television methods, thereby providing a 
means for obtaining numerical data. As far as the low signal- 
image presentation rate problem is concerned, it may be regarded 
as an advantage that storage techniques are readily available 



for accunulating signal over an extended period of time. Some 
storage tan be accomplished directly in the camera tube 
(25, 54, 64);  electronic storage tubes (65) and the associated 
electronis (66) offer versatile techniques for extended storage 
capabiliv. 

In  the matter of information recording (47),  the techniques 
availaMe include photography of the television monitor presenta- 
tion, either still or motion picture (examples of motion picture 
recorm are given in Figures 1 and 3 )  and magnetic-tape record- 
ing. Each of these provides a permanent record of the inspec- 
tion. The magnetic-tape method permits the inspector to review 
the lest information immediately, if desired. Polaroid film still 
pholography would provide similar advantages. 

Another recording technique which appears potentially 
useful is a paper, electrostatic printing method, such as the 
Videograph system developed by the A. B. Dick Co. A resolu- 
tion capability of less than 1 mm, and the capability for dis- 
playing at least seven shades of grey make this system attractive 
for many recording applications ( 6 7 ) .  It  appears to be par- 
ticularly adaptable to slow-scan television systems and/ or to 
modified single-line scan systems in which the paper speed 
matches that of the object movement through the inspection area. 
A system of this type is now being considered for use with 
the ultrasonic television system as applied to the inspection of 
flat reactor fuel elements. A 1 : l  recording of the ultrasonic 
transmission pattern through the inspection sample should 
result. 

We should also consider those cases in which one need 
not look at the inspection image at all, but would automatically 
obtain interpretation information by means of physical masking 
techniques (21), or by computer methods (68).  Such techniques 
are particularly attrac:ive in cases involving large numbers of 
inspections. Computer techniques lend themselves very well 
to television inspection methods, in  that one could easily com- 
pare an electronic signal inspection result to a stored signal 
containing acceptable-limit information, in order to determine 
acceptance or rejection. Such techniques appear to have an 
important future in nondestructive testing. 
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Discussion 

Q. DR. J.  P. BARTON, S.A.R., Centre &Etudes Nucleaires, Gre- 
noble, France: 

First, I would like to comment on the neutron image intensifier 
dcscribed in this paper. First I wish to congratulate those concerned 
with the development of this instrument; an idea which is already 
proving of interest in Japan, the U.K., and France, as well as in the 
USA. One important point, in my view, needs further elaboration. 
In previous publications on this neutron image intensifier it has been 
sugge-ted that a main advantage of the technique is that it will make 
possible neutron radiography with low output neutron sources such 
as small generators and radioactive sources. In the account just 
given it was stated that the instrument enables images to be seen 
with very low intensity neutron beams, mentioning figures as low as 
10’ or lo3 neutrons/cm*-sec. I think this might be misleading. The 
point is open to discussion, but in my view the quality of a neutron 
radiograph obtainable from a low intensity (small source) neutron 
beam is limited by the statistical fluctuations of the few neutrons 
forming the image. Amplifying the signal from each individual 
neutron by means of the intensifier and television system cannot 
overcome this. The simple procedure of using a scintillator screen 
next to a fast film caI1 provide an image with an integrated neutron 
exposure of as little as lo5 n/cm2. This is, in a way, already too 
efficient; the quality is already severely limited by statistics; and in 
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order to get good radiographs less efficient methods (e.g. slower 
films) must be used requiring integrated doses of 10‘ or lo8 n/cmz. 
I think it will be useful to point out therefore, that if ordinary 
immobile neutron radiographs of even moderate quality are re- 
quired thz image intensifier system cannot provide any advantage 
even for small source, low beam intensity techniques. The advantages 
are certainly immediate presentation of the image, or presentation 
after short integration times, and also inspection of objects in motion. 
I have already discussed this point with Mr. Berger and perhaps it 
would be useful if he would comment here on whether he would 
accept or reject these views. 

Sxond, for the neutron image intensifier system contrast sensi- 
tivity is, of course, a most important characteristic and some figures 
have been mentioned. The important stage in the instrument is the 
neutron converter screen which consists in this case of a LPF-ZnS 
scintillator. On this subject I can now answer a question which I 
myself asked at the last conference in this series in LONDON, and 
which is relevant here. In a paper on neutron radiography it was 
suggested that a scintillator screens of this type could provide only 
much inferior contrast sensitivity as compared with foil-film conver- 
sion methods. (10 per cent contrast sensitivity for lead and uranium 
when using the scintillator screen, and 2 per cent when using direct 
foil techniques). That scintillation techniques were basically inferior 



to foil techniques was questioned becaused no physical reasons could 
be seen to explain the difference. We have therefore performed some 
tests to compare the contrast provided by LiRF-ZnS scintillator 
screens and metal foil (gadolinium) screens used in direct exposure 
methods. The tests were for thin sections of cadmium and plastic, 
so that it is truly the neutron contrast which is being measured and 
not a gamma ray effect. Results indicate that the scintillator pro- 
vides at least as good a contrast as the foil converter. The previous 
large difference noted between the scintillator and foil methods for 
uranium and lead may therefore have been a special effect under 
the experimental circumstances due to: 

1) use of different films for scintillator and film; 2 )  different 
statistical fluctuations due to neutron doses required; and 3) the 
gamma ray effect which will enhance the contrast for heavy metal 
test blocks such as uranium and lead. 
A. I have to agree with Dr. Barton’s first comment to the effect 
that, whatever detector is used, one must.. accumulate sufficient 
information to present an im-age with the desired detail and contrast. 
In the specific case of the small neutron source, where one may have 
a thermal neutron beam intensity for radiography in the order of 
IO1 neutrons/cm*-sec., a neutron radiograph taken with a scintil- 
lator-film detector will require an exposure time of a few hundred 

seconds. On such a radiograph one will be able to resolve high 
contrast detail in the order of 0.1 mm. With the neutron image 
intensifier detector, viewed directly in a thermal neutron intensity 
of IO4n/cm2-sec., observable resolution degrades to about one cm. 
Although one can make gross observations at lower intensities, 
obviously the image quality becomes very poor. I believe that each 
detector has some advantages and that the choice of detector may 
actually be dictated by the application requirements. Certainly, I 
have to agree, that in cases where film results of reasonable quality 
are desired, the scintillator approach with film supplies an inexpen- 
sive, efficient detection system. The neutron image intensifier offers 
no advantage in that situation. The brightness gain of the intensifier 
makes it easier to detect the signal but one must still accumulate 
sufficient information to obtain a statistically meaningful image. The 
image intensifier does offer an advantage if there is a requirement 
for observing object movement, or for making rapid, gross detail 
observations. 

Regarding Dr. Bartons second comment, I am pleased to learn 
that further work has been done on this question of the contrast one 
can observe with a scintillator-film detector. The three reasons that 
have been mentioned undoubtedly were contributing factors to the 
poorer contrast we observed with scintillator methods. 

Optical Methods for Studying Ultrasonic Propagation 
in Transparent Media 

H. L. WHALEY, K. V. COOK, 
R. W. McCLUNG and L. S. SNYDERS, U.S.A. 

ABSTRACT: The schlieren and photoelastic methods for viewing continuous and 
pulsed ultrasonic waves propagating in transparent media were investigated. 
Limitations, possible applications, and results of  the investigation of each system 
are discussed. Emphasis is placed on equipment improvements for the develop- 
ment of optimum systems for nondestructive testing applications. 

Introduction 

Techniques involving ultrasound are widely used in the field of 
nondestructive testing, However, much of the basic theory con- 
cerning the behaviour of ultrasonic is based on light-wave or 
optic theories and experimental observations. In general, the 
correlation of light-wave and ultrasonic phenomena is good; 
therefore, efforts to visualize ultrasonic propagation in trans- 
parent media have not been pursued with a great amount of 
effort. 

Since there are optical methods, such as those based on the 
schlieren principle and the photoelastic effect, for observing 
ultrasonic propagation, we felt that much could be learned by 
observing basic ultrasonic phenomena such as reflection, re- 
fraction, and the effects of surface waves and Lamb waves. 
Observation of ultrasonic transducer-beam symmetry, collima- 
tion and focussing, and modes of propagation for actual ap- 
plications, such as tubing inspection, could be of practical 
benefit and should lead to much improved techniques. The 
possibility of using a visual technique in flaw detection is also 
intriguing. 

For these reasons we have developed systems for making 
visual observations of ultrasound by the schlieren and photo- 
elastic methods. These methods have been used by many others 

in the past for a number of applications including aero- 
dynamics (1) and ultrasonics (2-4). Very few of the publica- 
tions in this field, however, discuss the experimental setups in 
detail, and this lack of detailed description imposes a hardship 
on those who wish to utilize the techniques. Our studies of the 
necessary equipment covered different combinations of light 
sources, collimating lenses, ultrasonic generators, and other 
accessories, and we have developed advanced systems which 
are optimized for the desired results. 

Equipment 

The 78.7411. (2-m) optical bench with the schlieren equipment 
is shown in Figure 1. This bench was used for both the schlieren 
and photoelastic methods of viewing ultrasound. The following 
schlieren components are mounted on the bench, from left to 
right: 

1. An argon-jet spark light source which can supply a 
pulse of light with duration of 0.2 psec from an elec- 
tric discharge of 3 joules and which also contains an 
incandescent pilot light for convenience in alignment. 

2. An achromatic lens for collimating the light from the 
source. 

3. A water-filled tank into which ultrasound is intro- 
duced. 

4. A second lens for refocussing the parallel light rays. 
5. A vertically adjustable slit which blocks the refocussed 

parallel light rays and passes diverted rays. 
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Figure 1. Optical bench with schlieren equipment 

6. A Calumet view camera which has a ground glass 
screen for viewing the images produced by ultrasonic 
propagation in the water-filled tank, and a 4- x 5-in. 
(10.16- X 12.70-cm) Polaroid attachment for photo- 
graphing the images. 

The Arenberg generator, shown on the right in Figure 1, 
supplies the ultrasonic transducer with an electrical driving 
signal having a frequency adjustable from 350 kc to 25 Mc in 
either a continuous wave or pulsed mode of operation. A delay 
line and pulse generator are also used to trigger the jet spark 
light source in proper sequence with the generated pulse of 
ultrasound. 

All the above equipment, except the water-filled tank and 
the movable slit, is used in the photoelastic method as well as 
the schlieren method. In  addition, polarizing plates are required 
for the photoelastic method. Additional information on equip- 
ment used is given in the Appendix. 

Schlieren Method 
The schlieren optical system for viewing ultrasound derives its 
name from its original use in Germany for the detec:ion of 
inhomogeneous regions in glass which occur often in the form 
of streaks or “schliere” (5).  
General Principles of the Technique 
A number of theories have been advanced to explain how an 
ultrasonic beam or pulse is made visible by the schlieren optical 
system. Willard (6) has discussed the manner in which Raman 
and Nath treat the optical diffraction by ultrasound as a result 
of the phase modulation of the wave front by the sound beam. 

Debye and Sears (7) rejected the phase-grating explanation 
of the effect and developed a theory “based on the assumption 
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of a volume scattering, in which every volume of the liquid 
contributes to the total scattering in accordance with Maxwell’s 
equations.” Neither of these theories appears to be adequate to 
account for all of the effects observed. Recently Mayer (8), 
Breazeale and Hiedemann (9), and many others have dem- 
onstrated through the direction of their work that interest in the 
theoretical aspects of this problem still exists. 

For our purposes we shall assume that ultrasonic propaga- 
tion diverts or diffracts parallel light rays, thereby allowing its 
visualization by the schlieren optical system as illustrated in 
Figure 2.  Light from a bright source is focussed on slit SI. A 
lens I,, at a distance from S, equal to its focal length, f, 
collimates the light from the source. If there is no optical dis- 
turbance of the light between h and L,, the second lens, 
Ln, will refocus it in the plane of S,, a vertically adjustable slit. 
The dark field at the screen or photographic plate at the far 
right of Figure 2 is produced by setting S, to block out essen- 
tially all the undisturbed light with one of its edges. If there 
is some optical disturbance between L, and L,, some light 
rays will be altered from their parallel alignment so that light 
will miss S, and appear at the plane of the screen. For example, 
if the disturbance is a speck of dust, an image of the speck 
will appear in the image plane of the second lens as illustrated 
in Figure 2. The screen is so placed that a disturbance midway 
between L, and L, would be in sharp focus at the screen by 
making the distances p and q in Figure 2 conform to the 
well-known formula of geometrical optics, 

Such an optical system will render a sound beam in water 
visible in the manner described below. 
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Figure 2 
Schlieren optical system. 

A glass-walled tank is filled with water and placed midway 
between L, and L,. An ultrasonic crystal is submerged in the 
water and activated by an oscillator, sending ultrasonic energy 
through the water perpendicular to the direction of travel of 
the parallel light rays. The ultrasonic waves traversing the water 
are pressure waves traveling at the speed of sound in water. A 
single complete vibration of the transducer produces a region 
of increased density followed by a region of decreased density 
of the water as compared to thC density of undisturbed water. 
These areas of density change disturb the rays of parallel light 
by refraction, and images of these regions appear on the screen. 
If the screen is placed so that the object and image size are 
the same, the image on the screen in stop-motion consists of 
se:s of narrow horizontal bright and dark lines. The width of a 
bright line-dark line pair is equal to the wavelength of the 
sound in the water. 

Development  of the Optical Sys t em 

The direction taken in the experimental program was first to 
establish a sensitive optical schlieren system without using ultra- 
sound, and then determine optimum components and manner 
of operation for both pulsed and continuous wave (cw) modes 
of ultrasonic propagation. For convenience, before actual intro- 
duction of ukrasonics, the schlieren image for comparing these 
components was provided by introducing thermal gradients into 
the water in the tank. 

Most schlieren sys:ems described in the literature incor- 
porate a pinhole as the light source and a circular opaque 
obstacle to block out the undeviated light. However, we found 
that a pair of slits proved to be a far superior arrangement 
with better image contrast and ease of adjustment. The apparent 
reason for this is that the deviation of the light beams from 
their original path by stress waves is always extremely slight, 
SO only very small solid angles of deviated light are available 
and these can be admitted readily by a narrow slit. Any other 
scattering mechanism, such as particles in the water or on the 
glass walls of the water tank that scatter the parallel beams 
through a large solid angle, will not show up as brightly with 
the slits, resulting in better contrast in the image. The best 
results were obtained with a pair of slits made by electro- 
discharge machining. The slits were machined in 0.007-in. 
(0.018-cm) thick metal sheets and were 0.01 in. (0.025 cm) 
wide x 0.5 in. (1.27 cm) long. With the installation of the 
best slits and the accurate alignment of the achromats, the 
optical system was sufficiently sensitive that convection currents 
in air rising from a human hand could be seen when a high- 
intensity mercury arc light source was used. 

After the sensitivity of the optical system had been 
maximized, an ultrasonic transducer, driven by a power oscil- 
lator, provided the disturbance of the collimated light necessary 
to produce a schlieren image. There are several ways to improve 
the schlieren image of the ultrasound. The windows of the 
wa:er tank should be as nearly strain-free as possible and kept 
free of fingerprints, dust, and air bubbles during use. In this 
connection, we initially used a fused quartz glass tank but later 
found that a plexiglass tank made from +-in. (0.635-cm) sheet 
was adequafe. Further improvement can be achieved if the 
precision achromatic lenses are cleaned only when necessary 
and then with extreme care. The impoitance of such factors is 
greater for systems with poor sensitivity. 

We found that our use of collimating slits, as previously 
discussed, provided an improved tolerance for scattering centres 
such as dust. In addition, although the use of distilled water in 
the tank is recommended in some references, tap water was 
found to work equally well. 

One extremely important consideration in the quality of 
the resultant schlieren image is the pzrpendicularity of the 
direction of the collimated light and u1;rasound beam. For an 
ideal diffraction grating, the thickness of the grating is assumed 
to be zero and to have no effect on the diffraction even if the 
incidence of the light on the grating is not normal. If the light 
is not incident normally, the diffraction grating formula simply 
changes from 

d sin e = nh, (2) 

where d is the grating spacing, n is the order number, h is the 
wavelength of the light, and e is the diffrac;ion angle, to 

d(sin 8 + sin i )  = nh, ( 3 )  
where i is the angle by which the direction of the light incident 
on the grating differs from the normal. However, the ultra- 
sound beam always has considerable thickness, and if it is 
inclined with the parallel light rays so that a light ray crosses 
both compressions and rarefactions, its net deflection may be 
cancelled, and the schlieren image will not occur. In our experi- 
mental setup, the transducer was mounted in the end of a 
search tube normally used for immersed ultrasonic testing. The 
tube was clamped in a manipulator (for angular adjustment), 
which was in turn mounted on a 6-in. (15.24-cm) lathe bed. 
This arranpemznt allowed for convenient alignment of the sound 
beam approximately normal to the direction of the light. The 
alignment was comple:ed by further adjustment of the manipu- 
lator while viewing the schlieren image on the ground glass 
screen. For many transducers, the beam image was visible 
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when it deviated from normal by as much as 10". The extent 
of tolerable deviation was affected by both beam diameter and 
ultrasonic frequency. 

Refinements for Viewing Continuous Wave Ultrasound 
Continuous ultrasonic waves (produced by applying a con- 
tinuous sine wave to the ultrasonic transducer) were observed 
using the Arenberg oscillator in the cw mode of operation. A 
number of light sources were tried in an effort to develop the 
most sensitive cw system. A 10-w zirconium arc lamp, a 150-w 
projector lamp of a common variety, a 100-w mercury arc 
lamp, and the pilot light in the jet spark light source were 
compared. Use of the mercury arc source always resulted in a 
more sensitive system; however, because of the convenience of 
using the pilot lamp in the jet spark light source, it was gen- 
erally used. The continuous wave system is sensitive enough that 
a dim image of the ultrasonic beam was observed using a 
common flashlight as the light source. 

The intensity of the schlieren images is obviously related to 
the intensity of the ultrasonic energy which in turn depends on 
the voltage applied to the transducer. For the best images, the 
highest operating voltages are desirable, but extreme care must 
be taken because higher voltages shorten the transducer life. 
For continuous-wave operation, the possibility of transducer 
damage exis:s because heat is a byproduct of the transducer 
operation. In  some cases this could be observed in the schlieren 
image as a thermal gradient adjacent to the transducer. To 
prevent the overloading of a transducer, a current meter was 
used in the output circuit. If the transducer became warm 
during operation, the meter reading was noted, and the current 
was kept less than that value in subsequent operations. With 
the Arenberg oscillator, the range of frequencies over which a 
good schlieren image of the ultrasound -occurs for a given 
transducer is usually large. For example, a crystal with a 
resonant frequency of 5 MHz gave a good image at 2.25 MHz, 
and a 10-MHz transducer was photographed working at 3 MHz. 
However, for the best image, the crystal should be operated 
near i:s resonant frequency. 

Refinements for Viewing Pulsed Ultrasound 

Use of the schlieren system with pulsed ultrasound allows the 
tracing of ultrasound through transparent media and the isola- 
tion of reflections, refractions, and other phenomena from the 
transmitted pulse. This is accomplished by synchronizing a 
pulsed light source with a pulsed oscillator using an adjustable 
delay of the signal triggering the light flash. 

Since a rather bright light source is needed for good 
schlieren work, finding an appropriate pulsed light source was 
not easy. We wanted a source with sufficient energy per flash 
and a high enough repetition rate that continuous adjustment 
of the delay time would make the pulse appear to travel in 
an unbroken path. The first light source used was a General 
Radio Strobotac which we happened to have on hand. Figure 3 
is a block diagram of the pulsed system used with the Strobotac. 
A triggering signal taken from the pulsed oscillator was fed 
through an appropriate delay circuit to activate the Strobotac 
whose light pulse has a duration of approximately 1 psec. The 
stroboscopic effect caused the pulse to appear to stand still at 
a variable distance from the transducer, dependent upon the 
amount of delay. Although the intensity of the image was not 
as great as we desired, visualization of pulses was possible with 
this system. We were able to resolve individual cycles within 
a pulse as high as 2.25 MHz using this light source. The ability 
to operate at high repetition rates allows the Strobotac to be used 
with commercial ultrasonic equipment having repetition rates 
as high as 600 cycles/sec. 

An argon-jet spark was considered and selected as one of 
the better available pulsed light sources. The instrument incor- 
porates large capacitors in which an electrical charge is stored 
before being discharged in a brilliant spark. A laminar jet of 
argon gas flows steadily between the two electrodes to channel 
the spark when it occurs so that it will follow exactly the same 
path each time. This permits accurate focussing of the spark 
on a slit. A pilot lamp whose position is optically equivalent 
to that of the spark is used for convenient focussing of the spark 
on a slit. The pulse of light from the spark is extremely brilliant 
and of short duration, three joules of energy being dissipated in 
only 0.2 x sec. The repetition rate is low (on the order 
of once a second at maximum), but it can be used for visual 
as well as photographic work. Owing to this low repetition rate, 
triggering was accomplished through the use of an auxiliary 
pulser designed and fabricated at ORNL. The output pulse was 
fed to both the Arenberg oscillator and through the delay and 
amplifier circuitry to the light source. Figure 4 is a block dia- 
gram of the pulsed system with the jet spark light source. Indi- 
vidual cycles were resolved, within pulses, at frequencies up to 
4 MHz with this system before the compressions became so 
close together that resolution was lost owing to pulse move- 
ment. 

Results and Applications 
With the cw system for viewing ultrasound, beam images have 
been obtained using a variety of quartz and ceramic transducers 
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applied to the transducer increase the amplitude of its vibrations 
and, thus, of the local density changes in the water. These more 
pronounced density changes increase the contrast of the schlieren 
image by making the density gradient between compressions 
steeper. The fact that sharper images of pulses can be obtained 
than for the corresponding cw beam allows ultrasonic pulses to 
be observed in some situations where the use of cw ultrasound 
alone would not suffice. One case in which this proved possible is 
shown in Figure 6. .We wanted to photograph the ultrasound in 
a plexiglass block, but only negative results were obtained with 
the cw system. The attempt with the pulsed system was, however, 
successful. Outside the block, interference patterns can be seen 
from the interaction between compressions that have been re- 
flected, and others starting later in time. With the pulsed system, 
we were able to view images over a frequency range from 0.8 to 
25 MHz. The progress of the pulses could be followed in detail 
both by eye and by making a series of photographs. Reflections 
and scattering at interfaces were observed by proper adjustment 
of the delay time. In one instance, the pulsed system was used 
to get an estimate of ultrasonic velocity for a low-velocity rubber 
material. This estima:e was made by observing the time in micro- 
seconds required to delay a pulse through a known thickness 
of the material. 

For the work with ultrasound in solids, ordinary glass and 
transparent epoxy blocks were employed as well as the Plexi- 
glass already mentioned. Results obtained with the epoxy were 
much poorer than for the plexiglass at all frequencies. The glass 
had small attenuation but such large acoustic impedance that 
most of the incident sound was reflected from its surface. Con- 
tact crystals gave about the same results as the immersed type. 
The plexiglass was by far the best material that we found for 
both the cw and pulsed schlieren work with transparent solids. 
In  the plexiglass the ultrasonic indication is very bright near the 
surface where it enters; however, owing to its high attenuation, 

we have been able to observe penetration to only about 2.0 in. 
(5.08 cm), Observations have also been made of ultrasonic 
behaviour around drilled holes in plexiglass. Further work is 
needed on observations of internal reflection, refraction, mode 
conversion, and reflection from drilled holes, notches or other 
discontinuities. Selected materials will need low acoustic imped- 
ance and attenuation. 

Photoelastic Method 

We have also used another method to view ultrasonic propaga- 
tion in transparent solids. This method is based on the photo- 
elastic effect and uses monochromatic light and a polariscope to 
observe the stress patterns introduced by the ultrasonic propaga- 
tion ( 1  0). 

General Principles 
The photoelastic method (11) as adapted for viewing ultra- 
sound employs a polariscope, which in its simplest form is an 
optical polarizer, an analyzer, and a light source. Our polaris- 
cope was assembled by altering the schlieren system already 
available (Figure 1) .  The water tank and second slit were re- 
moved and a polarizer, a quarter-wave plate, an unstressed 
transparent epoxy solid, another quarter-wave plate, and an 
analyzer in that order were set up on the optical bench between 
the collimating and refocussing lenses. For this approach, pulsed 
ultrasound was introduced by a transducer attached directly to 
the epoxy solid. The jet-spark light source was triggered as 
before with the auxiliary pulser. 

If polarized light is passed through an unstressed trans- 
parent plate, through an analyzer whose plane of polarization 
is normal to that of the polarizer, and then projected on a ground 
glass screen, a darkened light field will be observed. Some solid 
materials have the optical property of being able to split an 
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incident light ray into two components which are polarized in 
planes at right angles to each other (a  phenomenon called bi- 
refringence). Almost any solid material becomes birefringent 
when stresses are introduced. At each point of the stressed solid, 
the planes into which an incident light ray is split are coincidefit 
with the planes of maximum and minimum stress. The polari- 
scope arrangement causes an interference pattern to occur which 
is characteristic of the stress-caused birefringence. These are 
bright areas on the darkened field at the ground glass screen. 
If the stresses introduced are travelling ultrasonic pulses, they 
can be viewed and photographed with the aid of the polariscope 

Results and Applications 
We have used the photoelastic method to observe ultrasound in 
transparent solids and to measure quantitatively the intensity of 
the ultrasound in the material. By successive measurements as 
the sound propagated, attenuation could be determined. A +-in. 
(0.635-cm) plate of transparent epoxy was molded with atten- 
tion to producing a model free of permanent stresses. Ultrasonic 
pulses in a frequency range of 0.5 to 1.0 MHz were introduced 
into the solid, and the photoelastic image of the resulting stress 
was photographed. Measurements on the fringe orders allowed 
evaluation of the principal stress magnitudes as a function of 
ultrasonic penetration. Strain-gauge measurements compared 
favourably with results of photoelastic method. The frequency 
range was restricted on the pulse-intensity measurements since 
our Arenberg oscillator became unstable below 0.5 MHz, and the 
amount of movement of the. pulse during the duration of the 
light flash became too large compared to the ultrasonic wave- 
length above 1.0 MHz. The upper frequency limit for the photo- 
elastic method should be comparable to that for the schlieren 
technique where resolution of individual cycles is not a neces- 
sity. This has not, however. been determined for our setup. 

Of course, the photoelastic method is suitable for continu- 
ous-wave as well as pulsed observation; although, again, fre- 
quency limits for the equipment in our setup have not been 
determined. Preliminary indications are that the schlieren method 
affords greater sensitivity for visual observation, while the photo- 
elastic method may be better adapted to quantitative determina- 
tions. Since birefringence does not occur for liquids. the photo- 
elastic method cannot be used to view interface effects at 
liquid-solid interfaces for submerged solids, a use for which the 
schlieren technique works very well. 

Epoxy was the only solid to which the photoelastic tech- 
nique was applied. Although it was chosen for its high photo- 
elastic response, there may be other materials that would allow 
better photoelastic observation of ultrasonic phenomena in solids. 

Summary and Conclusions 

Visual means of observing ultrasonic phenomena show promise 
of being valuable tools in nondestructive testing. After studying 
many different combinations of equipment, we have developed 
a highly sensitive optical system with which we can observe 
both cw and pulsed ultrasound in transparent solids and liquids 
by a schlieren technique and in transparent solids by a photo- 
elastic technique. The schlieren technique seems especially prom- 
ising for visual study of ultrasonic phenomena at water-solid 
interfaces and inside some transparent solids while the photo- 

elastic method is useful for quantitative study of stress-strain 
mechanics in transparent solids. There are good reasons for 
believing that the schlieren method can be applied to flaw detec- 
tion although work on this problem is still in the early stages. 
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Appendix 
Equipment 
Optical bench 

Pulsed oscillator 

Four-volt pulser 
Pulse amplifier 
Delay line 

Pulsed light source 

View camera 

Achromatic lenses 

Zirconium arc lamp 

Mercury arc lamp 

Strobotac 

78.7 in. (2 m) 
The Ealing Corporation 
Cambridge, Massachusetts 
Model PG-650-C with Modification No. 2 
Arenberg Ultrasonic Laboratory, Inc. 
Jamaica Plain 30, Massachusetts 
Built at ORNL 
Built at ORNL 
Model 102 
E.S.C. Electronics Corporation 
Palisades Park, N.J. 
Model 7 
Argon Jet Light Source 
Lunartron Electronics 
Luton, England 
Calumet Manufacturing Company 
Chicago, Illinois 
Kodak Aero-Ektars, f/2.5, 7-in. focal length 
Free Style Sales Company 
Los Angeles, California 
10 watts 
George W. Gates Company, Inc. 
Franklin Square, L.I., New Y‘ork 
100 watts 
General Electric Company 
Model 15314 
General Radio Company 
Concord, Massachusetts 
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A Thermoluminescent Image-Detection Method 
for Newtron Radiography 

JACOB KASTNER, HAROLD BERGER 
end 1. R. KRASKA, U.S.A. 

ABSTRACT: A thermoluminescent method for displaying thermal-neutron images 
is described. A sheet of %F, exposed to the imaging neutrons for periods as long 
as is necessary to capture the image, can be  made to reproduce the image b y  
means of the light emission produced by heating a t  any time after the exposure. 
The excellent storage capability of this detection method makes i t  attractive for 
use with relatively low-intensity neutron radiographic beams. Images can be  
obtained for total thermal neutron exposures of  about lo9 n/cm2. A high-contrast 
resolution capability of  about 0.125 mm and a contrast sensitivity of about 10 
per cent have been demonstrated. 

A number of photographic methods for detecting thermal- 
neutron images have been described (1-3)  and applied to 
neutron radiographic inspections (4,5). The methods can be 
divided into two main categories: the direct-exposure method, 
in which film is used in the neutron imaging beam either by 
itself or in conjunction with some type of converter screen, 
and the transfer method, in which the neutron image is detected 
by a screen of some potentially radioactive material, an auto- 
radiograph of the screen later providing a film image. One 
feature that these methods lack is the ability to integrate neutron 
image information in the presence of interfering gamma radia- 
tion for long periods of time, as would probably be required in 
most thermal-neutron imaging situations involving nonreactor 
neutron sources. The thermoluminescent image detection method 
described offers some advantage in this respect. A preliminary 
report describing the technique has been made (6) .  Now, how- 
ever, information concerning resolution and contrast capabilities 
can be given. Also, the speed of technique has been substantially 
improved since the initial report. 

When a thermoluminescent phosphor is exposed to ionizing 
radiation, many of the freed electrons become trapped at lattice 
imperfections in the crystalline solid. They remain trapped when 
stored at or below the temperature at which the exposure was 
made. If the temperature is raised, the probability of escape is 
increased, and the electrons are released, subsequently recom- 
bining with opposite-charge carriers with the emission of light, 
the intensity of which is proportional to the ionizing exposure. 
In  an intensity-versus-time plot, the peaks of emittted light inten- 
sity become narrower at faster heating rates, although the areas 
under the peaks remain constant. 

The Harshaw Chemical Company, Cleveland, in coopera- 
tion with Cameron of the University of Wisconsin (7) has 
developed activated 'LiF crystals specifically for neutron dosim- 
etry. The material is identified as TLD-600 (95.6% 'Li) and 
is extremely sensitive to thermal neutrons. The material is 
available in powder, or single-crystal form. 

For imaging purposes, a thin (for good resolution) sheet 
of 'LiF, either single or multicrystalline, extending over a 
reasonable area, is all that need be exposed to the neutron 
imaging beam. Once the neutron exposure is complete, the light 
can be released either by heating the LiF to a temperature of 
21OoC or by irradiating the LiF with ultrasound ( 8 ) .  The 
resultant light image can be observed visually or detected on 
film. The use of film, preferred in most cases, can be accom- 
plished simply by placing film in contact with the LiF during 
the heating or ultrasonic process. 

Practically speaking, the placing of film directly on a 
heated thermoluminescent detector does introduce some prob- 
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lems. Therefore, it is desirable to separate the film from the 
heated thermoluminescent detector. The initial studies were 
made simply by photographing (6)  the thermoluminescent de- 
tector during its period of light release, the entire heating and 
photographic process being carried out in a darkroom. The 
separation of film and detector in this manner, 'however, does 
result in a significant loss of available light, and the number 
of neutrons needed to prepare a picture is relatively large. 
With this camera technique, a total exposure of about 10" 
thermal n/cm2 was needed to prepare a useful neutron photo- 
graph on 3000 speed Polaroid film (Type 47), with a natural 
lithium-fluoride pressed powder detector (6) .  Point A on 
Figure 2 represents a thermal exposure of 10gn/cm2. 

This speed figure can be substantially improved upon. For 
example, the use of a single LiF crystal eliminates some light 
loss due to scattering. This has improved the speed of the 
process by a factor of about 1.5 times. Better light collection 
by the use of a fibre optic assembly can result in a significant 
speed improvement. Preliminary tests of this type, made with 
inexpensive fibre optics, * indicate that a speed improvement 
of about 20 times over the camera technique can be achieved. 
Although these preliminary tests have yielded a speed result, 
the image area available was too small to prepare useful neutron 
images. A typical fibre optic result is shown in Figure 1. In 
addition to providing a speed comparison, these preliminary 
results have shown that a fibre optic length of only a few cm 
will be satisfactory for film use; this is long enough to eliminate 
problems due to film heating. 

Figure 1 
A positive print of a thermoluminescent 
neutron radiograph made with the 
film resting on a light guide during 
the period of light release from the 
thermoluminescent LiF. 

An additional speed improvement can be obtained if the 
LiFR is Li-6 enriched. The speed factor improvement due to 
enrichment can be estimated by noting the speed improvement 
which can be achieved with LiF-ZnS(Ag) type neutron scintil- 
lators (4) if one uses natural lithium, and then Li-6-enriched 
material. Argonne (National Laboratory) results with such 
scintillators indicate that one can achieve a speed improvement 
of about 3 times. If one combines all these speed improvement 
factors (1.5 x 20 x 3 ) ,  the result is about a factor of 100. 
Therefore, one would anticipate that a useful neutron radio- 
graph with thermoluminescent techniques could be obtained with 
a total thermal neutron exposure of about lo9 n/cme. This has 
been experimentally confirmed. 

* A  hexagonal fibre optic bundle (fibres are 0.0125 mm, or 0.0005 
in. dia), approximately 3 mm across the flats, was used to piece 
together a rod about 1 cm in dia and 2 cm long. The image conduit 
used was type 40,643, American Science Center, Inc., Chicago, Ill. 60646. 



The advantages of this method are predicated on its ability 
to integrate thermal-neutron image information for long periods 
of time without saturating, even in the presence of interfering 
gamma radiation. The transfer-exposure photographic technique 
(1-4) can be used to eliminate essentially the influence of gamma 
radiation on the neutron image, but the length of time one 
can accumulate information is limited because the activity of 
the recording screen will eventually become saturated. One does 

0 0.2 0 4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Log Relative Neutron Exposure 
Figure 2. Polaroid film reflection density obtained on photographing thermo- 
luminescent light releases from a variety of thermal-neutron exposures of a 
6LiF detector, as described in the text. The fi lm used was Polaroid Type 47, 
3000 speed. Point A represents a thermal-neutron exposure of 109n/cm2. The 
curve shown i s  on average of several trials. Individual data points fell within a 
reflection density range of 0.1 from this average curve. 

not have this saturation problem if the direct-exposure photo- 
graphic method is used, but the thermoluminescent type of de- 
tector offers a superior neutron-to-gamma response ratio. It has 
been shown (4,9) that metal converter screens and X-ray film 
used as direct-exposure thermal-neutron detectors yield about 
equal film response for an exposure of lo5 thermal n/cma or 
1 mR of "Co gamma radiation. For ZnS neutron scintillators 
instead of metal converter screens, this relationship can be 
improved so that a thermal-neutron exposure of only about lo4 
n/cm' is required to equal the film response of 1 mR of "Co 
gamma radiation. Thermoluminescent detectors employing the 
low Za LiF have an even better rel?tivq neutron-gamma response; 
work in this laboratory indicates that one needs only about 
5000 n/cm* (thermal) to produce the same amount of light as 
that produced by a gamma-ray exposure of 1 mR. Even if the 
two methods were comparable in their relative neutron-gamma 
response ratio, the, reciprocity-law failure response of the scin- 
tillator technique, particularly at low light levels, is a disadvan- 
tage (10). (A reciprocity-law failure response refers to the fact 
that the response of film to light shows a maximum response for 

a certain range of light intensities. Above or below that range 
a greater exposure-light intensity X time-is required to pro- 
duce the same film darkening.) At lower thermal neutron in- 
tensities, such as one might anticipate from a small accelerator 
or radioactive source arranged to yield a thermal neutron beam, 
the response of the scintillator direct-exposure detectors would 
be impaired because of the lower film response to the low light 
levels from the scintillator. The thermoluminescent detector, 
however, could be exposed to the neutron beam long enough 
to accumulate the energy needed for a large light release after 
the exposure. Reciprocity-law failure responses, therefore, could 
not influence this detector. 

At the present stage of development, the thermoluminescent 
neutron imaging technique can provide a high-contrast resolution 
capability of about 0.125 mm (0.005 in.). Such a result is shown 
in Figure 3. The neutron image of a cadmium test object con- 
taining several through holes 0.020 in. (0.5 mm) dia is shown. 
The hole spacings in this cadmium object continually decrease. 
A hole separation at least as small as 0.125 mm can be observed. 

. 

Figure 3a 
A positive print of a portion of a 
thermoluminescent neutron radio- 
graph of a cadmium test piece con- 
taining a number of through holes 
0.020 in. (0.5 mm) in dia. Hole 
separations, left to right are opproxi- 
mately 0.030 in. (0.75 mm), 0.020 
in. (0.5 mm), 0.010 in. (0.25 mm), 
and 0.005 in. (0.125 mm). Closer 
hole spacings do not appear to be 
resolved. 

Figure 3b 
A print of a thermo- 
luminescent neutron ra- 
diograph showing an 
image of a different 
cadmium test object. 
Hole sizes in the cad- 
mium are, top to bot- 
tom 0.040 in. (1 mm), 
0.75 mm, 0.5 mm, and 
0.35 mm. The image 
was obtained by pho- 
tographing the light 
release from a pressed 
and sintered powder 
LiF sample. The sam- 
ple was cracked a t  
the time of this 'pic- 
ture. 

Figure 4 shows that the technique is capable of displaying 
grey scale. Tests with uranium indicate that a thickness change 
of about 10 per cent can be neutron-imaged with 0.5-in.-thick 
material. 

The thermoluminescent detector, even in its present stage 
of development, offers a number of advantages. These include 

Figure 4 
A thermoluminescent 
radiograph showing 
grey scale; the object 
was a cardboard 
stepped wedge. 
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the ability to accumulate thermal-neutron image information for 
extended periods without saturation* or reciprocity-failure re- 
sponse problems, and equal or better relative neutron-gamma 
responses than other available direct detection methods. These 
advantages are particularly important in cases involving rela- 
tively low neutron intensity beams and interfering gamma radia- 
tion. This is most likely to be the case when small accelerator 
or radioactive neutron sources are used for neutron radiography, 
or when the neutron radiographic technique is being used for 
the radiographic inspection of a thick, neutron attenuating mate- 
rial. The thermoluminescent technique may provide a very use- 
ful neutron image detector in these situations. 

* It is true that thermoluminescent LiF will eventually saturate 
because, in principle, the traps can all be filled. In practice, this gener- 
ally requires megarad orders of total dose. 
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Cin6-FI uoroscopic Studies in the Production 
of Castings 

R. HALMSHAW, J. D. LAVENDER 
and R. L. DURANT, U.K. 

ABSTRACT: A television /fluoroscopic X-ray image intensifier system has been 
used to study the pouring and solidification of castings in steel and other materials. 

The apparatus produces a fluoroscopic image on a high-definition television 
monitor screen, from a 12-in.-dia primary fluorescent screen, and the display image 
i s  filmed with a suitably synchronized 16-mm cin6 camera. 

The apparatus has been used to study the flow of molten steel through 
various gating systems. 

The formation of internal defects in the steel during solidificotion has also 
been studied, in particular the formation of gas cavities. A particular advantage 
of this technique i s  thot the time during the casting process at which defects form 
i s  easily determined; gas bubbles can be seen to form and under certain condi- 
tions can also be seen to disappear again, presumably as the gas is  absorbed 
by the metal. 

Further applications of this cin6-fluoroscopic technique to the production of 
castings in nonmetallic materials are described. Again, the formation of various 
casting defects can be clearly shown. Possible future developments to extend 
the range of the equipment for this type of work are discussed. 
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Introduction 

The direct viewing of an X-ray image on a screen, Le. fluoro- 
SCOQY, has had only a limited application in industry, largely 
because many of the specimens which require to be examined 
are of such a thickness that only a very low-brightness image 
is possible. However, electronic image intensifier systems now 
available produce bright enough images for viewing in an 
ordinary room. 

For the work to be described a Marconi X-ray television- 
fluoroscopy apparatus was used. In this the image on the fluores- 
cent screen is transferred directly on to a 49-in. image orthicon 
camera tube, by means of a Schmidt mirror optical system 
(Figure 1). The use of television circuitry enables very large 
gains in amplification, Le. image brightness, to be obtained; 

Crown Copyright reserved. Reproduced by  permission of the 
Controller of H . M .  Stationery Ofice.  
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Figure 1 Diagram of Marconi image intensifier. 

A-pecimen F-rthicon focussing coils 
B-fluorescent screen G-amplifiers 
C-plane mirror H-control box 
D-Schmidt optical system J-display monitor 
E-pick up screens in image 

orthicon 



image contrast control is available, and electronic image-size 
magnification is possible. With the present equipment the final 
image can be either natural-size or magnified x 1.6. 

Thus, many of the limitations of conventional fluoroscopy 
are overcome, and one can make use of an unique advantage 
of fluoroscopy-the ability to see an X-ray image of a moving 
specimen. 

The equipment has. been used to study the flow and 
solidification processes when liquid steel and other casting 
materials are poured into a mould. 

So far as is known these preliminary experiments represent 
the first application of fluoroscopic techniques to the casting of 
ferrous metals. 

Experimental Arrangements 

The broad principle of the image intensifier equipment has 
already been described; the final image is produced on a-14411. 
television monitor tube. This can be a long or short persistence 
tube-the latter being more suitable when filming a moving 
image, and the former for direct viewing. 

The television image is a 1000-line triple-interlace scan, 
to provide image definition to match that attainable on the 
fluoroscopic screen, and this triple-interlace causes special 
problems in synchronization when recording with a cint camera. 
The triple interlace is locked to the 50 c/s mains, each of the 
three scans taking 1/50th of a second. Thus a complete triple 
scan takes 3/50th sec (0.06 sec) and there are 16: complete 
scans per second. In a cine camera with a 180' shutter, running 
at 16 framedsec, the shutter is open and shut alternately for 
periods of 1/32 second (0.03 sec) so that even assuming cor- 
rect phasing, each frame of the film cannot record the full 
information over the 1000-line scan; to do this the framing 
speed would have to be no faster than 84 framedsec. If the 
camera covers only part of the screen image, i.e. less than the 
full 1000 lines, the framing speed on each frame can be in- 
creased to record full information. 

If the framing speed is not matched to the television scan 
speed, and also adjusted to the correct phase relationship, an 
unexposed strip occurs on each frame of the cine film, which 
on projection has the appearance of a moving band across the 
image. 

As an alternative to 16-mm cink-film recording, a Sony 
videotape recorder has also been used. This does not eliminate 
the usefulness of the film record, but enables an instant play- 
back of the recorded event to be made, without the inevitable 
delays of film processing. It also permits editing before filming, 
and enables a continuous recording of up to  two hours to be 
made. 

The largest transportable X-ray set which could be used 
adjacent to the stee1 melting facilities was a 3'00-kV, 15mA 
machine, and all the experiments described have been done with 
this equipment. 

During the steel pouring operation an operator was rela- 
tively close to the X-ray beam and adequate radiation protection 
had to be provided. Protection of the image intensifier equip- 
ment from the heat of the mould, from accidental splashes or 
overspill of molten steel was also obviously essential. 

The first experiments used a horizontal X-ray beam, and 
the X-ray tube and image intensifier were each surrounded by 
Dexion-framed, lead-ply boxes (Figure 2) .  A focus-to-film dis- 
tance of about 30 in. was used. The box holding the image 
intensifier had a 12-in. dia opening opposite the fluorescent 
screen; the screen was covered with $in. Dural and +in. 
asbestos board and this proved entirely adequate in preventing 

Figure 2 Sketch of set-up for a vertical mould and a horizontal X-ray beam. 

- E 

Figure 2A Sketch of set-up for a horizontal mould and a vertical X-ray beam. 
A-X-ray tube 
6-image amplifier G i t e e l  sheet 
C-mould H-asbestos sheet 
D-pouring cup J-fluorescent screen 
E-lead-ply box 

F i a n d  box round mould 

heat from reaching the fluorescent screen from the hot mould. 
The mould, gate assembly and pouring cup were assembled in 
the space between the two boxes so that the nearest face of the 
mould was 1 in.-la in. from the fluorescent screen. 

From this experience a similar protective unit, utilizing a 
vertical X-ray beam and horizontal moulds was built. (Figure 
2A.) The protection for the fluorescent screen was a &in. sheet 
of steel with asbestos sheet below, and a second asbestos sheet 
protected the X-ray tube window. In general the moulds were 
supported in sand boxes with sand surrounds to contain overspill 
of molten metal. The arrangements used to protect the fluores- 
cent screen from heat were adequate for the sizes of casting and 
moulds used, but there was evidence that better heat protection 
would be necessary with larger castings. With this vertical ar- 
rangement, also, a bursting mould or extensive overspill in 
pouring could conceivably cause considerable damage to the 
fluorescent screen and the optical system of the image intensifier. 
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Sensitivity 
In radiography, sensitivity is usually measured with some stand- 
ard form of image quality indicator (I.Q.I.), and the following 
tables show values of sensitivity which have been obtained with 
this equipment under static conditions, with 300-kV X-rays (as 
used for these experiments) and for three higher X-ray energies. 

Z. Q.Z. Sensitivities (per cent) 1 

2 

3 

5 

7 

8 

1 MV 
X-rays 

400 kV 
X-rays 5 MV X-rays 300 kV X-rays Thick- 

ness of 
steel 
(in.) 

wire-type 
I.Q.I. 

wire-type 
I.Q.I. 

wire-type 
I.Q.I. 

hole-type 
1.Q.I.’ 

hole-type 
1.Q.I.. 

wire-type 
I.Q.I. 

9 . 5  
6 .2  
4 .8  
6 .3  
7 . 0  
- 
- 
- 
- - 
- 
- 

3.9 
3 .2  
2 . 4  
3 . 1  
4 . 2  - 
- 
- 
- 
- 
- 
- 

4.0  
- 
- 

2.1 

1 .2  
0.9 
0.9 
0.9 
1 . 1  
2 .4  

- 

2.8  

1 .6  
1.6 
1 .6  
1.9 

- 

- 
- 
- 

4 .8  

3 . 1  
2 .6  
2 .0  
1.9 
4 . 0  
6.5 

- 

- 
- 
- 

2.5  
2 .5  
2 .3  
2.5 

The hole-type I.Q.I. has drilled holes of depth equal to diameter and the sensitivity 
is given as a percentage of the specimen thickness. 

Castings in sand moulds. Z.Q.I. Sensitivities 
in terms of metal thickness, using 300 k V X-rays 

Hole type I.Q.1 
Sensitivity (yo) 

Thickness 
Penetrated 

t“ steel + 3” sand 
steel + 3“ sand 

1” steel f 3” sand 
steel + $” sand 

20 
12 
10 
10 

These sensitivity values were obtained with flat plate speci- 
mens. I t  was found that if there was X-radiation reaching the 
fluorescent screen round the sides of the specimen, then the 
sensitivity deteriorated very markedly. Adequate edge-masking 
was found to be absolutely essential, and specimens such as thin 
bars were the most difficult on which to get good defect sensi- 
tivity. 

For the later experiments, when the formation of defects 
was being studied, masks were cut from %-in. steel, with aper- 
tures slightly smaller than the projected area and shape of the 
castings, and the mould was positioned accurately over these 
before pouring. 

Attention to the pattern of casting, from the point of view 
of ability to provide radiographic masking is probably the most 
important single factor in the technique. For experiments to 
show only metal flow, masking was not necessary. 

From the point of view of sensitivity, also, it is desirable 
to use a size of casting that will comfortably fill the fluorescent 
screen image. A small casting, with a lot of unused image-area 
on the screen is likely to result in an image of unnecessarily 
poor sensitivity. 

Results 
The equipment was used first to study a variety of casting and 
gating problems in steel. In some of these experiments the molten 
metal was deliberately “gassed” and abnormal casting condi- 
tions were used in order to produce casting defects. 

Some of the experiments performed were:- 
(1) The study of the influence of design and dimensions of 

a simple gating system. 
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Figures 3, 3A Prints a t  0.24-sec intervals, from cinC film, rhowihg metal flowing 
through two gating systems. 

Two tests moulds were produced using the CO, sodium sili- 
cate process; the only variation was in the ingate, one was 1 x 
1;-in. section, Figure 3, and the second 2 x &in. section, Figure 
3A, both sprues being 12 in. high, untapered and of 1-in. dia. 

Thus these represented an unpressurized and a pressurized 
system. The steel was a nominal 0.3 per cent carbon steel poured 
at 1620°C, and the moulds were held in a vertical position 
during pouring. 

Considering first the unpressurized system, Figure 3, the 
flow of metal out of the runner bush with the absence of any 
choking effect at the gate was insufficient to cause the gate or any 
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part of the sprue to be filled. The fall of metal to the bottom of 
the sprue, and the 90" change of direction at the gate resulted 
in much turbulence and air entrapment in the early stages. 
However, as would be expected, when the height of the metal in 
the casting exceeded the level of the ingate, the levels of metal 
in the casting cavity and sprue naturally equalized. Thus further 
,metal was introduced into the casting with little further turbu- 
lence or air aspiration. 

However, with the pressurized system, Figure 3A, although 
the ingate became full at an early stage, the metal velocity from 
the gate was obviously greater, and the metal in the casting 
cavity was consequently more turbulent; it appeared that air 
was being introduced into the casting at a later stage than with 
the unpressurized system. 

As these castings were small and there was some difficulty in 
keeping the runner bush filled with metal, the experiments were 
repeated with a larger mould which would take longer to fill, 
and the steel was poured from a much larger bottom-pour ladle. 
A greater range of ingate sizes was also investigated. 

Further investigations will require more carefully controlled 
experiments and consideration being given to the following 
factors: (a)  the steel composition, (b)  the pouring temperature, 
(c)  the pouring rate, (d)  the volume of steel which is to be 
poured. It is recognized that there are also other variables affect- 
ing gating studies, which will have to be considered during the 
investigation. 

( 2 )  The gating of commercial moulds for casting small 
Alcomax and Almico magnets of various shapes. 

Results have been obtained on two specific patterns: 
(a )  A small circular magnet approximately 1 in. dia x 1 

in. thick; 
(b)  A bar magnet $ in. wide X 4 in. thick x 4 in. long 

approximately. 
The shell mould for the circular magnet was designed to 

produce eight magnets, four on each side of the central hori- 
zontal runner; it was cast in a horizontal position. 

A study of the series of photographs, Figure 4, shows 
that the central runner filled completely before any steel entered 
the ingate of any individual magnet. There was a temporary 
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Figure 4 The running of small Alcomax magnets, in a horizontal mould. The prints 
are at 0.24-sec intervals. 
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stoppage at each separate ingate before the metal stream im- 
pinged on the central core of the magnet. This temporary 
stoppage and resultant impingement on the core could produce 
oxide formation and core wash owing to the effect of liquid 
pressure. A second important factor which requires further 
study is the random filling of the magnet cavities. 

In the mould for the bar magnet fourteen magnets were 
produced in each shell mould, seven on each side of the central 
runner; this mould also was cast in a horizontal position. 

As occurred in the circular magnet, the central runner 
filled completely before liquid metal began to fill the individual 
bar magnets; again these magnets filled in a random manner. 
It was noted, in addition, that the liquid steel ran along one 
side of the bar of the magnet and then round the other side 
before it was completely filled (Figure 5 ) .  

I 

Figure 5 Small bar magnets in a horizontal mould. The prints are at .24-sec 
intervals. 

(3)  The filling and formation of flaws in a thin plate, cast 
vertically in a greensand mould. 

This plate, 8 in. x 6 in. x I f  in. was cast in a variety of 
steels-rimming steel, silicon-killed steel, aluminium-killed steel, 
aluminium-killed steel with various hydrogen contents produced 
by “steaming”-to study the filling of the mould and the de- 
velopment of internal defects. The formation of a cold shut, 
of gas-holes and of gross gas cavitation was observed. Some 
of the steels appeared to flow very inadequately. 

Gas-hole Formation 
Castings were made in shell moulds with variations in the 
hexamine-content of the resin, to study the effect on the forma- 
tion of gas holes in the casting. 
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In one experiment, a 0.3-per cent carbon steel silicon de- 
oxidized, at a temperature of 16OO0C, was cast into a shell 
mould of a horizontal plate 6 in. X 6 in. X # in. by way of 
an ingate, t x f in. wide. The shell mould mix contained 96 
per cent silica sand and 4 per cent resin as a physical bond. In  
order to set the resin during the production of a shell, approxi- 
mately 12 per cent of the resin weight of hexamine was added. 
This hexamine addition can lead to the formation of gas holes 
in the casting by the evolution of nitrogen and to ensure the 
formation of gas cavities in these particular castings, the hex- 
amine content was increased to 20 per cent of the resin weight. 

After cooling, one of the castings was examined visually 
and was found to have an excellent clean surface. It was then 
sectioned, the sectioning being carried out with due regard to 
particular features which had been observed on the cinC- 
radiographs. 

The cink-radiographs (Figure 6)  show:- 
(i) After the formation of a sound clean solid skin, gas 

holes begin to form after 3-5 seconds. They did not form, how- 
ever, in the region adjacent to the ingate due to liquid metal 
conditions in this zone; (ii) They enlarge quickly and unite, at 
about 7-10 seconds; (iii) A large central cavity forms at a 
position immediately adjacent to the ingate, at 15 seconds; (iv) 
Liquid steel returning from the ingate begins to fill the cavities 
which had originally formed, at 27 seconds; (v) Owing to 
internal gas pressure inside the solid steel skin, or due to lack 
of liquid steel fluidity, complete filling of the central cavity 
does not occur; (vi) Gas holes form in the secondary liquid 
feed metal adjacent to the ingate, at about 32 sep .  

The liquid supplied under (iv) above may differ in com- 
position from the liquid steel which initially entered the mould 
and a metallurgical investigation was made to determine whether 
this was the case. 

Two main points of interest arise out of this investigation. 
(i) The formation of the gas cavities and the centre-line 

defect which occurred during solidification were interconnected. 
The central cavity was centre-line shrinkage and its formation 
was unquestionably influenced by the pressure exerted by 
nitrogen evolution during solidification of the molten steel. 

(ii) Gas cavities formed inside a solid steel skin during the 
early (3-5 seconds) stages in the solidification process. Liquid 
steel from the ingate filled certain parts of the centre-line 
shrinkage area and some of the gas cavities, giving rise to dark 
etching segregate zones. 

Cast Explosive 
Liquid RDX/TNT has been poured into a mould to simulate 
a G.W. warhead, of a shape likely to develop hot-tearing. It 
was demonstrated that the tears form a very long time after 
pouring, 20-30 minutes, but that the rate of formation of each 
tear is comparatively rapid. Not enough experiments have been 
made however for this to be taken as a generally valid con- 
clusion. 

The Formation of Hot Tears in Steel 
A mould was designed so as to produce a wide hot tear with 
the plane of the tear approximately in line with the X-ray beam. 
The formation of the tear was clearly visible and the tear 
propagated very slowly over a period of several minutes. 

Discussion of the Results 

This image-intensifier equipment is basically medical equipment 
and is not specifically designed for the study of steel casting 
production. Several developments or modifications would be 
worthwhile. 
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Figure 6 Silicon-deoxidized steel being cast in a shell mould. The prints are a t  0.64-sec intervals. 

X-ray Equipment 
With the 300-kV X-ray set there is a fairly severe limitation 
on the penetrable thickness of steel when the thickness of the 
mould and the protective sheets are taken into account. The 
practical casting thickness is probably not greater than about 
1 ;-in. if good defect sensitivity is required. Higher energy 
X-rays would extend this thickness, 1-MV X-rays to about 
2441. steel and 2-MV X-rays possibly to 4-in. steel, although 
radiation protection problems would become more severe. Still 
higher energy X-rays such as are produced by the betatron and 
linac might be worth considering, and the steel thickness could 
then certainly be increased to about 8-in., but it should be 
remembered that the maximum area of casting which can be 
covered at any one position is a 12-in.-dia circle, and with this 
limitation penetration of very large thicknesses may not be 
very useful. 

The use of high-energy X-rays will preclude hand-pouring 
of the molten steel, because of radiation hazards. 

As the casting thickness is increased, so the heat-protection 
problem will become more serious. One solution would be to 
stand the casting and mould some distance away from the 
fluorescent screen. In order to minimize image blurring in these 
conditions, a fine-focus X-ray set would be desirable and in 
the 1-MeV or 2-MeV energy region, a Van de Graaff set would 
be the most suitable. 

Image Intensifier 
To extend the usefulness of the Marconi 12-in. image intensifier 
for this particular application it would be worthwhile:- 

( i)  to have a range of electronic image magnification, 
from x 1  to about ~ 4 ,  so that the image of a small casting 
can be enlarged to fill the screen; 

(ii) to be able to film at faster framing speeds, to slow 
down rapid motion; this can already be done to at least 60 fps, 
with a special continuous-feed cinC camera, but this has not 
been used for these experiments; 

(iii) to extend the area of casting or mould which can 
be covered at one view by using a larger fluorescent screen. A 
flexible optical system would be the ideal solution, so that the 
screen area covered could be varied from, say, 4 in. x 4 in. 
to 24 in. x 24 in. 

(iv) to have a primary fluorescent screen capable of 
absorbing and utilizing a greater proportion of the incident 
X-ray energy. This is especially important if high-energy X-rays 
are to be used. 

Foundry aspects 
An automatic, remote-controlled pouring system, both from 
the point of view of radiation safety and standardization of 
pouring technique, is essential for future experiments. 

More consideration of the most suitable mould shape, 
method of support, and the use of pre-assembled moulds, 
masks, pouring boxes, etc., on a base plate ready to be slid 
into position as a complete unit, will certainly produce better 
results when setting-up time between pours is limited. 

Conclusions 

It has been demonstrated that a television/ fluoroscopy image 
intensifier equipment can be used to study the pouring and 
solidification of small steel castings, and larger castings in lower 
density materials. The development of internal defects during 
solidification of the castings has been shown, and the flow of 
molten steel into small moulds through various gating systems 
has been studied. 

The image intensifier has been used in conjunction with a 
300-kV X-ray set and a synchronized cine camera for this work 
and possible future developments on the equipment to extend 
its usefulness to this application are discussed. 

Since the cinC recording speed is 25 framedsec, it is also 
possible to produce single frames from the film record which 
show detail and specific conditions occurring at any given instant 
in the mould, on a known time-scale. 
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Technical Session 6/ Measurement of Stress & Elastic 
Properties 

Ultrasonic Methods in the Study of Mechanical 
Characteristics of Iron and Carbon Steels 

W. J. BRATINA, J.  T. McGRATH, and R. 1. MOORE, CANADA, 
0. M. MRACEK MITCHELL, AND R. E. LOVE, U.S.A. 

ABSTRACT: Measurement of the ultrasonic wave attenuation in the MHz frequency 
range associated with the vibration of free dislocation segments, i.e. dislocation 
damping, was explored as a potential nondestructive technique for the study of 
mechanical characteristics of metals over a wide temperature range (-150' to 
+150°C). Studies of strain aging and the ductile-brittle transition were made in 
iron and carbon steels. The amount of dislocation damping observed upon oppli- 
cation of an external stress was used as a measure of the depinning of disloca- 
tions from interstitial atoms. This quantity was observed to decrease with aging 
time in the strain-aging study and as the temperature was lowered in the investi- 
gation of the ductile-brittle transition. A unit for automatically recording the 
amplitude of two echoes was used in conjunction with a variable-frequency 
pulse-modulated rf source, a linear or logarithmic amplifier and a dual-pen 
chart recorder. Cryostats suitable for ultrasonic attenuation studier of mechanical 
characteristics down to liquid nitrogen temperature are described. A magnetic 
field (up to 1 kOe) was applied by means of a solenoid and strain was applied 
by an lnstron machine. 

Introduction 

Applications of ultrasonic techniques fall into two broad cate- 
gories characterized by low and high ultrasonic intensity. An 
important application of the low-power ultrasonics is in the 
field of nondestructive testing, and either a travelling-wave pulse- 
echo technique or a resonance technique has been used. The 
principal applications of ultrasonic nondestructive testing are: 
1 )  evaluation of the structural integrity of a material; 2)  de- 
termination of the dimensions; and 3 )  determination of physical 
properties, particularly mechanical and magnetic characteristics. 
While the first two applications are widely used, there has been 
only a limited amount of work done in exploring the poten- 
tialities of the ultrasonic technique in the study of mechanical 
properties of materials. This paper discusses some of the physi- 
cal properties that can be obtained from ultrasonic measure- 
ments. 

The ultrasonic attenuation a in a material is in general 
the sum of several components: 

a = a,  + a,+ as 4- ax 

where U D  is the dislocation damping which is a measure of 
the energy absorbed by vibrating dislocations ( l ) ,  ax is the 

140 TECHNICAL SESSION 6 

m gnetom nical damping (2, 3 ) ,  'a8 is the loss due to sc t- 
tering of the wave (4), and ux represents all other losses in- 
cluding bond losses. The first two components depend strongly 
on the mechanical and the magnetic state of the material, while 
the magnitude of scattering component depends on grain size 
and slip-band structure. The usefulness of the absolute attenua- 
tion as a measure of mechanical properties is therefore limited. 
Some typical values of absolute attenuation measured at 5 
MHz on demagnetized ferrous specimens were as follows (in 
dB/cm): for Fe-0.08% C alloy in a quenched condition, 
a = 0.30 to 0.45; for Armco iron annealed at 7OOOC for 2 
hours, a-0.30; for 0.20% carbon steel with the same annealing 
treatment, a - 0.18; and for a high carbon steel (- 1.0% C) in 
the spheroidized condition, a - 0.14. 

The magnitudes of some of the components can be estimated 
by measuring the change in attenuation Aa as a function of 
parameters such as elastic strain or stress, strain rate, magnetic 
field strength, temperature, time and the number of stress 
cycles. A promising approach to a study of mechanical proper- 
ties appears to be in terms of dislocation characteristics. The 
dislocation damping component of attenuation is sensitive to 
the dislocation structure since it is a measure of the energy 
absorbed by vibrating dislocations. In order to. separate the 
dislocation ' damping from the other attenuation components 
( U U , C ~ S , U X )  the change in attenuation A a  can be measured versus 
elastic strain as a function of several parameters: strain rate, 
time and temperature. 

Previous work on mechanical characteristics of fcc and 
bcc metals using ultrasonic techniques has been reviewed re- 
cently (5-8). In particular, the application of measurements of 
attenuation changes to studies of metal fatigue concerned prima- 
rily with the internal changes associated with 'cyclic stressing 
and not with surface crack detection (9, 10) have been discus- 
sed (8, 1 1 ,  12). Ultrasonic studies have been only recently 
extended to liquid nitrogen temperature ( 13). The experimental 
technique at temperatures above 150°C is still unsatisfactory, 
although the approach used by Lord (14) is promising. This 
paper discusses the application of an ultrasonic technique to 
the study of two metallurgical and mechanical phenomena, strain 
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aging and ductile-brittle transition. The specialized equip- 
ment used in these studies, a unit for automatically recording 
the amplitude of two echoes and cryostat assemblies, is de- 
scribed. 
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Ultrasonic Instrumentation 

The attenuation of longitudinal ultrasonic waves propagating 
along the specimen axis was measured in most cases by the 
transmission (double-ended) pulse-echo technique. X-cut 
quartz transducers (Valpey Corporation) were largely used and 
the coupling medium was either a hydraulic fluid TPlexol 
(Rohm and Haas Company) or Dow Corning 200 Fluid, 1000 
CS viscosity. Measurements of ultrasonic attenuation as a func- 
tion of various parameters are facilitated by automatic con- 
tinuous recording of the attenuation on a chart. Electronic 
equipment of great sensitivity, accuracy and versatility was 
designed. Figure 1 shows a simplified block diagram of the 
echo selection and detection unit which can be used to select 
two echoes and record their amplitudes simultaneously. A full 
description of the electronics will be reported elsewhere ( 15). 
Recently a modified and completely transistorized version was 
built at the Ontario Research Foundation and is undergoing 
testing. A pulser, either Arenberg Ultrasonic Laboratory PG- 
650-C or Ultrasonic Attenuation Comparator described by Chick 
et al. (16),  was used as a variable-frequency pulse-modulated 
rf source. Either a Leeds and Northrup Speedomax H Azar 
Recorder or Moseley Dual Pen Strip Chart Recorder was used. 
The changes in the amplitude of a single echo can be used to 
monitor the changes in attenuation provided the over-all acous- 
tic level remains constant. If, however, the impedance of the 
bond changes with temperature as it usually does in the tem- 
perature range of interest, the attenuation must be determined 
from the difference in amplitudes of at least two echoes. In 
this case the use of a logarithmic i.f. amplifier (LEL Model 
IML-1-30-08-50) enabled widely separated echoes to be monitor- 
ed simultaneously. An echo near the start of the echo train and 

A i 

TIMING 

Figure 2. Typical recorder trace of one selected echo (6th echo). Full-scale sensi- 
tivity i s  100 mV. The calibration trace (at the bottom) and calibration curve 
(diagonal line) in steps of 0.1 dB are shown. The change in echo amplitude is 
caused by the application of a progressively increasing magnetic field (0 to 
500 Oe). Material i s  0.2070 C steel, annealed (7OO0C, 2 hr) and demagnetized. 
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The data from Figure 2 are repjotted, 
curve a (full circles, bottom scale). 
Included i s  also a complete Aa-H 
hysteresis curve: curve b (open circles, 
bottom scale) is continued through 
the paint A into curve bb (open cir- 
cles, top scale), and curve c (crosses, 
bottom scale) is continued through 
the point B into curve cc (crosses, top 
scale). 

Figure 4 
Two types of cryostat assembly 
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suppress the magnetomechanical component of attenuation UM 
because of the unavoidable heat dissipation in the solenoid. 
In the liquid helium temperature range superconducting magnets 
may prove to be useful. 

Another cryostat arrangement (1 8) which has been used 
for short specimens, about 10 mm long, in the temperature 
range from - 150' to + 150°C is shown schematically in Figure 
4b. The specimen was heated above room temperature by a 
resistance heater surrounding the specimen and cooled below 
room temperature by a stream of cold nitrogen gas obtained 
as boil-off from a storage can of liquid nitrogen in which ano- 
ther resistance heater was immersed. Each heater in turn was 
controlled by a temperature controller equipped with linear 
programming (Mohawk Scientific Corporation), which automat- 
ically changed the temperature of the specimen. Styrofoam 
insulation (not shown) surrounded the specimen and coils. 

Experimental Results 

The basis for the application of dislocation damping U D  to the 
study of mechanical characteristics was essentially dislocation- 
dislocation and point-defect-dislocation interactions. The work 
described here is limited to bcc metals, mainly iron and carbon 
steels in which the important point defects are interstitial ni- 
trogen, carbon and oxygen. The interstitial-dislocation interac- 
tions are particularly strong and mainly responsible for the well 
known mechanical characteristics such as yielding, serrated 
stress-strain curve, strain aging, ductile-brittle transition, and the 
knee in the S-N curve. The use of dislocation damping measure- 
ments to yield information on strain aging and ductile-brittle 
transition is discussed. 

Strain Aging 
The changes in mechanical properties occurring in the bcc transi- 
tion metals following plastic deformation are associated to a 
large extent with strain aging (19, 20). The process is inter- 
preted in terms of pinning of the dislocations generated during 
deformation by interstitial atoms. The progress of strain aging 
is accompanied by a gradual decrease in the concentration of 
interstitial atoms in solid solution and by a return of the yield 
point. The latter phenomenon is the basis for the conven- 
tional technique applied in the study of strain aging. 

The technique used in the present work, a study of disloca- 
tion damping C ~ D ,  is unique in the respect that it represents a 
direct measure of dislocation pinning by interstitial atoms (21 ) . 
In  a deformed material there is initially ( t  = 0) a large number 
of free dislocations and dislocation damping is a maximum. At 
a temperature low enough to suppress the diffusion of intersti- 
tials sufficiently (T  liquid nitrogen temperature) this condi- 
tion will remain unchanged for prolonged periods of time. At 
room temperature however, pinning of dislocations by interstitial 
atoms occurs readily and dislocation damping decreases with 
time, obeying, in general, the Granato-Hikata-Lucke equatians 
(22). The decay of dislocation damping with time at 2S°C after 
prior deformation, is virtually completed for Fe - 0.08% C 
alloy in the quenched condition at t < 1 sec; for annealed Armco 
iron at t - 30 min, for annealed 0.20% carbon steel at t - 24 
hr, and for a high-carbon steel (M 1.0% C )  in spheroidized 
condition at t > 72 hr. However, because the dislocation damp- 
ing depends on the fourth power of the dislocation loop length, 
it is a sensitive indicator of only the initial stages of pinning. 
For example, pinning of each dislocation segment by one intersti- 
tial atom results in a reduction of the dislocation damping to 

of its initial value. At this stage, the pinning is far from 
complete even though most of the change in attenuation has 
taken place. Dislocation damping at MHz frequencies is essen- 
tially amplitude independent, i.e., the ultrasonic strain amplitude 

(+ lo-') is too small to induce a breakaway of dislocations from 
interstitials. However larger strains can cause a breakaway of 
the dislocations from the pinning centres and cause an increase 
of the attenuation. The return of the yield point is associated 
with breakaway strains many orders of magnitude larger than 
the ultrasonic strain (H 

To study the progress of strain aging, therefore, it is neces- 
sary to apply an external strain to the specimen. A previously 
deformed high-carbon steel specimen (- 1.0% C )  was chosen 
for convenience, since it is characterized by very slow strain 
aging at room temperature. An elastic strain of 6.6 x applied 
at a strain rate I? = 0.85 X lo-' sec-' resulted in a rise in attenua- 
tion which was essentially dislocation damping associated with 
dislocations pulled away from the interstitial pinning centres 
by the applied strain. The increase in attenuation is subject to 
a decay with time for a given strain. One-hour decays at a 
strain of 6 . 6 ~ 1 0 . '  are shown in Figure 5 at 25°C after various 
aging times (0 to 1280 min) at a selected aging temperature 
of 175 "C. The gradual permanent immobilization of dislocation 
loops in a strain aging sense with aging time is noted and 
corresponding dislocation damping is shown as a dashed curve 
versus log aging time. Similar series of curves were obtained 
at other aging temperatures. This method, employing disloca- 
tion damping is not only the most direct way of determining 
the degree of immobilization of dislocation loops and therefore 
the degree of strain aging, but can provide a measure of pinning 
strength over a wide range of strains up to the yield strain. This 
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Figure 5. Decay of dislocation damping with time a t  25OC in a 1.0% C steel a t  
a strain of 6.6 X Decay curves obtained after various aging times a t  
175OC are shown. The 1-hr values are replotted versus log aging time (dashed 
curve). 
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ultrasonic technique therefore appears to be capable of 
measuring the quantities essential in the strain aging process 
and it may well be developed into a nondestructive method. 

Ductile-Brittle Transition 
The mechanical properties of most transition bcc metals are 
strongly dependent on temperature, as manifested by the 
ductile-brittle transition. The embrittlement is a function of 
material (composition, structure, grain size, thermal and 
mechanical history) and the test conditions (temperature, strain 
rate). In current practice, the transition temperature range is 
determined by impact testing, Le., a fracture load is applied 
at a very high strain rate (i = 10' - lo3 sec") to a notched 
specimen. The test is so severe that it satisfies most practical 
conditions. 

In the present experinient (Figure 6) the dislocation com- 
ponent of ultrasonic attenuation was measured in a 1.0% 
carbon steel as a function of external elastic strain (up to 
6.6XlO.') at a series of temperatures in the range 25" to 
-124OC. The strain rate was rather low (C = 0.85 x sec-') 
compared with the strain rates employed in impact testing; thus 
embrittlement is expected to occur at temperatures much below 
the impact testing transition. The change in attenuation with 
strain, shown in Figure 6, is essentially the dislocation damping, 
although a correction for a small magnetomechanical component 
should be made. A field of 500 Oe nominal, applied by an 
axial solenoid, was not large enough to suppress the magneto- 
mechanical damping completely because of imperfect flux 
closure. A larger field was not desirable because of excessive 
heat dissipation in the cryostat chamber. The magnitude of 
magnetomechanical damping correction can be estimated from 
the results at - 124°C. The initial decrease in attenuation versus 
strain is caused by magnetomechanical damping and the subse- 
quent rise by dislocation damping. 

The main feature of Figure 6 is a gradual decrease in 
dislocation damping with temperature for a given strain. Strain- 
amplitude-independent damping is, according to the Granato- 
Lucke theory, proportional to the product: A*B.L'  where A 
is the dislocation density, B is the dislocation damping constant, 
and L is the average loop length of vibrating dislocations. Appli- 
cation of an elastic strain, as in Figure 6, does not change the 
dislocation density because dislocation generation cannot occur 
at these strains. In a series of other experiments in the same 
temperature range it was established that there is practically 
no change in B. This leaves the average loop length as the 
only variable. These experiments therefore provide direct proof 
that the breakaway of dislocations from interstitials becomes 
increasingly more difficult as the temperature is decreased. If, 
however, the elastic strain is increased beyond the value in 
Figure 6 an additional breakaway is possible and further 
lowering of the temperature would be necessary to suppress it. 
Large plastic flow and ductility of a material is associated with 
a high number of free dislocations while a lack of free dis- 
locations will promote embrittlement. It appears from the results 
in Figure 6 that as the temperature is decreased, it becomes 
more difficult to obtain free dislocations which would participate 
in plastic flow and therefore the ability of the material to 
deform in a ductile manner is reduced because of lack of 
dislocations. 

,Comments 

Basic studies of material properties with ultrasonic techniques 
indicate that these techniques might be applied to complex 
problems in nondestructive testing. In particular, with further 
basic work, nondestructive testing instrumentation and tech- 
niques might be developed for: 1) following the course of 
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Figure 6. Dislocation damping at various temperatures in a 1.0% C steel strained 
elastically to a maximum strain of 6.6 X at a strain rate of 0.85 X IOp4 
sec-'. 

fatigue in metals and the possibility of predicting fatigue 
behaviour within some limits; 2) measuring internal stress; 3) 
indicating the extent of strain aging and the associated changes 
in mechanical properties; and 4) following ductile-brittle transi- 
tion phenomena and developing a criterion for embrittlement 
behaviour. 
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entre -200 et +25QoC 

MAURICE SEPASER, PIERRE AZOU et PAUL BASTIEN, FRANCE 

Les problkmes relatifs au comportemerit soit Clastique soit in& 
lastique des mat6riaux ont toujours CtC ?I I’ordre du jour d’un 
grand nombre de laboratoires compte tenu du  double intCr6t 
pratique et thCorique qui se rattache aux grandeurs physiques 
correspondantes. La IittCrature scientifique fait d’ailleurs Ctat 
de nombreuses publications dont l’article de McSkimin (1) 
donne une bonne vue d’ensemble. 

Cependant dhs que I’on veut choisir une technique de 
mesures, on  doit s’orienter soit vers les mCthodes statiques ou 
quasi-statiques, soit vers celles utilisant vibrations ou ondes. 
Notre but n’est pas ici de d6gager 1es avantages et inconvknients 
mutuels. Toutefois, I’inconv6nient majeur des mCthodes statiques 
rCside dans la durCe de I’expCrimentation nCcessaire pour obtenir 
un rCsultat complet au point de vue Clastique et inClastique. A 
titre d’exemple, la ditermination simultanCe du module d’Young, 
du coefficient de Poisson et de la constante de temps de relaxa- 
tion dans un essai de traction simple, pour une tempirature 
donnCe, nkcessite un appareillage compliqui et extrtmement 
sensible si I’on ne veut pas par une charge trop importante du 
matCriau, altCrer I’ClasticitC de celui-ci. 

Afin d’Cviter ces difficultCs, I’utilisation d’ondes sous forme 
d’impulsions ou d’ondes permanentes a CtC faite depuis long- 
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temps. Florisson, Cabarat, Forster, pour ne citer que les plus 
connus, ont pu, avec une mise en oscillation tant capacitive 
qu’inductive ou par percussion et dans un  domaine souvent 
restreint de tempCrature, mesurer pratiquement un seul coef- 
ficient d’Clasticit6 et I’amortissement intCrieur de I’Cprouvette 
utilisCe. Cependant de nombreux problkmes expkrimentaux 
se posaient, notamment au point de vue du rCglage des disposi- 
tifs de mise en oscillation du  matkriau. Ces difficultCs s’ag- 
gravaient pour des mesures L une tempCrature autre que I’am- 
biante. 

Le but de notre recherche, objet de cette communication, 
Ctait de mettre au point, dans un domaine aussi Ctendu que pos- 
sible de tempkratures, un appareillage permettant, avec le mini- 
mum de rkglages en cows d’essai, d’obtenir I’ensemble des coef- 
ficients d’Clasticit6 et I’amortissement inthrieur. Dans la suite de 
cet expos& nous envisagerons successivement: le principe de la 
mCthode, la rCalisation pratique et des exemples pris dans l’en- 
semble de nos rtsultats expkrimentaux. 

Principe de la m6thode 
Nous avons choisi de dCclencher, dans une Cprouvette cylindrique 
dont la longueur est grande par rapport h son diamktre, un  en- 
semble complexe d’ondes faisant intervenir simultaniment les 



trois modes de vibrations libres: longitudinales (dans le sens de 
I’axe du cylindre) transversales et de torsion. 

Coefficients d’e‘lasticite‘ 
La connaissance de deux des vitesses de phase de propagation 
de ces divers types d’ondes permet d’obtenir I’ensemble des 
coefficients d’ClasticitC suivant les relations indiquCes ci-aprks. 
Cependant il ne faut pas oublier que les expressions obtenues 
pour ces diverses vitesses dCpendent considCrablement des con- 
ditions aux limites et qu’en particulier la vitesse de phases des 
ondes longitudinales peut s’exprimer de trois mani6res: 

v, = JF 
barre de faible diamktre 

matCriau de grande section avec sollicitation locale 

v e = J :  1 

plaque de faible Cpaisseur 

E Ctant le module d’Young, v le coefficient de Poisson et p la 
masse volumique. 

La considCration des vitesses de phase des ondes longitudi- 
nales V. et de torsion Vt permet d’atteindre les coefficients d’Clas- 
ticit6 E et v pour une Cprouvette de faible diambre par rapport 
i la longueur lorsque s’Ctablit dans celle-ci une propagation 
stationnaire conservatrice ou dissipative. Si I’on dCsigne par Fe 
la frCquence du mode fondamental en propagation longitudinale 
et Ft la mCme caractkristique pour la torsion, on peut Ccrire: 

E = 4pL2Fe2 (1) 

G = = 4 p Lz Ftz (2) 

G module de cisaillement, w premier coefficient de Lame et L 
longueur de I’Cprouvette. 

A partir de E et G (ou IL on obtient les autres coefficients 
Clastiques: h second coefficient de Lame, x coefficient de com- 
pressibilitC et v coefficient de Poisson. 

soit 

et 

soit 

2 v  
1 - 2v 

h = p -  

1 - 2v 
E x = 3  .- 

(3) 

(4) 

De I’examen des diverses relations il apparait immCdiate- 
ment que seule l’expression de v est indCpendante de p et de L. 
II en rCsulte que, si I’on envisage les trois mesures de F., v, Ft, 
le coefficient de Poisson sera le seul coefficient accessible direc- 
tement. Pour Cvaluer les deux autres coefficients il sera indis- 
pensable de rCaliser simultanCment ou parallklement une dCter- 
mination de masse volumique et de longueur aux diffkrentes 
tempkratures CtudiCes. Dans une premikre approximation, comme 
le groupement p L’ fait intervenir ces deux paramktres simul- 
tantment, on s’apeqoit que 

p ~ 2 =  (1 - a e ) p o L z  

a Ctant le coefficient de tempCrature dans la dilatation IinCaire. 
Une simple dilatomktrie doit donc permettre de dCgager 1% 
fluence du facteur p L’. 

Pour le seul coefficient accessible directement, v, la prC- 
cision thCorique se dtduit de la relation ( 3 )  et du mode de 
mesure. Nous mesurons et enregistrons directement la valeur 

d’oh 

R est mesur 

FL 
FT 

R = - ,  

1 
2 

v = -R2- 1 etdv = RdR 

A 0,5 . prks et vaut toujours 
dv & lo-”. Une modification sur l’un des appar 

6 i 1,7 d’oh 
1s de mesure 

nous permet de mesurer un nombre R’ = k R (k < 1 )  et de 
I’enregistrer face A une Cchelle qui permet la lecture directe du 
coefficient de Poisson v. Cette Cchelle, lidaire, coincide avec la 
graduation du papier millimCtrC et conserve en pratique la prC- 
cision thtorique. 

Coeficient d‘ine‘lasticite‘ 
Par suite de l’amortissement intCrieur, dont nous n’analyserons 
pas ici les origines, toute vibration libre prCsente une dCcrois- 
sance en fonction du temps. Celle-ci apparait comme &ant de 
forme exponentielle si I’amortissement est du type fluide. L’am- 
plitude AI de la vibration, que1 que soit son mode (i = e, ‘c, t ) ,  
peut donc s’exprimer par la relation 

Ai=Aio exp( -:), ri 

Ctant la constante de temps de la dCcroissance. On caractCrise 
souvent I’amortissement intCrieur 6 I  par le dCcrCment logarith- 
mique des oscillations libres amorties. Par dCfinition 

AI.  et All, Ctant deux valeurs maximales sCparCes par n pseudo- 
pCriodes. I1 est commode de prendre n tel que nT1 = T I  (Tt 
pseudo-phiode) il vient alors : 

Ain = Aio exp(- 1) 
#Oh 

Le dCcrCment logarithmique des oscillations libres est alors 
Cgal h I’inverse du nombre d’oscillations comprises entre deux 
amplitudes telles que la seconde est Cgale 2 la premikre divisCe 
par e. 
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Cependant il est possible que ce nombre soit ou trop grand 
ou trop faible. On peut, dans de telles conditions, travailler 
avec un temps de mesure diffkrent. Par exemple on fixe le 
rapport 

le dCcrCment logarithmique devient dans ce cas 

K 
&=-. 

n 

Cette dernitre formule est d’un emploi plus ais6 que la premitre. 
Elle montre de plus que l’on peut, & un coefficient multiplicatif 
prts, considCrer que le dCcrCment logarithmique 61 est inverse- 
ment proportionnel au nombre d’oscillations libres comprises 
entre deux amplitudes de rapport impos6. 

ThCoriquement il est possible de dtfinir trois amortisse- 
ments intCrieurs correspondant aux trois modes de vibration. 
Cependant la rCalisation pratique de la mesure n’est pas toujours 
simple car ils peuvent &tre d’ordre de grandeur diffCrent. Nous 
espCrons, toutefois, rCaliser simultanCment ces trois mesures 
car elles permettraient de vCrifier si l’amortissement intCrieur 
est & une m&me frCquence indkpendante ou non du mode de 
sollicitation: compression, cisaillement ou torsion. 

RCalisation pratique 

Pression re‘siduelle et tempe‘rature 
Afin de limiter au maximum les pertes par Cchange avec I’en- 
vironnement, la mesure se fera sous pression rCsiduelle faible 
de l’ordre de & Torr. Ceci a de plus l’avantage de pro- 
tiger I’Cchantillon contre une pollution due & ce m&me environ- 
nement. Cependant, la rCalisation de ces basses pressions nCces- 
site la mise en action de pompes mCcaniques qui peuvent trans- 
mettre des vibrations parasites au support de l’Cprouvette. Pour 
pallier & cet inconvknient, nous avons employ6 une technique 
d’adsorption locale par azColithes refroidis & la tempCrature de 
I’air liquide. Cette mCthode prCsente de plus l’avantage d’Cviter 
la sortie, hors de I’enceinte de mesure, de canalisations. La 
conductivitC thermique est ainsi diminuCe et I’homogCnCisation 
des tempCratures accrue. 

Le domaine de tempCrature, compris entre -200 et 
+250°C est rCalisC par une enceinte gCnCrale (figure 1) Ctanche 
au vide comprenant & I’intCrieur deux compartiments: l’un en 
partie basse pour les azbolithes et l’autre en partie haute pour 
un four entitrement mCtallique, de forme cylindrique et dont 
la section est ICgtrement supCrieure & celle de 1’Cprouvette de 
mesure. L’ensemble est maintenu & -2OOOC par immersion 
dans un vase Dewar, et 1’Cprouvette peut, g r k e  au four in- 
tCrieur, subir un cycle impose de temperature (figures 2 et 3 ) .  

Type d’e‘prouvette 
L’Cprouvette constituCe par un cylindre de 20 cm de long et de 
8 B 10 mm de diamktre est maintenue en son milieu par trois 
vis de fixation comme dans 1’Clasticimttre Cabarat. On y 
rCalisera donc un nceud de vibrations au point de vue des ampli- 
tudes tant en vibrations longitudinales que de torsion. Les ex- 
trCmitCs de 1’Cprouvette doivent &tre bien paralleles afin de ne 
pas introduire de dispersion dans les frequences des vibrations 
libres. 

Vibration et de‘tection 
La mise en vibration a CtC, avec la ditection, I’un des probltmes 
les plus dClicats. En effet, pour obtenir une automaticit6 maxi- 
male, il Ctait nCcessaire de concevoir un dispositif sans rCglage 

suspension - -t; 
par f i l s  

row i - - -  
r6sis tmce 

b.guede  - - -  
fixation 

- - - 6prowette 

- - captevr p i h -  
(lectrique 

- - percutcur 
i b i l l e  

- - enceinte 
i l t d l i q u e  

Figure 1. Enceinte de mesure. 

aprts la mise en place dans I’enceinte de mesure. La solution 
adoptCe consiste en un mCcanisme & resort, dCclench6 par une 
commande Clectrique, qui envoie une unique bille d’acier (dia- 
mttre 4 mm) percuter, toutes les cinq secondes, I’extrCmitC infC- 
rieure de l’kchantillon. Ce mecanisme est reg16 pour que les 
contraintes imposCes restent dans le domaine Clastique et que 
I’inclinaison de la percussion determine I’apparition des trois 
modes de vibration. Aprts chaque choc, la bille est automatique- 
ment rCcupCrCe par le mecanisme en vue de son utilisation ultt- 
rieure. 

La detection est assurCe sans introduire d’amortissement 
supplhmentaire par I’intermCdiaire du support mCdian. En effet, 
si la section mCdiane est un nceud de vibration au point de vue 
amplitude, elle se comporte comme un ventre de vibration au 
point de vue contrainte. Celle-ci declenche par effet IatCral une 
diformation qui rCagit sur les trois vis de fixation lesquelles 
transmettent & un capteur pikzohlectrique l’information dCsirCe. 
I1 a CtC fait choix d‘un titanate de baryum dont la limite supC- 
rieure d’utilisation est +250°C. On trouve I&, la limitation supC- 
rieure de notre appareillage dans son Ctat actuel. L’emploi d’un 
capteur diffCrent pourrait permettre un emploi & une temperature 
plus ClevCe. On peut Cgalement concevoir un renvoi par mat& 
riau rigide et non conducteur thermiquement dans une zone plus 
froide. Dans une telle optique, la limite d’utilisation deviendrait 
celle du four intirieur. Pour les longueurs d’kprouvettes em- 
ployCes, il n’existe pas de probltmes en relation avec le temps 
de rCponse du capteur. 
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Figure 2. Enceinte de mesure. Figure 3. Disposition intkrieure. 

Inscription et enregistrement 
L‘information Clectrique dClivrCe par le capteur piCzoClectrique 
est dirigCe alternativement sur deux amplificateurs,sClectifs calks 
l’un sur la frkquence F. et I’autre sur celle Ft. A la sortie de 
ceux-ci, la frCquence est mesurCe par un frCquencem2tre Clec- 
tronique qui simultankment agit sur une imprimante par I’inter- 
mCdiaire d’un transcripteur, et sur un enregistreur potentiomk- 
trique grBce B un convertisseur analogique. L‘enregistrement est 
du type X-Y: avec en abscisses X la tempCrature grBce A la 
force Clectromotrice d’un thermocouple disposC au contact de 
la section mCdiane et avec en ordonnCes Y la friquence; ., soit 
Ft, soit F,, suivant la commande d‘un programmateur assurant 
le diroulement normal des operations avec la sCquence des 
mesures suivantes: CCFrCquence longitudinale-FrCquence de tor- 
sion--2 fois l’amortissement inthrieur en longitudinals. 

L’enregistrement de l’amortissement intCrieur est rCalisC par 
le frCquencem2tre numCrique fonctionnant en compteur com- 
mandC par deux dkclencheurs 21 niveaux rCglCs une fois pour 
toutes et imposant donc k notre mesure la valeur du coefficient 
K mentionnke sous la rubrique CCCoefficient d’inClasticitC,. 

Signalons l’avantage possible du convertisseur analogique 
assurant la transformation de la valeur numCrique en diffCrence 
de potentiel d’enregistrement. En effet il est possible de sClec- 
tionner trois chiffres successifs dans le nombre affiche par le 
compteur. I1 apparait tout de suite avantageux pour une frC- 
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quence qui varie peu d’utiliser les chiffres de droite (3 sur 5 
dans notre cas) et pour un amortissement intCrieur qui varie 
relativement plus au point de vue dispersion d’utiliser les chiffres 
de gauche. Nous avons, en premibre approximation, employ6 
cette mCthode ce qui permet, meme sur les courbes enregistrhes, 
d’avoir une trks bonne prCcision sur la mesure. Nous y atteignons 
pratiquement la m&me prCcision (1  Hz sur 10 KHz) que pour 
le compteur numCrique. 

Nous pourrions dans I’Ctat actuel de notre appareil mesurer 
I’amortissement intCrieur en torsion. Cependant, le signal dQ B 
l’onde longitudinale a une amplitude tr2s supCrieure ?I celle de 
la torsion. La frCquence Ft est souvent difficile B obtenir pure 
pendant une durte suffisante. Aussi avons-nous transform6 I’ain- 
plificateur sClectif de Ft en oscillateur synchronisi par la seule 
frCquence des ondes de torsion. Cette mCthode est extremement 
intkressante pour les matiriaux prCsentant un amortissement in- 
tkrieur ClevC qui entraine une dCcroissance trop rapide des oscil- 
lations, laquelle ne permet plus une mesure satisfaisante de la frC- 
quence. Dans la version future, pour les tempiratures ClevCes, 
nous utiliserons cette mCthode en ClasticimCtrie. 

Enfin nous projetons d’amhliorer notre appareillage en lui 
adjoignant un dispositif Clectronique qui, donnant directement 
le rapport FdFt, permettra de reprbsenter la variation du co- 
efficient de Poisson sans calculs auxiliaires. 

La figure 4 est une vue d’ensemble de I’installation. 



La frkquence de chaque mesure au lieu d'stre, en temp&- 
ratures de 0'5, deviendrait 1'75. Compte tenu de la trhs faible 
dispersion sur les frkquences cet intervalle n'est nullement 
excessif. 

Actuellement, la valeur du coefficient de Poisson est cal- 
culCe manuellement tous les 10°C, intervalle qui est apparu 
satisfaisant. Un lCger inconvCnient de l'appareil actuel rCside 
dans le fait que les deux frCquences sont mesurCes B 0'125 
d'kcart. I1 en rCsulte que la prCcision sur la mesure de Y est 
moins bonne que celle prCvue thkoriquement. Nous estimons 
que I'erreur absolue est actuellement en pratique Cgale B & 1 
demi-unit6 sur le troisikme chiffre significatif. 

Rksultats expkrimentaux 
A titre d'exemple nous avons group6 quelques courbes enregis- 
trCes et reproduites par dessin car les point& sont trop fins pour 
&tre photographits. Estimant qu'une CnumCration de la totalit6 
des rCsultats n'avait pas un intCr&t fondamental, nous avons 
voulu faire apparaitre les caracthristiques essentielles de nos 
rksultats: 

Figure 4. Vue d'ensemble du montage. 

Reproductibilite' des re'sultats. Les courbes obtenues sur un 
m&me Cchantillon de zirconium, ou de cuivre (figures 6 et 9) 
mettent en Cvidence la trhs bonne reproductibilitC des rksultats 
dans le domaine des frCquences et donc du coefficient de 
Poisson. 

0 i- 
1. Oscillographe. 
2. Imprimante. 
3. Enregistreur. 
4. ChronomBtre. 
5. Transcripteurr. 
6. Air liquide. 

7. Vase Dewar. 
8. Combinateur. 
9. Amplificateurs et bascules. 

10. Amplificateur dect i f .  
1 1. Auto-transformateur. 
12. Alimentation d e  tension. 

RBsultats expBrimentaux 

Performances de l'appareil 
La frCquence de repitition des mesures est de 5 secondes. Pour 
un essai, dans lequel la temperature Cvolue entre -200 et 
+ 250°C, avec une vitesse quasi constante de montCe en temp& 
rature Cgale B 1"5/mn, la durCe totale de l'opkation est de 5 
heures environ. L'enregistreur effectue environ 3.600 point& 
dont deux courbes de frCquences de 900 point& chacune et une 
courbe d'amortissement intkrieur de 1.800 point&. L'intervalle 
de temperature entre deux point& est de 0,125'C environ, soit 
un point6 de F. tous les 0'5 (de m&me pour Ft). L'examen 
des courbes obtenues montre que la dispersion sur les mesures 
de frequences est extrsmement faible. Par contre il n'en est pas 
de m&m? en gCnCral, pour la mesure des amortissements int6- 
rieurs. A ce sujet dans nos prochaines exPCrimentations nous 
songeons B modifier la sCquence des mesures en adoptant la 
suivante: 

-FrCquence en longitudinal-FrCquence en torsion 
-Rapport des deux frkquences avec 5 chiffres significatifs 
-Amortissement intCrieur en longitudinal rCpCtC dix fois 

et sommC sur le compteur numCrique en obtenant ainsi une 
moyenne sur dix essais de I'amortissement intCrieur. 

- 
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En ce qui concerne l'amortissement intkrieur, il ne faut pas 
espCrer obtenir une dispersion aussi faible que sur les frkquences 
car le nombre de causes d'erreurs exPCrimentales est nettement 
plus ClevC dans ce cas. Les variations notables de cette caract& 
ristique sont cependant trhs nettement mises en Cvidence avec 
une bonne reproductibilitC comme. la variation de 6 lors du 
passage au point de Curie d'un monel ainsi qu'il apparait A 
la figure 7. 
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Cinktique des transformations. Bien que travaillant des 
vitesses de mont6e en temperature tr&s faibles de l’ordre de 
1°5/mn il nous est apparu que les modules d’Clasticit6 Btaient 
tr&s influences par la cidtique. D u n e  manikre genkrale on ne 
trouve pas les m&mes valeurs pour une temperature stabilisee 
depuis un certain temps et pour une structure en evolution 
m&me ?i la vitesse indiquCe (figures 6 et 9). 

Znfluence de la tempkrature. Le coefficient de Poisson 
ne subit pas une variation monotone en fonction de la temp& 
rature quelle que soit la nature du mat6riau. C’est ainsi que 
pour les aciers inoxydables (figures 10 et 11) et pour le cuivre 
(figure 8) le coefficient de Poisson augmente continfiment 
avec la tempirature. Par contre pour le zirconium (figure S ) ,  
ce parametre passe par un maximum 6tal6 autour de OOC. I1 
est B remarquer que nos valeurs sont toutes 16gkrement sup& 
rieures B celles publikes dans la litterature pour des matBriaux 
identiques. 

Conclusions 

L‘ensemble expkrimental mis en application semble &tre par- 
ticulikrement adapt6 aux mesures d’Clasticit6 et d’inClasticit6 
par voie automatique sur eprouvettes presentant une certaine 
dimension. Son avantage certain reside dans I’obtention nume- 
rique et graphique des valeurs permettant le calcul des coeffi- 
cients desires. La stabilite du rCglage et une totale automaticit6 
lui permettent d’assurer un bon rendement sous simple surveil- 
lance. Nous pensons pouvoir extrapoler cet appareillage, limit6 
actuellement B + 250°C, afin d’atteindre, du moins en Clastici- 
mbtrie, des temperatures plus Clevees. 

Rhfbrence 
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Humidity Insensitive Strain-I nd icating Coatings 
with Increased Sensitivity 
(Aerosol STR ESSCOAT) 

JAMES S. BORUCKI, U.S.A. 

ABSTRACT: A series of strain-indicating coatings have been developed for 
aerosol and bulk use which are designed to operate over a temperoture range 
comparable to the standard brittle lacquer coatings now in use. They act inde- 
pendently of humidity, making coating selection and testing significantly easier. 
Inherent properties of these coatings allow for testing at strain sensitivities as 

low as 150 microinches per inch of strain. Individual coatings are designed to 
operate at a nominal strain sensitivity threshold of 500 microinches per inch of 
strain. Several of the chemical and physical properties of this new series of coat- 
ings as well as their performance characteristics are discussed and compared to 
the existing STRESSCOAT lacquers. 
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Introduction 

The same strain-indicating coatings have been used success- 
fully in experimental stress analysis for many years. Stress 
analysts and design engineers have been able to successfully 
determine the distribution, direction, location and magnitude 
of inherent tensile strains through the use of STRESSCOAT* 
lacquers. They have used these coatings both quantitatively and 
qualitatively (more generally as a qualitative tool to show where 
and in what direction to place strain gauges). On the usual 
complicated engineering structures such coatings will point 
directly to the areas of highest strain, show the direction of 
the principle tension and, if properly controlled, will yield 
quantitative values of sufficient accuracy for practical design 
purposes. 

The chemistry of the STRESSCOAT lacquers, their applicn- 
tion technique and their over-all physical characteristics have 
remained the same over many years. They are sensitive to both 
temperature and humidity; there is a definite effect of humidity 
on coating strain-sensitivity and the minimum coating strain- 
sensitivity obtainable is about 400 microinches per inch. The 
solvent carrier (carbon disulfide) is well known to users of 
brittle coatings; it is very flammable and requires careful hand- 
ling. The odour is quite definite and distinctive. 

Recently a new series of strain-indicating coatings have 
been developed which represent great improvement over the 
existing industrial standard. The new series of brittle lacquers 
function the same as the standard brittle lacquers now in use. 
The crack patterns which occur during loading form at right 
angles to the principal tension stress. They differ, however, from 
the old in that they act completely independently of humidity 
which makes coating selection and testing significantly easier. 
In  addition inherent chemical properties of these coatings 
allow for testing at strain-sensitivity levels as low as 150 mi- 
croinches per inch without thermal crazing. This is a significant 
advantage since it permits testing at low load levels and with 
a high degree of coating sensitivity. Furthermore, the chemical 
composition of this new series makes it possible to package 
them in aerosol spray cans, the convenience of which is now 
established. 

This development involved a great deal of study and 
experimentation in solvent, resin and plasticizer chemistry. The 
project goals were to produce a series of coatings with improved 
functional, chemical, and physical characteristics. From a func- 
tional standpoint we have been able to eliminate humidity as 
a test variable. In  addition we have been able to  increase the 
sensitivity of the coatings so that strain sensitivities as low as 
100 microinches per inch are obtainable without evidence of 
thermal crazing (Figure 1). 

Coating Chemistry 

The solvent system for the new series of lacquers is carbon 
disulfide, the same solvent as used for years in STRESSCOAT. 
Over the years several attempts have been made to find a suit- 
able replacement solvent. Many single solvent systems or azeo- 
tropic blends of solvents are available that have similar physical 
properties (boiling point, vapour pressure, evaporation rate, 
flash point, solubility characteristics, refractive index, surface 
tension and molecular weight) but none were found to produce 
the same functional characteristics in the coating as carbon 
disulfide. Tables 1 and 2 list a few of the solvents and solvent 
blends evaluated. 

Ideally, we would like to replace carbon disulfide with a 
nonflammable solvent of low toxicity and with the same func- 
tional Characteristics in the coating as CS,. 

* Trade Mark Registered in the U S A .  by Magnaflux Corporation. 
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Figure 1, STRESSCOAT lacquers with increased coating sensitivity. 

One of the basic difficulties in finding a suitable solvent 
replacement lies in the solvent retention characteristics of the 
resin base. Any number of solvents or solvent systems, flam- 
mable or nonflammable will serve as a carrier solvent for a 
brittle lacquer. The coating will dry out and crack patterns 
will be formed. The formed crack patterns, however, are 
inconsistent and unreliable; their strain threshold values vary 
greatly depending on the degree of solvent retention in the 
coating. The more highly volatile solvents rupture through the 
resin coating leaving craters which impair crack formation. 
Few solvents will diffuse through the deposited resin coating 
as completely, uniformly and as predictably as carbon disulfide. 
In  addition very few solvents or  solvent systems have been 
found which produce the unique bubble structure and bubble 
density in the dried resin film thought necessary to good crack- 
pattern formation. 

With further research we hope eventually to find a replace- 
ment solvent for carbon disulfide. 

Most of the synthetic and natural resins commercially 
available today were evaluated before selecting those which 
provided the best functional characteristics. Our study included 
the consideration of the following parameters: 1) chemical type 
(generic classification), 2 )  melting point consistency, 3 )  solvent 
release characteristics, 4) chemical purity, 5) chemical stability, 
6) toxicity ratings, 7) solubility characteristics and 8) temper- 
ature sensitivity response. 

Since the brittleness of the strain-indicating coating can 
be controlled to a large extent by the plasticizer system used 
it is extremely important that the proper chemical combination 
be found. Each coating in the brittle lacquer series is formu- 
lated to meet specific strain-sensitivity requirements over a 
specific temperature range. This means that the resin is plasti- 
cized to a specific brittleness by the selected plasticizer. 

There are many plasticizers commercially available today 
which are suitable for use in brittle coatings. It is important, 
however, that they are: 1) nonvolatile, 2) chemically stable, 
3 )  nontoxic, 4) soluble in resin-solvent system, 5 )  impart 



Table 1 
Solvents Evaluated for STRESSCOAT Lacquer 

b.p. at 
Solvent 760 mm Hg. 

1 
2 
3 
4 
5 
6 
a 
8 
9 

10 
11 
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 

Vinyl 2-Chlorethyl Ether. ................................. 
Trimethyl Borate .................................... 
Trichlorotrifluorethane ........................................ 

Ethyl Formite ................................................. 
Dimethyl Formel.. .............................................. 

Pentane .................................................................. 

Dimethyl Ketone (Acetone) .............................. 
1-Chloropropane (Propyl Chloride) .................. 
Cis 1,2 Dichloroethylene .................................... 
1 Bromobutane (n Butyl Bromide) .................. 
1-Chlorobutane (n Butyl Chloride). ... 
2-Bromobutene (Butyl Bromide, secondary).. .. 
2-Bromo-2-methyl propane (butyl Bromide 

tertiary). ............................................................. 

...................... 

Vinyl Propyl Ether ................................ 

1, 3 Pentadiene .................................................... 
Methylpropyl Ether ............................................ 
Diethylamine ........................................................ 
1, 2 Epoxy 2-methyl propane ............. 
Tert-butyl chloride., ............................. 
Propylamine ............. ................................... 
Trimethyldiborane.. ................... 
2-Chloropropane.. .............................................. 
Chloropropane .................................................... 
2-Propenal. .......................................................... 
Dimethylsulfide.. ......... ................................... 
Ethanethiol. ......................................................... 
1-Chloropropane .................................................. 
1, 1-Dichloroethane ........................................... 
1, 1, 2-Trichloro-1, 2, 2-Trifluoroethane .......... 
Dichloromethylsilane.. ........................................ 
Trans 1, 2 Dichloroethylene .............................. 
Bromo Chloromethane ...................................... 
Cis & Tram 1, 2 Dichloroethylene .................... 
1, 2 Dichloroethane .................... 
2 Bromopropane.. ................................................ 
1, 4 Dochloropentane .......................................... 
1-Chloropropane.. ............................... 
3-Chloropropane .................................................. 
Bis (2-(2methoxyethoxy) ethyl) Ether.. ............ 
Petroleum Ether .................................................. 
1, 1, 2 Trichloroethylene .................................... 
Chloroform .............................................. 

39 "C 
68 "C 
47 * 5°C 
56.3"C 
54.2"C 
42.3"C 
65.1"C 
36.1"C 
44.9"C 
56.1"C 
46.6"C 
60.1"C 

101.3"C 
78.5"C 
91.2"C 

73.3"C 
68 .O°C 
51 . O T  
79.6"C 
46.5"C 
47.6"C 
40.7"C 
36 . O T  
49.7"C 
58 .O"C 
38.5"C 
49.3"C 
42.1"C 
39.1"C 
55.5"c 
55.5"C 
51 .O"C 
48.5"C 
45.5"C 
36.5"C 
44.6"C 
52.5"C 
36.0"C 
35.5"C 
37 .O"C 
57.4"C 
47.6"C 
41.9"C 
48.9"C 
68 .O°C 

50 to 58°C 
83°C 

59.6"C 
58 to 60°C 

37°C 
44.6"C 
68 .O"C 

50 to 60°C 
86°C 
61°C 

craze resistance to coating, 6) impart good flow-out charac- 
teristics to the coating and 7)  compatible with selected resins 
and solvents. 

The plasticizer system has a profound affect on the visco- 
elastic nature of the applied resin coating. The plasticizer affects 
greatly both the drying and thermal craze characteristics of 
the resin coatings. These properties are discussed later. 

Table 2 

Cosolvent Systems Evaluated 

Solvents Ratio 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Chlorobromomethane /Methylene chloride. ....................... 
Cis 1, 2 dichloroethylene /Methylene chloride.. ................ 
Trans 1, 2 dichloroethylene/Methylene chloride.. ............ 
Cis & Trans 1, 2 dichloroethylene/Methylene chloride.. 
Methylene Bromid /Methylene chloride.. .......................... 
Methylene Iodide /Methylene chloride.. ............................ 
Carbon Disulfide /Methylene chloride.. .............................. 
Freon TF /Methylene chloride.. .......................................... 
Petroleum Ether/Methylene chloride ................................ 
Petroleum Ether /Chlorobismomethane. 
Chloroform /Methylene chloride.. ...................................... 
Chloroform/Chlorobromomethane .................................... 
1, 2 Dichloroethane/Methylene chloride.. ..... 
Benzene/Methylene chloride. ............................................... 
1Bromisbutane /Methylene chloride.. ................................ 
2-chloropropane /Methylene chloride. ............................... 
I-Bromo-3-chloropropane /Methylene chloride.. .............. 
Acetone /chloro bromomethane. ........................................... 
Acetone/Methylene chloride .............................................. 
Acetone /Benzene. ................................................................. 
Benzene /Chloro bromomethane. ......................................... 
1, 1, 2-Trichloroethylene /Acetone.. .................................... 
Chloroform/2-chloropropane .............................................. 
Chloroform/Tetrachloroethylene ........................................ 
1-Bromobutane/Acetone .......................................... 

1 :3 
2:l 
i :i 
1:l 
1 :3 
1 :3 
1 :2 
1 :3 
1 :3 
1 :5  
1 :3 
1 :3 
1 :3 
1 :9 ~ .~ 

1 :5 
1 :5 
1 :4 
1 :3 
1 :1 
3:l 
1 :4 
2:l 
1 :1 
1 :2 
1 :1 

Coating Performance Characteristics 
Throughout our development many brittle coating formulations 
were made up and evaluated. Many adjustments were required 
in order to obtain the proper ratio of plasticizer-to-resin to 
solvent. The coating characteristics and their performance prop- 
erties were thoroughly evaluated and compared to the established 
performance standards of normal STRESSCOAT. 

Preliminary tests consisted of calibrating each coating and 
evaluating the quality of the coating and the crack pattern 
produced. Those coatings which produced an acceptable coating 
and crack pattern were tested further, but in greater detail. 
The standard STRESSCOAT calibration procedure was used 
to calibrate the coatings under test, i.e., calibration bars were 
sprayed, dried at a pre-selected temperature for 18 hours and 
then tested. A load was applied to the coated calibration strips 
with a standard cantilever device which produced crack patterns 
in the coatings. The last crack indicated the strain threshold 
value for that coating. 

The following performance characteristics for this new 
series of strain-indicating coatings were studied; 1 ) solvent- 
release properties, 2) resistance to crazing, 3) sensitivity require- 
ments of coating (minimum strain threshold value), 4)  effect 
of bubble structure on coating performance, 5) effect of coating 
thickness on coating performance, 6) effect of relative humidity 
on coating performance, 7) compression load response (strain 
threshold vs hold time-strain threshold vs release time), 8) 
effect of application technique on coating performance. 

Solvent Release Properties 
In  determining the solvent-release properties of each particular 
coating the following procedure was employed. Calibration 
strips were coated, one-half were dried at room temperature 
and one-half at approximately 100°F. The coatings were dried 
for 18 hours and then tested at the same temperature at which 
they were dried, but those dried at 100°F were also tested at 
room temperature. It is most desirable to have the strain- 
sensitivity value when dried at 100°F and tested at room 
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temperature to be close to the strain sensitivity when dried and 
tested at room temperature. This would indicate that most of the 
solvent carrier was being released under room temperature 
drying conditions and not remaining as a residual solvent to 
act as a plasticizer and soften the coating, thus affecting coating 
sensitivity. 

Resistance to Crazing 

Brittle coatings are inherently susceptible to crazing; both to 
drying craze and to thermal craze. Both have a marked adverse 
effect on the appearance and performance of the coating. 
Thermal craze occurs from a spontaneous failure of the coating, 
due to temperature change. I t  is the result of the difference 
in thermal contractions between the substrate and coating. On 
the other hand, drying craze may occur on father thick coatings 
of normal strain sensitivities; it is usually caused by uneven 
drying of the coating. In thick coatings the outer surface 
dries first and some shrinkage occurs before the coating beneath 
the top layer has dried. The coating progressively shrinks as 
drying continues until it fails in the form of a crack. Through 
the proper selection of plasticizers, however, we were able to 
develop a coating series which affords a great deal of resistance 
to both thermal and drying craze. 

Sensitivity Requirement of Coating 

The new series of coatings has been designed to yield strain 
sensitivities of less than 200 micrdnches per inch (0.0002 in./ 
in. strain). The thermal craze point is approximately 125 to 150 
microinches per inch. Temperature change obviously affects 
coating sensitivity. An increase in temperature will soften the 
coating, thus making it less sensitive; a decrease in temperature 
makes the coating more brittle. The temperature-sensitivity re- 
sponse of these new coatings is in the order of 35 microinches 
per inch per degree of temperature change. This temperature- 
strain sensitivity response is illustrated quite graphically in 
Figure 11. 

Since these coatings are inherently more sensitive than the 
standard STRESSCOAT lacquer, the nominal strain-threshold 
value has been shifted down to 500 microinches per inch-i.e., 
each coating in the series has been calibrated to yield a strain- 
sensitivity threshold value of 500 microinches per inch when 
dried and tested at the designated temperature. 

Coating Performance 

Effect of Bubble Structure 
Normal STRESSCOAT lacquers as well as the new series pro- 
duce a coating with a fine, dense bubble structure. This is attri- 
buted mostly to the manner in which carbon disulfide escapes 
or diffuses through the coating during evaporation. It is believed 

that this type of bubble structure aids in the orientation and 
production of a detailed crack pattern with a predictable end 
point (strain threshold-last crack). A comparison can be made 
to a crack in a piece of glass. If holes are drilled at both ends 
of the crack it will not progress any further; otherwise it will 
progress unpredictably. With the various solvents evaluated we 
were unable to produce a coating with an equivalent bubble 
structure. Several of the experimental coatings were completely 
void of air bubbles; for the most part these coatings produced 
definite crack patterns, but they were inconsistent and un- 
predictable in that there were wide variations in sensitivity. 

Effect  of Coating Thickness 
The effect of coating thickness on strain sensitivity was measured 
by calibrating the brittle coatings at various thicknesses (0.002 
in. to 0.010 in.). Test results on the coatings evaluated indicated 
that within a thickness range of 0.002 in. to 0.008 in. there 
is little change in sensitivity. These results for the most part 
parallel normal STRESSCOAT. From a coating thickness of 
approximately 0.004 in. to 0.008 in. there is little change in 
strain sensitivity for both coatings. Figure 2 illustrates this 
relationship graphically. 

Effect  of Humidity 
The effect of humidity on the standard STRESSCOAT lacquers 
has been known for many years; it is one of the determining 
factors in selecting a coating for use. An increase in humidity 
will increase the coating strain-sensitivity response, while a 
decrease in humidity will decrease it, thus making the coating 
more brittle. In some instances the influence of humidity on a 
coating can be an asset, but in most instances it is a hindrance. 
In either case it is one more test variable which must be con- 
sidered. In  the new series of lacquers, however, we have been 
successful in eliminating humidity as a test variable; these 
coatings act completely independently of humidity. 

The effect of humidity on the resin coatings evaluated 
was measured by calibrating at a constant temperature and by 
varying the humidity conditions. Changes in sensitivity could 
then be attributed directly to the effect of humidity on the coat- 
ings. Figure 3 compares the effect of humidity on standard 
STRESSCOAT lacquer (ST-1204) and compares its response 
to a typical coating in the new series. Note that the standard 
lacquer changes 600 microinches per inch from 22 to 100% 
R.H. whereas the humidity-insensitive coating changes only 50 
microinches per inch. 

Compression Loads 

This new series of lacquers responds to compression loads about 
the same as the established series of lacquers. Figure 4 illustrates 
coating compression strain-sensitivity response to release time 
(with compression hold time constant). Figure 5 illustrates 

6 800 

E x  
MU 
2 6  ST-75 
b \  600 
@ 
% 
w 2ffi 400 
fri,u 0.002 

z 

0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 
E 2  COATING THICKNESS IN INCHES 

Figure 2. Coating thickness VI. strain sensitivity. 
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Figure 3. Humidity vs. strain sensitivity. 
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Figure 4. Compression threshold vs. release time. 
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Figure 5. Compression threshold vs. hold time. 
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compression strain-sensitivity response to hold time (with release 
time held constant). Figures 6 and 7 illustrate the response of 
the standard STRESSCOAT lacquers under the same test con- 
ditions. Both coatings react about the same in compression. 

Creep Properties 

STRESSCOAT is normally considered to be a very brittle 
material. However, under the influence of time and load, the 
coatings tend to creep and relieve the stress within the coating 
which was induced by the original load placed on the base 
structure. For this reason creep-correction values for this series 
of coatings have been established. Figure 8 illustrates the effect 
of time and load on this series of coatings. Figure 9 is included 
to compare the creep properties of the standard series with 
the new. 

Effect of Application Technique on Coating Performance 

Application technique can certainly affect the performance of 
the coating. Too wet a spray will cause the coating to run, build 
up in certain areas and in general dry unevenly. Coating thick- 
ness variations beyond the limits described will affect strain 
sensitivity of the coating. Too dry a spray, on the other hand, 
will produce a very dry, dusty coating. In such a coating crack- 
pattern formation is generally very uneven and difficult to see. 

With the proper application technique, however, uniform 
coatings of the proper film thickness (average 0.006 in.) can be 
applied rather consistently. 

There are many variables in the spray technique which can 
influence the over-all coating quality. The spray gun or aerosol 
itself can be the cause of improper application if they are 
found to be defective. In the case of spray gun application the 
air supply to the spray gun can cause problems if it is con- 
taminated with oil or moisture. The air pressure on the spray gun 
must be accurately controlled; too high an air pressure will 
cause “dusting”. If the air pressure is too low the coating will 
run, and dry unevenly. In practice an average air pressure 
of 8 to 12 psig is used. There are many other factors that 
influence the quality of the applied coating; 1)  distance of spray 
from the part, 2)  direction of the spray, 3)  number of passes 

L I  1000 

1/4 SEC 1 SEC 4 S E C  15 SEC 1 Mm 4Mm 

HELEASE TIME 
Figure 6. Compression threshold vs. release time. Standard STRESSCOAT series, 
800 tension threshold. 
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required to build up the coating, 4) time lapse between passes 
and 5 )  speed with which the spray passes are made. Consistent 
and reliable results, however, are usually obtained if the operat- 
ing instructions are followed. 

Analysis of Selection Charts 

Both series of coatings are operative over a wide temperature 
range (0 to 130’F) for both indoor and outdoor use. Coating 
identification and selection, however, differ greatly as illustrated 
in Figures 10 and 11. Table 3 identifies the coatings in this 
new series. The coating number actually represents the test 
temperature for which the coating was designed. Coatings should 
be dried at test temperature or slightly higher and coatings 
designed for use below 70’F should be dried at 70” and then 
brought down to the test temperature in the same manner as 
existing STRESSCOAT lacquers. 

The coatings are calibrated to yield a nominal strain 
threshold sensitivity of 500 microinches per inch when dried 
and tested at the designated temperature. Temperature change 
affects coating sensitivity. An increase in temperature will soften 
the coating, thus making it less sensitive; a decrease in temper- 
ature makes the coating more brittle thus making it more 
sensitive. The temperature-sensitivity response is in the order 
of 35 microinches per inch per degree temperature change. 
With these new coatings strain sensitivities of less than 200 
microinches per inch are obtainable without crazing. The craze 
point is approximately 150 microinches per inch. Above 800 
microinches per inch the crack patterns tend to close upon 
release of the load; it is therefore suggested that STATIFLUX 
powder be employed to detect these patterns above this strain 
level. With the s tandad STRESSCOAT lacquer the coatings 
are calibrated to yield a nominal strain threshold sensitivity 
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Figure 10. STRESSCOAT coating selection chart. 

value of 700 microinches per inch. The craze point is approx- 
imately 400 microinches per inch and the patterns tend to 
close above 1000 microinches per inch. 

Application of Aerosol STRESSCOAT Materials 
The best procedure to follow to obtain optimum results using 
the spray-can lacquer is as follows. Clean the test specimen 

Figure 11 
Aerosol STRESSCOAT lacquer selec- 
tion chart. 
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Table 3 

Nominal Strain 
Sensi tivi ty 

Drying Test (in microinches / 
Coatings Temp. Temp. inch) 

ST- 10 70" F. 10" F. 500 
ST-20 70" F. 20" F. 500 
ST-30 70" F. 30" F. 500 
ST-40 70" F. 40" F. 500 
ST-50 70" F. 50" F. 500 
ST-60 70" F. 60" F. 500 
ST-70 70" F. 65" F. 500 
ST-75 75" F. 60" F. 500 
ST-80 80" F. 75" F. 500 
ST-85 85" F. 80" F. 500 
ST-90 90" F. 85" F. 500 
ST-95 95" F. 90" F. 500 
ST-100 100" F. 100" F. 500 

thoroughly with aerosol cleaner; it is nonflammable and evapo- 
rates quickly. Parts should be tested for cleanliness before 
proceeding. The aluminum undercoat is then applied. It pro- 
vides a uniform background on all types of parts regardless 
of their surface finish, whether dull or polished. Spray at a 
distance of 6 to 12 in. (shake can at intervals), moving across 
the part rapidly and evenly, applying a very thin film, just 
enough to provide an even, uniform coating. The undercoat 
dries quickly and within 15 minutes the STRESSCOAT lacquers 
can be applied by spraying at an average distance of about 
4 to 8 in. from test structure. Spray by moving across the part 
very rapidly and with even passes. The coating should be built 
up slowly with several passes as described above to an average 
coating thickness of about 0.006 in. 

The coating should be dried at the temperature indicated 
in the selection chart. Coating the part in the afternoon and 
testing the next morning is a typical drying procedure. Over- 
night drying is recommended for all coatings. 

AEROSOL STRESSCOAT LACQUER SELECTION C H A R T  N R ,  /O 
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Summary 

The new series of coatings described represent an improvement 
in the use and application of the coatings used in the brittlz 

lacquer test method employed in experimental stress analysis. 
We believe they will provide the stress analyst and design 
engineer with a more sensitive coating, unresponsive to humidity 
and more convenient to use. 

Measurement of Surface-Residual Stress by 
Nondestructive Methods 

WARREN J. M~GONAGLE 
and S. S. YUN, U.S.A. 

Introduction 

Residual stresses are those stresses that exist in a material when 
all the external forces are removed. These stresses can be 
macroscopic, microscopic, or have the dimensions of the crystal 
lattice. These internal stresses can arise in a number of ways, 
as from nonuniform cooling or quenching, from mismatch of 
parts which are constrained mechanically prior to welding or 
joining, and from mechanical working such as rolling, drawing, 
machining, or grinding. The deleterious effects of residual 
stresses are warpage during machining or grinding, lack of 
dimensional stability with time, and reduced resistance to 
premature failure by fatigue or stress corrosion. The residual 
stresses are superimposed on the load stresses, and if the com- 
bined stresses exceed a certain critical value they may cause 
failure of a component. 

Various methods have been used to study residual stress. 
These methods include: (a)  electrical and mechanical strain 
gauges developed especially for studying stresses in weldments 
(1-4), (b) photoelastic coatings (3, (c) acoustoelastic effect 
(6), (c) photoelastic effect (7,8), magnetic (9), and X-ray (10, 

This paper is concerned with the discussion of X-ray and 
ultrasonic methods for the study of surface residual stresses 
induced in a machined or ground specimen of simple geometry. 
Although it is not possible to obtain a complete pattern or 
distribution of the surface residual stresses existing throughout 
a specimen before and after machining, the average magnitude 
of the surface residual stresses on a machined or ground speci- 
men can be estimated by measuring the change in lattice spacing 
by X-ray and by measuring the velocity of propagation of 
surface ultrasonic waves ( 13,14). 

12). 

Surface Residual Stresses Induced in Machined Material 

Literature is available on the effects of machining operations 
in producing stresses in structural parts. Much of this literature 
is controversial and the results are often inconclusive. 

Investigation has shown that the total residual stresses on 
the surface of a machined part are the combined effects of 
the machining or grinding operation and the accompanying 
heat involved in the process of removing the material. The 
combined effects of the mechanical operations and accompany- 
ing phenomena are to produce surface layer stresses that might 
be beneficial (compressive) or harmful (tensile) to the service 
life of a part. Once the existence of the stress is known, the 
problem becomes one of making measurements to find the 

This work was supported by U.S. Air Force. 

magnitude of the stress, depth of stressed layer, and nature 
of the stress, whether tensile or compressive. 

Although there are many factors that determine the final 
configuration of surface residual stresses in a machined piece, 
some general features of the residual stresses have been observed 
by various investigators and reported in the literature. No 
discussion is presented in this paper on the effect of the specific 
toolsrshapes, sharpness of the cutting edges, and modes of 
cutting in relation to the induced total residual stresses, but 
a series of figures in references 15-18 serve to illustrate the 
residual stress patterns in various materials for different cutting 
parameters emp!oyed. As Figures. 1 and 2 indicate, the 
maximum residual stresses (either compressive or tensile) are 
induced at the surface of the material; then the sign of the 
residual stress along the depth of the material changes to balance 
the stresses introduced at the very near surface. As will be seen 
later, this general characteristic of residual stress due to machin- 
ing can be utilized in interpreting the experimental results 
obtained for a given material. 

MATERIAL 4340 STEEL 
HARDNESS 
FEED 0.050 I P M 
WHEEL SPEED 6000 F P M  
DEPTH OF CUT 0.001 in. 
COOLANT 

RC 30 

DRY 

0 .O04 0.006 0.008 
DEPTH BELOW SURFACE IN INCHES 

Figure 1. Residual stress resulting from grinding operations on a workpiece. 
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Figure 2. Comparison of residual stress resulting from parameter change in 
milling operation. 

Nondestructive Residual-Stress Measuring Methods 
X-Ray Method (10,12,19-25) 
One of the most extensively used nondestructive methods for 
residual stress determination is X-ray diffraction. The X-ray 
method is based on measuring the change in the crystal lattice 
spacing caused by the residual or applied stresses in the speci- 
men. Elastic strains caused by stress in metals that have crystal- 
line structures can be determined by measuring the lattice para- 
meters by X-ray diffraction since the lattice parameter of a 
metal in the unstressed state is known or can be determined 
nondestructively without machining or drilling. X-ray diffraction 
techniques are applicable only to crystalline materials having 
randomly oriented small grains. 

When a monochromatic X-ray wave is reflected from the 
atomic planes, the diffraction of X-rays satisfies the Bragg 
equation : 

where h = the wavelength of incident beam 
nA = 2d sin 0 

e = the angle between incident or reflected beams and 

d = the lattice spacing 
n = the order of reflection ( n  = 1, 2, 3 ,  . . .  ) 

(1) 

surface of reflecting lattice planes 

Equation 1 shows that if the wavelength of the X-ray is 
known, the interplanar spacing, d ,  can be determined by measur- 
ing the angle e. The residual stresses are then deduced from 
the lattice strains by using mathematical relations deduced from 
the theory of elasticity. The precision in measuring the inter- 
planar spacings depends on the precision in measuring 8. To 
evaluate the effective errors, the Bragg equation is differentiated 
with respect to 8; 

Ad=cot 8 * A 8 

- ( 2 )  
d 

This equation shows that the larger the angle e, the better 
the precision that can be obtained. Since it is difficult to 
measure 8 to better than 0.005", diffraction angles of 60' and 
preferably over 70" are used to select X-ray radiation wave- 
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lengths for the particular material to be investigated. In  most 
cases the optimum conditions cannot be employed because of 
adverse X-ray scattering by the specimen. When this condition 
occurs, other diffraction planes must be chosen at the expense 
of the precision of analysis. 

Two general techniques are used in  the recording of diffrac- 
tion patterns: (a) photographic and (b) X-ray diffractometer. 
In  both techniques the preceding analysis assumes isotropic 
material. In  general, this assumption is not valid for the in- 
dividual grains of the specimen even when it is valid for the 
specimen as a whole. This consideration, together with the 
fact that a diffracted beam comes from only those grains 
having a certain orientation in the specimen, has given rise to 
much uncertainty concerning the correct values to use for 
macroscopic or average values of Young's modulus and Poisson's 
ratio (22 ,  26, 27). 

An approximate average sensitivity of macroscopic strain 
measurement is given in Table 1. It should be noted that these 
values are all determined from the average values of lattice 
residual strain in the specimen. The composition of the specimen 
also affects the test results (28). 

Table I 
Summary of Residual Stress Measuring Methods 

X-Ray Diffraction 

Film Diffrac- Ultrasonic 
Technique tometer Method 

Quality of Measurement 
Approx. strain sensitivity, 
p inlin.. ................................ 

Approx. reproducibility.. ........ 
Determine stress components 
Applicable to uneven stress 

field.. ...................................... 
Surface or interior strains ....... 

Effects from Variations in 

Field Application 
Materials ................................. 

Field (F) or laboratory (L) ..... 
Remote indicating .................... 

Complexity of equipment(b) .... 
Time requiredp) ...................... 
Required operator skill(d).. ..... 

Cost and Time 

400 
i- 5-10 ksi 

Yes 

Yes 
Surface 

Affected 

L, F 
No 

4 
3 
4 

300 
+_5-10 ksi 

Yes 

Yes 
Surface 

Affected 

L 
No 

4 
3 
4 

3 ksi(a) 
+5-10 ksi 
Possible 

Possible Interior 

stress 

Affected 

L, F 
Yes 

4 
1 
4 

(") Sensitivity in stress is given: ksi=lO3 psi. 
(b) 1 to 4: Less expensive + expensive. 
(") 1 to 4: Short + long. 
(a) 1 to 4: Less experienced + highly experienced. 

The average sensitivity in X-ray residual stress measure- 
ment is approximately 5,000 psi (25,  29), and the reproduci- 
bility is also within this sensitivity at a point in a given specimen. 
The measurements at the different points in the specimen yield 
greater uncertainty in reproducibility. However, it has been 
found that the difference in the residual stress value obtained by 
X-ray methods and that of destructively measured specimens 
is generally greater than 5,000 psi. 

Ultrasonic Method 
The velocity and attenuation of ultrasonic waves are influenced 
by the physical and mechanical properties of the medium (13,  
14, 30, 31). If residual stresses exist in metals, for example, 
these properties change; therefore, it is possible to detect the 
changes in velocity or attenuation and relate them to the 
residual stresses in the specimen. 

.. . .... ....i..._I. ..... 



The velocity of an elastic wave, v, propagating through a 
homogeneous elastic medium is given by 

(3) 

where E is the elastic modulus and p is the density. A change 
in E or would affect the velocity. The density and elastic 
modulus of metal change, in general, as a compressive or tensile 
stress is applied. These changes are a second-order effect on the 
velocity of ultrasonic waves; therefore, the fractional change in 
velocity is very small-approximately 0.0005% per lo4 psi- 
in most metals. 

The techniques developed in recent years for accurately 
measuring velocity are capable of detecting the velocity dif- 
ference by one part in 10’. In  some single crystals and poly- 
crystalline metals, this change corresponds with a stress of 
less than lo* psi ( 3 2 ) .  The fact that the velocity changes in 
commercial metals caused by the other factors (such as in- 
homogeneity, preferred orientation and grain structure) are 
approximately the same order of magnitude as the changes 
caused by the residual stresses complicates the stress analysis 
in many applications (33 ) .  

Assuming that these effects are eliminated by the relative 
measurement of ultrasonic velocity in stress-free and stressed 
specimens, the expected sensitivity of stress measurement is of 
the order of 10‘ psi. 

Attenuation measurements of ultrasonic waves in metals, 
as a function of applied stress, yield a relationship which can 
be used in determining the state of residual stress in a speci- 
men ( 3 4 ) .  However, the difficulties in experimental techniques 
and interpretation of data in terms of the residual stresses in 
the specimen make this technique less desirable than the 
velocity technique. 

The accuracy and dependability of the attenuation tech- 
niques are not well established as yet, and the measurement of 
residual stress by ultrasonic absorption is more or less qualitative 
at present. 

Only limited applications of ultrasonic techniques have 
been reported in residual stress analysis (34 ) .  Most of the 
ultrasonic techniques are in the development stage, and are 
used primarily in laboratory applications. 

Velocity Measurements 
Determinations of the transit time and the path length of an 
ultrasonic pulse propagated through a specimen can be used to 
determine changes in the wave velocity. Variations of the 
measured time as a function of applied stress may be used to 
determine the amount of change in velocity due to an applied 
load. There are many sources of error in this technique. For 
example, the bonding of the transducer to the specimen is very 
critical. Variations in temperature can make an apparent change 
in transit time. 

In  addition to the stress, other factors can alter the veloc- 
ity, such as a preferred grain orientation of differing amounts 
of metallurgical or mechanical treatment and varying concentra- 
tions of alloying elements. 

The fact that the change in velocity is small indicates the 
limitations of the conventional pulse-echo technique. A number 
of precision experimental arrangements for absolute velocity 
measurement have been described by Forgoes and McSkimin 
(35 ,36) .  These systems are capable of determining the transit 
time to a few parts in lo5 or better, and had been able to deter- 
mine third-order elastic constants in single crystals. The “sing- 
around” technique, as it has been called, is very convenient for 
measuring small differences in the transit time of ultrasonic 
pulses. A selected pulse or received signal from the specimen is 

used to re-trigger the transmitter, so that the pulse of energy 
thereafter repeats itself at a frequency determined by the effec- 
tive ultrasonic time. Changes in transit time are determined by 
a change in repetition frequency measured on an electronic 
counter. The circuitry is stable, and accurate measurements can 
be obtained. 

Of prime importance in the application of Rayleigh waves 
for measuring surface residual stress is their effective genera- 
tion and detection in the medium of interest; this requires 
adaptation to complex geometries, roughness of the surfaces, 
different surface shapes, and other characteristics of the surface. 

The three general techniques of generating surface waves 
are : 

(1) Use of mode conversion of compressional waves 
incident upon the surface at a critical angle ( 3 7 ) .  

(2)  Use of a comb structure to provide spatially 
periodic coupling of a compression wave to the 
surface ( 3 8 ) .  

( 3 )  Use of specially dimensioned Y-cut quartz 
crystal in contact with the surface (37).  

In the present work, surface waves were generated by a 
variable angle transducer system. The angle of incidence of 
longitudinal waves to a specimen was adjusted such that the 
following relation was satisfied: 

- sin Oer vL 
vR 
- -  (4) 

where 
VL = velocity of longitudinal wave in a wedge. 
VR = Rayleigh wave velocity generated in specimen. 
e,, = critical angle for the Rayleigh wave. 

Using the sing-around technique one can determine the 
absolute velocity of the surface waves in the specimen or 
merely the change of the velocity with respect to the unstressed 
or standard test specimen. Figure 3 is a schematic diagram of 
the electronic instrumentation. 

In the sing-around technique a pulse from a pulsed oscil- 
lator drives the transducer. A surface wave is propagated 
through the specimen for a given distance and the signal de- 
tected by a second transducer. The received signal re-triggers 
the pulsed oscillator for the next pulse. The repetition frequency 
is the reciprocal of the electronic delay time and the acoustic 
travel time. For a given distance between the transducers, the 
surface-wave velocity can be calculated. As improvement on 
this technique is to superimpose the received and transmitted 
signal by introducing an external trigger pulse generator and 
vary the repetition frequency, the received and original signal 
are superimposed to obtain the travel time. Using this modified 
sing-around technique the surface-wave velocity can be 
measured accurately to 1 part in 10‘. 

Experimental Results 

Typical test results obtained for 4340 steel (at 150 and 220 
ksi strength levels) are given in Figure 4. The results show 
that the fractional change in velocity of the surface wave is 
approximately proportional to the strain produced by the ap- 
plied stress. The slopes of the stress curve vs. velocity change, 
at different frequencies, are the same within experimental error. 
Therefore, a calibration curve at one frequency can be used for 
other frequencies of the surface waves in the case of uniaxially 
stressed specimens. 

Using these calibration curves, the stress values determined 
ultrasonically were superimposed on destructively determined 
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Figure 3 
Basic apparatus for measuring Rayleigh- 
wove velocity by the sing-around method. 

Figure 4 
Ultrasonic calibration curve far 4 3 4 0  steel 
a t  220 ksi strength level. 

n Trigger 

stress-depth curves for several materials. Although cor- 
relation of the ultrasonic measurements at three different fre- 
quencies was not consistent, the maximum values of residual 
stress agreed reasonably well within the experimental error. 

In  order to determine the degree of correlation between 
the actual stress distribution in the specimens tested and the 
ultrasonic data, the variations of the ultrasonic data with the 
X-ray data were compared as the stressed layers were removed 
from the surface of the specimen by electropolishing. 

Even though the stress-dependent calibration curve shows 
little scatter in the measurements, the correlation between ultra- 
sonic measuremehts and destructively determined stress-depth 
curve can be poor. There are two major reasons for poor cor- 
relation: The first is the variation in residual stress along the 
length of ground specimens, as indicated by destructive tests. 
The residual stress, determined destructively, shows an inte- 
grated value for the entire length of the specimen, while the 
ultrasonic measurement shows an integrated value over a length 
of 1 or 2 in. (the distance between the transducers), and the 
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S t r e s s .  ksi 

X-ray measurement gives the stress at a point. The poor cor- 
relation between ultrasonic measurements and destructively 
determined stress-depth curves is also associated with the 
deficiency in reproducibility of destructively determined stress- 
depth curves. 

To give a much more significant indication of the capabil- 
ity of the ultrasonic method, a comparison of ultrasonic with X- 
ray residual stress determination has been made. Specimens of 
4340 steel at 150 ksi and 220 ksi strength level were ground. 
Residual stresses were determined by X-ray method and ultra- 
sonic technique at three different frequencies: 5, 10, and 15 
MHz. In the as-ground condition, X-ray residual stress deter- 
minations were made at positions ; in. either side of the 
centre, and ultrasonic determinations were made at three dif- 
ferent frequencies with the transducer set 1 to 1) in. apart 
over the centre section of the specimen. After the X-ray and 
ultrasonic measurements were made, a layer of material was 
removed from the surface of the specimen. Then, X-ray and 
ultrasonic measurements were made. Another layer of material 



was removed from the surface of the specimen, followed by 
X-ray and ultrasonic measurements. This process of layer re- 
moval by means of electropolishing and measuring was re- 
peated several times to obtain residual stress data as a function 
of depth. 

These results are given graphically in Figures 5 and 6. The 
data show that the residual stresses determined at a given fre- 
quency decreased as the stressed layers were removed from the 
surface of the specimens. The rate at which the residual stress 
decreased as a function of depth was approximately the same 
for both 15- and 10-MHz surface waves. This is only 
approximately true for 5-MHz waves. For the 5-MHi waves, 
after a given amount of material has been removed, the values 
of residual stress remain relatively constant. This variation can 
be explained by the fact that the wavelength of the 5-MHz 
surface wave is approximately 20 x in. Thus. as the 
stressed layers are removed, the interior part of the specimen 
has more effect on the measurements than does the immediate 
surface where only small residual stress remains. The residual 
stress values determined at higher frequencies are greater than 
those determined at lower frequencies. The values of maximum 
stress determined by the ultrasonic method were lower for all 
four specimens than were the maximum values obtained by the 
X-ray method. This was expected, since the X-ray method inter- 
rogates stress at the smaller amount of the specimen than does 
the ultrasonic method. 

Figure 5. Ultrasonic and X-ray measurements of residual stress for 4 3 4 0  steel 
specimen-as functions of amount of material removed. 
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Figure 6. Ultrasonic and X-ray measurements of residual stress for 4 3 4 0  steel 
specimen-as functions of amount of material removed. 

The 15-Mc ultrasonic data correlates fairly well with 
X-ray data. This suggests that if the X-ray value is used as the 
reference, the residual stress at various depths can be plotted 
from the values determined by the ultrasonic method. This is 
contingent on the establishment of correction factors for each 
different surface wave frequency. 

Summary 

Although the layer-removal correlation between ultrasonic and 
X-ray measurement does not represent the actual stress dis- 
tribution of the specimens tested prior to the removal of each 
layer, the X-ray value does represent the stress values at the 
surface after removal of each layer. Therefore, any degree of 
correlation between the values obtained ultrasonically and from 
X-ray diffraction at each surface shows the feasibility of ultra- 
sonic determination of surface residual stresses at different 
layers. Further work is required in order to determine the cor- 
relation factor which can be used for different materials at 
different frequencies. 
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U I trasonic Determination of H ig h-Order 
Elastically Deformed Meta l  Rods 

D. TIETZ, GERMANY 

ABSTRACT: The determination of  traditional elastic (second-order) constants 
by ultrasonics is well known as applied to monocrystalline and polycrystalline 
materials. However, for the solution of  many problems in the physics of  metals 
and the theory of  elasticity it is necessary to make use of  elasticity of  a higher 
order, i.e. the theory of nonlinear elasticity. Third-order elastic constants can 
also be determined with ultrasonics. The equations developed by Hughes and 
Kelly, and Toupin and Bernstein for polycrystalline material serve as bases for 
such determinations. The measurement o f  the velocity of  longitudinal and trans- 
verse waves (the plane of  vibration parallel and perpendicular to the direction 
of load) by linear elastic loading of  tensile stress and pressure are determined 
by moduli of  the third order. Three third-order moduli have been determined 
in aluminum. Two third-order moduli have been determined in steel and Armco 
iron. The different equations have been compared and discussed. The moduli 
con be used in experimental stress analysis with ultrasonics (acoustoelasticity). 
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Elastic Constants in 

Introduction 

The determination of elastic moduli in crystalline media from 
the measurement of ultrasonic velocity is an important and 
useful use of ultrasonics in the physics of metals. Hooke’s law 
describes the linear connection between stress and strain and 
is valid for many practical cases. However the present-day 
development of the physics of solids requires a nonlinear con- 
nection between stress and strain. 

The theory of nonlinear elasticity is usefully applied (l), 
for example, in the description of the change of volume or 
density of elastic material with internal stresses or dislocations, 



and in the description of strain and stress about lines of disloca- 
tion (2 ) .  The attenuation of hypersonic waves (> 10' cycles/ 
sec) can be explained by the aid of the nonlinear theory of 
elasticity. Within this range of frequency can be obtained 
phonon-phonon interaction (3, 4). The nonlinear theory of 
elasticity has an essential importance for the description of the 
finite deformation of monocrystalline and polycrystalline mate- 
rials (5, 6 )  and for the description of the change of elastic 
constants with hydrostatic pressure (7). In this connection it is 
apropos to discuss the propagation of ultrasonics in elastic 
deformed media (8). 

The Nonlinear Theory of Elasticity 

The function of strain energy can be described as a polynom 
expression (9): 

4 = 4 v  + yc*iq+i + 4 ~ i ~ l l ~ t i l ~ k ~  + CziktmnqsiqkllIrnn + (1) 

with i, j ,  k,  1, m, n = 1, 2, 3 
mj signifies the Lagrange components of strain, c the elastic 
moduli with the strain energy @. @ is the energy at the beginning. 
It is null, when @ is null before the deformation begins. 
Y C C J ~ ~ ~  represents potential energy. This can be ignored because 
the reference point of the energy is unimportant, under the 
assumption that the linear elastic behaviour is ordinarily stopped 
after the third term. We obtain, then, the above elastic second- 
order constants, cijat. However, c i ~ r t n n  represent third-order 
elastic constants, and are important in the non-linear theory 
of elasticity. The moduli constitute a sixth-order tensor with 
720 components. Only 56 components are independent from one 
another in the triclinic system (10, 11). Birch (12) employs the 
expression of tensor cpnr for third-order moduli with which 
p,q,r traverse values of 1 to 6, corresponding to the condition 
p'qLr. The shortened expression for the Lagrange components 
of the strain is analogous. 

Only three elastic third-order moduli still exist for iso- 
tropic media, namely 

(2) t C123 = 1 

C144 = m 
C456 = n 

These are the so-called Murnaghan constants ( 13). 

Equations for the Determination of Third-order Constants. 

The determination of third-order elastic moduli for crystals and 
isotropic media is relatively difficult, for example, by using the 
Poynting effect. Measurement of the velocity of ultrasonics 
allows third-order elastic moduli to be determined not only 
with polycrystalline material but also with monocrystalline 
material under uniaxial tension or pressure, and hydrostatic 
pressure. In this way Bateman, Mason and McSkimin (14) have 
determined all six elastic moduli for the cubic monocrystal 
of germanium, while Hughes and Kelly (13) have calibrated 
the three moduli for polycrystalline iron. 

Hughes and Kelly (13) and in a similar way Toupin and 
Bernstein (8) have derived the relations for the change of 
velocity of ultrasonics under small uniaxial pressure by primary 
isotropic media. 

Toupin and Bernstein (8) indicate the following equations 
for a wave propagation perpendicular to the direction of load 
with utilization of the relations 

(3) 
P (3h + 2P) 

h + P  
E =  

and 

longitudinal wave 

r 

1-v (4h + 8~ + 3v1 + 1% + 8v3) + (1 + v) (VI + vd 1 ( 5 )  

transverse wave, direction of vibration in direction of load 

[ -V ( 4 ~  + 3Vz + 4~3) + (1 + v) ( 2 ~  + vz + 2V3) (6) 

transverse wave, direction of vibration perpendicular to the 
direction of load 

1 

Accordingly V L ~  is the velocity of the longitudinal wave and 
VT. the velocity of the transverse wave in an unstressed medium; 
6, is the density before loading. The expressions vl, v2, v. 
represent third-order moduli. 

Measurements and Results 

The velocities of ultrasonics have been measured under uni- 
axial tension for the alloy AlCuMg. Tension and compression 
were applied to steel C45 and Armco iron. The direction of 
vibration of the transverse wave was in the direction of the 
load ( v l )  and perpendicular to the direction of the load (v l l ) .  
The direction of propagation was perpendicular to the direction 
of load in all cases. All these values were measured with in- 
creasing and decreasing load in order to detect hysteresis, but 
no differences were found. An interferometer was used for the 
measurements. Extensive observations of the errors of this 
method showed that the error of measurement was 0.1 '//w, 

when the probe-to-specimen contact was constant; the number of 
equalized echoes from the specimen were the same in the series 
of measurements, and the readings on the spindle of the inter- 
ferometer were precise. Further, the water temperature was 
determined to an accuracy of 0.1OC. The temperature was 
measured before the equalization started and when it was 
finished, and the measurement of the relative change of velocity 
was much improved in comparison with the previous examina- 
tions for different probe-to-specimen contacts (15). The rods 
used were 30 mm wide and 20 mm thick; the pressure rods 
were thicker. Consequently, the dimensions were not influenced 
by the method of measurement (16).  The transverse contrac- 
tion was determined and taken into consideration in determin- 
ing the velocity. 

An aluminum device was developed for the probe with a 
straight extension of the cable to achieve an approximate 
constant probe-to-specimen contact in the range of elastic tension 
or pressure deformation (Figure 1). The ultrasonic velocity 
was therefore not influenced. The pressure of the probe-to-speci- 
men contact was applied with two steel springs. The probes 
rested in a U-shaped clamp that formed part of the device, 
thereby avoiding tilts at the probe-to-specimen contact. The 
angular measure of the device was established to determine the 
position of the vibration plane for transverse-wave probes as 
related to the pressure or tension direction. All planes parallel 
to the specimens were ground. The contact between the trans- 
verse-wave probes and the specimens did not have a special 
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Figure 1. Aluminum probe device with a straight cable connection to maintain 
constant probe-to-specimen contact. 

coupling medium, with which the specimens could be degreased. 
The influence of frequency was not located for any media in 
this range, Le. from 2 to 6 MHz. A frequency of 4 MHz was 
selected, and a good high-frequency disintegration in the mul- 
tiple echoes resulted. 

Primary examination of the alloy AlCuMg specimens was 
made. Applying the same stress, higher dilation than with steel 
was found, owing to the low Young's modulus. X-ray examina- 
tions showed that stronger texture and internal pressure stresses 
of 11 kp mm-' exist on the surface of the material. Different 
stretch degrees were applied to detect the influence of plastic 
deformation and of internal stresses. The Av-values are related 
to the value of the beginning of every line of load. Figure 2 is a 
graphic illustration of the velocity change of the transverse wave 
whose plane of vibration lies in the direction of tension. Changes 
in ultrasonic velocity were determined in the elastic load range 
of 9.5, 11.5 and 14 Mp. All values showed a linear behaviour 
and a decrease in the transverse-wave velocity. The straight 
lines are superposed. A change in the stresses (Ab) of 10 kp 
mm-' shows a change in the transverse-wave velocity (AyII) of 
-13.0 kp mm-'. The stretching was then applied up to 1.5, 2.5, 
5.2, 9.2 and 14.4%. All graphs showed a linear decrease in 
the transverse velocity with an increase in the tensile stress. 

The transverse-wave velocity was then determined at the 
point where the vibration plane lies perpendicular to the direc- 
tion of load. Different degrees of stretch were chosen again for 
a parameter of graphs (Figure 3). Three graphs were developed 
up to 9.5, 11.5 and 14.5 Mp without plastic deformation. After 
loading stresses above 3 kp mm-*, the graphs showed a linear 
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Figure 2. Velocity change of transverse wave. Plane of vibration in the tension 
direction, 4 MHz, material AICuMg, different stretch degrees. 

Figure 3. Velocity change of transverse wave. Plane of vibration perpendicular 
to the tension direction, 4 MHz, material AICuMg, different stretch degrees. 

shape. All three graphs lie parallel to each other. With an 
increase of the stress by 10 kp mm" the velocity increases by 
4.2 rns-l. This value is nearly the same as that found for a 
specimen with 4.3 ms-l. 

The gradual plastic dilations of 0.1, 2, 5, 10 and 13.2% 
show for the following elastic dilations a linear course of graphs 
with partial small variations for low load. The change of longi- 
tudinal velocity for small tensile stress is determined analogously. 
A variation of 10 kp mm" yields a change of longitudinal wave 
velocity of 9.6 ms-I (Figure 4). 
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Figure 4. Velocity change of longitudinal wave, 4 MHz, material AICuMg, dif- 
ferent stretch degrees. 



In  the same way the transverse velocity change for different 
load steps for Armco iron was determined. This material does 
not show distinct internal stresses on the surface. Stresses 
smaller than 1 kp 111111~' in the axis direction were obtained with 
X-rays and are in the error range of this method; the texture 
is fine. The Armco iron specimens were examined in the 
unstretched state and with plastic dilation of 2.5 and 11%. 
The graphs again indicate linear processes that lie parallel to 
each other. The changes are small. The decrease amounts to 
1.4 msd for an increase of the 10 kp mm-' in tensile stress. The 
direction of the vibration plane lies in the direction of tension. 
When the vibration plane lies perpendicular to the tensile direc- 
tion, the increase of 1.4 ms-' is obtained for an increase of load. 
The last value is not precisely relative to the small change in 
velocity. 

Later, pressures were applied to the Armco iron specimens. 
The change of the transverse-wave velocity amounted to 2.0 
ms-' for a pressure increase of 10 kp mm-'. The change of 
velocity was a linear increase, and this value conformed with 
the value of 1.8 ms" found for the increase in tensile stress. 
When the vibration plane of the transverse wave lay perpendi- 
cular to the pressure direction, the exact change of velocity was 
not obtained. The measurement of the longitudinal velocity did 
not give precise results of the velocity change. 

Examinations were then made to steel C 45. The material 
was tempered (normalized and stress-relief annealing) before 
the test as were the Armco specimens. X-ray determination of 
internal stress only showed values on the surface smaller than 
0.5 kp  mm", which are in the range of errors of the X-ray 
method. The texture is fine. 

+4.2 

+1.4 
=O 

A variation in tensile stress of 10 kp mm-' effects a variation 
in transverse-wave velocity of 2 ms-'. In this case the vibration 
plane lay in the direction of the load. When the vibration plane 
was perpendicular to the direction of tension, the change was not 
measured (Figure 5). Results of pressure on C 45 were 
analogous with those on Armco iron. The transverse-wave 
velocity was increased by 2.1 ms-' for an increased pressure 
stress of 10 kp mm-' (Figure 6 ) .  The vibration plane was 
parallel to the pressure direction. When the vibration plane was 
perpendicular to the direction of load, the change was not 
measured again. A plastic stretched rod, a stretched and then 
normalized and stress-relief annealed rod, and a hardened 
specimen were investigated under an elastic pressure load for 
determination of other influences. The measurement values are 
listed in Table 1. 
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Assembly of velocity change in dependence of stress change 
Avll : change of transverse-wave velocity vibration plane in direction 

of load 
Avl : change of transverse-wave velocity vibration plane perpendicular 

to the direction of load 
Av,: change of longitudinal-wave velocity 

Discussion of Measurement Values 

All the measurement values are listed in Table 1. 
The results of measurements of transverse-wave velocity 

are proportional to the modification of stress for the measured 
range and for the investigated material. An inversion of the 
load inverts the sign of the values only. This pointed up the 
value of the transverse-wave velocity, especially when the vibra- 
tion plane lay parallel to the direction of load. The velocity of 
the transverse wave with the vibration plane perpendicular to 
the load direction was affected by the load also. The change in 
longitudinal-wave velocity was observed with the stress load 
only with the alloy AICuMg. Other materials had irregular 
variations only. I t  is interesting to note that conclusions arrived 
at by Mager (17) and Bergman and Shabender (18) measured 
under the same conditions with steel and aluminum have a 
different quantitative change and trend of change. 

The Murnaghan (5 ,6 )  constants can be determined by 
using the equations of Hughes and Kelly (13). The changes in 
longitudinal-wave velocity and in two transverse-wave velocities 
have been determined for AICuMg. Now, third-order moduli 
can be determined by the Murnaghan constants I, rn, n. The 
pressure examination yielded the following values : 

MEASUREMENT OF STRESS AND ELASTIC PROPERTIES 167 

Figure 5. Velocity change of transverse wave. Plane of vibration parallel with 
and perpendicular to the direction of load, 4 mc, material C45, tensile stress. 
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Figure 6. Velocity change of transverse wave. Plane of vibration parallel with 
and perpendicular to the direction of load, 4mc, material C 45, pressure stress. 



I = 465 040 kp mm--2 
m = -64 640 kp mm-2 
n = -44530kpmm--2 

The constants can be influenced by the pronounced texture 
and internal stresses of this material. With the Armco iron material 
under tensile stress and with the steel C 45 (stretched and tempered) 
under pressure stress, based upon the equations of Hughes and 
Kelly, the following values were found: _ ?  

Armco iron (tension) 

C 45 (pressure) 

m = 61 120 kp mm-2 
n = -96 220 kp mm-2 

m = -135 150 kp mm-2 
(stretched and tempered) n = -77 770 kp mm-2 

In comparison, the values in the literature for iron are: 

Hughes and Kelly 

Seeger and Buck 

1 m n 
[kp rnrn-21 [kp mm--23 [kp mm--’] 

-3.55.104 -10.51.104 + 10.0.104 

-1.6.104 -6.2.104 -15.9.104 

The values in the literature also differ from one another. Those 
of Seeger and Buck (1) are determined by the Poynting effect, and 
the measured values in this paper agree as to the order of magnitude 
with values of the literature. The velocities of different load steps 
enter into the equations of Hughes and Kelly. The moduli 1, m, n are 
dependent on the corresponding magnitude and sign of the stresses. 
The equations are true only for infinitesimal stresses. 

It is more straightforward to consider the equations of Toupin 
and Bernstein. The changes of the velocity Av are dependent on 
the changes of stresses Ao only. The elastic moduli are determined 
by the density 6, and the transverse-wave velocity v,, in the un- 
stressed medium and by the changes of velocity and stress. The 
Lame constants are as follows : 

AlCuMg: V I  = 42 270 kp mm-2 
v2 = -82 210kpmm-2 
~3 = -79 520kpmm--2 

Armcoiron ~2 = -43 690 kpmm-2 
v3 = -86750kpmm-2 

c 45 v2 = -42680 kpmm--2 
v3 = -91 440 kp mm--2 

c 45 ~2 = -16 570 kp mm-2 
(stretched 
and tempered) v3 = -93 500 kp mm-2 
The moduli result from the tensile experiment for AlCuMg and 

Armco iron and from the pressure experiment for C 45. The values 
for Armco iron are not conclusive. The value for A v L  with 1.4 ms-l 
differs from the measurements with steel where the values are very 
small or not detectable. A comparison with the values in the litera- 
ture cannot be made, as they are not known. The equations of 
Toupin and Bernstein describe the measured behaviour better than 
the equations of Hughes and Kelly. The ratio - Av is independent of 

the signof Avll, A v l  and ACT. This is in agreement with themeasured 
values. The Lame constants are also independent of the load direc- 
tion. 

Furthermore the equations of Toupin and Bernstein are inde- 
pendent of the velocity value with the single load step, in contrast 
with the equations of Hughes and Kelly. The ratio - Av can be deter- 

mined more exactly by the compensating straight line than by the 
velocity with a definite stress. The relation between A o  and Av is 
linear according to the equations of Toupin and Bernstein. The 
measurement values point up the verification of these relations 
although the equations concern infinitesimal stresses only. 

The linear change of the transverse-wave velocity with the 
change of the stress is appropriate for the experimental analysis of 
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stress due to outside load. It is significant that internal stresses do  
not change with load change (Table 1). The following expression 
for a plane state of stress due to linear behaviour of the curves 
Av = f ( o )  is analogous to the photoelasticity : 

v1 = vo + c1o1 + c2o2 

vz = vo + Cl02-k czo1 

The difference of principal stresses ol and C T ~  can be determined 
from the effect of the double refraction in analogy to the photo- 
elasticity (19, 20). The separate determination of the principal 
stresses C T ~  and o2 is possibly from the described method and from 
the combination of equations (6) and (7) with equation (8). 

The constants c1 and c2 can be determined from a test specimen 
of the same material with uniaxial state of stress. Here the following 
is used for the uniaxial state of stress: 

Ao = OI,OZ = 0 , Avl = vo - V I  and Avl = vz - vo . 
The factors cl and c2 contain the third-order conrtants. The values 
vo - V I  and v2 - vo are the changes of transverse-wave velocity, 
where the vibration plane lies in the direction of 01 resp. 02, vo is 
the velocity before loading. 
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Application of the Laser-Beam Technique in Mechanical Testing 
of H ig h-Tempera ture Materials - 

D. R. AXELRAD, CANADA 

ABSTRACT: This paper i s  concerned with the arrangement of a mechanical test 
apparatus for the testing of high-temperature materials such as BN, SiaN4, Sic, 
Wac, etc. by using a laser beam technique. An intense light beam is generated 
by means of a solid-state ruby laser (A1203 with 0.04% Cr203) which permits a 
fast local temperature rise of the test-piece of up to 400°C above a steady-state 
temperature. The latter can be chosen within the range of 0-1600°C. The test 
equipment consists of a high-temperature furnace and control circuit, the laser 
device including the power supply and control unit, and electronic strain measuring 
devices for the measurement of longitudinal and transverse deformation of the 
specimens due to thermal shock. Some of  the test W l t s  obtained by using this 
technique, as well as metallographic investig&ns of material specimens of 
”0-grade” tungsten carbide-cobalt compounds, are briefly discussed. 

Introduction 

In  previous publications (1, 2)  the arrangement of a mechanical 
testing apparatus for the performance of constant-stress tests on 
high-temperature materials in an isothermal temperature field 
has been discussed. 

This paper deals with the arrangement for the testing of 
such materials when subjected to thermal cycling or shock loads. 
Tests of this type have become increasingly important for the 
study of the mechanics of fracture, e.g. the micro-crack forma- 
tion and propagation through such materials. The technique 
briefly discussed in this paper involves a high-power pulsed 
laser beam which is used as a heat source for the production 
of local heat shocks on the material specimens. 

Lasers in general are light amplifiers, which possess enough 
positive feed-back to produce oscillation by stimulation of radia- 
tion at optical frequencies. They consist essentially of three 
parts, the active medium or generator producing the required 
amplification by means of stimulated emission, the resonator 
supplying the necessary feed-back and finally the power source 
which feeds enough energy to the active medium in order to 
maintain the amplification by the process of stimulated emission. 
The equipment discussed subsequently uses a solid-state 
“ruby” laser of sufficient power to permit a local temperature 
jump of up to + 4 O O O C  from a steady-state reference tem- 
perature within the range 0-16OO0C. 

Arrangement of High-temperature Equipment for Thermal 
Cycling and Shock Tests 

Test Furnace and Temperature Control 
The technique discussed in this section has been used so far 
for the shock testing of high-temperature materials only. The 
arrangement of the test apparatus is shown schematically in 
Figure 1 (plan view). 

The equipment consists essentially of the high-temperature 
test apparatus, the laser system and photo-electric optical strain 
measuring devices. The specially designed furnace for the testing 
of high-temperature materials is described in detail in refer- 
ence (1).  It is of the resistance type, using graphite rods as 
the heating element. As may be seen from Figure 1 the furnace 
contains six channels that are insulated by carbon tubes to 
permit the mounting of the temperature-control sensing devices, 
the optical system for the laser beam focussing, the device for 
the local cooling of specimens, as well as optics and probes 
required for the strain measurements in both the longitudinal 
and radial direction of the specimen. The temperature range of 
this furnace is from 0 to 20OO0C and covers, therefore, the 
region above half melting point of most of the refractory metals. 
For the protection of specimens against oxidation all tests are 
carried out in an argon atmosphere (99.8% purity and flow 
rate of approximately 0.8 cu ft/min). The furnace permits the 
performance of thermal shock and/or cycling tests of various 
metals above and below a steady-state pre-set temperature level 
ranging from 400 to 1600OC. It is also possible to apply an 
external mechanical load to the specimen by an appropriate 
load train. This arrangement permits the application of uni- 
axial as well as bi-axial stresses to the specimen. 

For the supply of an instantaneous local heat shock on a 
particular specimen, the laser beam is used. The energy output 
of the latter can be adjusted so as to give either a very intense 
point source on the metal surface, or the energy can be spread 
over a larger area on the surface of the specimen to allow for 
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local heating. An adjustment of this kind depends on the res- 
ponse characteristic of the material to the radiant optical 
energy and varies with the type of material under investigation. 

To  ensure proper test conditions for the case of cycling 
tests for instance, the temperature control has to satisfy the 
following requirements : 

(i)  A steady-state temperature field must be maintained 
at any pre-set level over the range of 400 to 16OO0C 
for any length of time. 

(ii) The temperature must be controlled to permit an up- 
wards or downwards jump from the steady-state tem- 
perature at a pre-set level. 

The present equipment permits a temperature jump of up to 
k 400°C in a required time interval. In the case of investiga- 
tions on high-temperature materials, the pulse duration is often 
of the order of lo-‘ seconds or less during shock tests. In order 
to meet condition (i) above, which is also the requirement for 
isothermal stress testing, a high-speed radiation pyrometer is 
used. This pyrometer is focussed through an aperture in the 
heating element (see Figure 1)  on to the centre of the speci- 
men under test and the temperature of the latter is recorded 
on a strip-chart recorder. The recorder contains retransmitting 
slide wires; thus, any difference between the position of the 
slide wire and “master steady point control” (e.g. corresponding 
to a pre-set temperature level) causes an error signal which is 
transmitted to a rate controller. The latter in turn controls a 
silicon rectifier-type power controller, which permits more or 
less current to pass through the heating element. To  prevent the 
passage of too high currents through the heating elements during 
the initial starting period of the furnace, a maximum current 
over-ride is built into the power controller. 

In order to meet condition (ii) it is necessary that the 
heating elements remain at a constant temperature during the 
thermal cycling. Hence, after each cycle, or a number of cycles, 
the specimen returns to its initial steady-state temperature. For 
this purpose a second sensing device is used in the form of a 
tungsten-tungsten rhenium thermocouple which is mounted close 
to one of the resistor rods. This thermocouple governs the rate 
controller by means of a voltage transducer and vertical indicator. 
Thus, during cycling the heating element remains at a constant 
temperature. By switching to “off-normal’’ either a cooling or 
heating cycle can be produced depending on the position of 
the high-low selector. Both high and low steady-point controls 
a re  adjusted to control the amplitude and the cycle in the same 
way as for the steady-state condition. This control circuit is 
indicated in Figure 2. 

However, during cycling tests a second controller is em- 
ployed, which either works into an argon-jet controlled system 
manifold (for cooling cycles) or into the ruby laser device 
for heating cycles and/or shocks. By switching from normal 
to off-normal the duration of the cycles can be adjusted for 
manual or automatic control. The type of cycle required for a 
specific test on a specimen is achieved by 4 timers and 4 four- 
position switches. Finally it should be noted that the power input 
of the control system is 220 volts, single phase, at maximum 
12 KVA. Owing to the special design of the graphite heating 
element, the voltage, after passing through the power con- 
troller, is stepped down to 50 volts. 

The Ruby Laser System 
The solid-state laser system for this type of testing consists of 
the laser head, power and control unit. The laser head contains 
a ruby laser rod (&0, .04% Cr,O,) one end of which is 
di-electrically coated. For the excitation of the ruby a flash 
lamp with a 69411. arc gap (water cooled) is used. The laser 
head is made in the form of an elliptical cavity, which is split 
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Figure 2. Schematic diagram of temperature-control chart. 

and hinged for quick opening of the jacket. Thus the water 
cooled unit has the flash lamp at one focus and the ruby rod 
at the other. For ease of operation the laser head is mounted 
on a base plate to facilitate positioning and proper focussing. 
Further, there are two manifolds in the base of the laser-head 
mounting for the distribution and control of the cooling water. 
The inlet manifold is equipped with flow regulators set to 
regulate the flash lamp and ruby at  1 gpm and the cavity 
with $ gpm, respectively. Finally the elliptical cavity is purged 
with dry nitrogen in order to maintain its high reflectance and 
also to avoid any discomfort, which may be caused due to the 
generation of ozone when the flash lamp is operated. 

The power supply to the laser head is a 208-volt, 3-phase, 
60-cps unit in which the maximum stored energy is 18,000 
joules at 4 KV. The charging voltage of the power supply 
unit is 0-4 KV and the power output is 15-30 KV. For the 
modes of operation either manual firing by panel, a remote 
firing button, or an automatic firing can be employed. The pulse 
repetition of this unit is 0.1 to 16 pps. The power unit also 
contains, as a safety feature, an adjustable lamp-voltage safety 
circuit, a fail-safe capacitor bank dumping circuit and a circuit 
breaker. The power supply is arranged with a control unit 
in which a specially designed current-limiting transformer, 
charging the capacitor through a silicon rectifier, is employed. 
Feed-back from the bank voltage is used to maintain a pre-set 
level with an accuracy of about .2 per cent of the maximum 
voltage. A pause generator is further employed to provide the 
necessary delay after each firing of the flash lamp. This gives 
the flash lamp sufficient time to de-ionize completely and thus 
prevent any hold-over which could lead to its destruction. When 
the capacitor bank charges above a pre-set level an adjustable 
lamp-voltage protection circuit stop is built into the charging 
and initiates the capacitor dumping circuit. Thus the front- 
panel control has three positions: normal, normal kilovoltmeter, 
peak memory circuit for use at high repetitive rates, and a 
triggering voltage for the flash lamp. In the manual operation 
of the laser the laser head fires and the power supply does 
not recharge. The manual firing mechanism is governed either 
by panel or remote button. For automatic operation the auto- 
matic pulse generator permits a 2-pulse/min to 16-pps operation. 
The laser control circuit mentioned above is included in the 
diagram of Figure 2. 

Energy Output 
For the nondestructive testing of high-temperature materials a 
proper control of the laser energy which is absorbed at the 
surface of the test-piece is required. Theoretical calculations of 
laser energies at metal surfaces are discussed in references 



(3, 4 ) .  For the practical assessment of such energies fairly 
accurate measurements can be obtained by means of a ballistic 
“thermo-pile”. The latter is a calorimetric device which meas- 
ures temperature rise due to the absorbed radiation. I t  consists 
of two bright nickel-plated silver cones and 10 series-connected 
iron-constant thermocouples. The thermocouples are arranged 
so that the hot junctions are attached to the receiver cone. 
The radiant energy of the laser beam is directed to the input 
hole of the receiver cone and almost completely absorbed due 
to multiple reflections (Mendenhall-wedge effect). The tempera- 
ture rise of the receiver with respect to the reference cone causes 
an emf, which can be monitored by an externally connected 
microvoltmeter. The peak emf induced is then linearly related 
by a proper calibration to the total input energy. The surface of 
the receiver cone is specially treated to resist any destructive 
effects due to the high-power pulse encountered in laser work. 
The main functional characteristics of this instrument are its 
time-constant (7 secs) the maximum energy input (300 joules) 
and the maximum power density (10’ wattdcm).  The instru- 
ment works with a maximum error in measurement of up to 
2.5 millijoules or 5 per cent. 

Laser-Metal Interaction 
For the purpose of discussing nondestructive testing by means 
of the laser-beam technique the interaction effects between the 
latter and the material surfaces should be briefly mentioned. 
There are mainly three effects which can be stated as follows: 

(i)  Absorption of the laser energy at the metal surface. 
(ii) Effects of this absorption on and near the metal 

surf ace. 
(iii) Changes to the micro-structure in the affected region 

of the specimen. 
Since the laser beam, in contrast to the conventional light 

beam, is a monochromatic source with a high degree of direc- 
tionality, it can be relatively simply focussed on to a target to 
induce either thermal shock or a continuous heating of the 
metal surfaces. As mentioned already, apart from the focussing, 
the adjustment of the energy output of the laser beam is pos- 
sible by a regulating device described above. The energy absorp- 
tion can be calculated by means of a phenomenological theory 
in terms of the amount of material which is vaporized during 
the short period of the laser-beam action on the metal. For 
this purpose the thermal properties of the absorbing medium 
and the laser pulse itself are significant parameters in the 
formulation. Such calculations based on the conventional 
thermodynamics are usually employed as a first approximation. 
By using some simplifying assumptions, the temperature rise as 
a function of time and depth of penetration into the medium 
can be obtained from the conventional heat-transfer 
theory (3 ,  4). It  is also possible to consider the light beam as a 
“buried line source” for calculating the depth of penetration of 
specific materials. This approach, in calculating the depth of 
penetration induced by the pulse of a solid state laser beam 
for some of the non-ferrous metals, has been used by the 
writer. In calculations of this type one of the main parameters 
involved is the difference between the observation time and the 
time at which the energy is absorbed. An estimate of the time 
constant involved can thus be made on basis of the work in 
reference (4). For power densities of the order of 10‘ watt/sq 
cm, the time constant for metals is approximately 1-2 P sec. 
It may be inferred from observations made on various metals 
and the calculated depth of penetration that almost all the 
laser energy of the pulse is utilized in vaporizing the material. 
For instance, the penetration depth produced by a laser beam 
(pulse intensity 5000 joules/sq cm) in stainless steel has been 
found to be 0.76 mm. For a pulse characteristic of lo8 wattlsq 

cm and 44 n secs duration the calculated penetration depth for 
the same material was 1.8 P. It  should be noted in this context 
that in studying penetration depths of various metals the inter- 
action effect also depends on whether a Q-switched laser or an 
ordinary laser system is employed. In  g&eral, investigations 
revealed that increasing the power of the pulse of a given shape 
will increase the depth by a factor less than the ratio of the 
power of the laser beam. This indicates that the energy absorp- 
tion is actually confined to the surface of the metal. 

Apart from the above effect, which is due to the conversion 
of light to heat at the metal surface, two other effects should be 
mentioned, i.e. the electric field phenomenon, and the field 
emission. The former is known as the Schottky effect and the 
“work function” of the material, i.e. the minimum energy to be 
supplied for the removal of an electron from the metal surface 
will be decreased if an external field is present. The field enis- 
sion effect can be regarded as being due to a narrowing of the 
potential barrier encountered by the electron at the surface of 
the metal. Both these effects, however, have been observed for 
the d.c. electric fields and so far as laser-beam interactions 
with metal surfaces are concerned there is at present insufficient 
experimental evidence of these two effects. I t  can be concluded 
therefore that the thermal effect is essentially the predominant 
one. 

Some Experimental Results 
The structural aspects of the high-temperature materials men- 
tioned earlier, which may be tested with the laser-beam 
technique, are discussed in numerous publications. Some results 
obtained from isothermal constant-stress tests on such materials 
are given in reference (5 ) .  For the description of the laser- 
beam technique a specific material such as tungsten-carbide- 
cobalt compound is briefly discussed. Two series of this com- 
pound material were used for either short-time creep tests or 
thermal-shock tests. The “0-grade” series of this material con- 
sisted of a dispersion of Wc particles ( 0 . 5 ~ )  in a cobalt-matrix, 
where the latter vaned between 8 to 25  per cent of the total 
volume. A micrograph of the original structure before testing is 
shown in Figure 3. For the purpose of delineating the structure 
and to make the grain boundaries clearly visible, etching was 
carried out. Thus specimens were first prepared by etching in 
base etchant (HCVCH, COOH/HzOz) and without repolishing 
were then electrolytically etched by application of (NaOH/K, 
FeCN,) . Micrographs of cross-sectional areas of the test samples 
show that the Wc phase consisted of rhombic shaped particles 
with rather smooth grain boundaries. At a later stage of the 

Figure 3. Micrograph of “0-grade series’’ specimen before testing. Transverse 
section (Etched Xl500). Material: 75% WC, 25% Co, Type “YO”. 
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Figure 4. Micrograph of “0-Series’’ specimen (101) after short-time lood test. 
(Test temp. 1200’C load 3.6 ton/in2, duration of test 410 min) (Etched, magnifi- 
cation Xl500). 

Figure 7. Micrograph of affected area exposed to laser beam showing crack 
formation. (Scanning electron-microscope, magnification X5180). 

Figure 5. “0-Series” specimen (102) (Type J0-91% WC, 9% Co) before expo- 
sure to laser beam (Magnification X1400). 

Figure 8. End section of crack shown in Figure 7. (Scanning electron-microscope, 
Magnification X5900.) 

Figure 6. Affected area of specimen (102). Edge of crater formed by laser beam. 
(Unetched, magnification X180). 
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steady-state tests micrographs revealed the’ formation of sub- 
grains. From micrographs obtained at the final stage of the 
constant-stress test, a crack formation within larger grains 
(transgranular), followed by an inter-crystalline spreading of 
this crack was observed, e.g. a continuous propagation through 
the cobalt matrix (Figure 4). For the testing of the same com- 
pound (“0-type series” specimen) by means of the laser-beam 
technique, the latter was adjusted to an energy output of approx- 
imately 30 joules. This caused strong interaction between the 
laser beam and the metal specimen. A typical micrograph of 
such a test piece before exposure to the laser beam is shown 
in Figure 5. For discussing the interaction effect between the 
laser beam and the specimen, the effect of several shocks 



applied to the specimen causing, finally, a crater-like penetra- 
tion into the metal surface is of interest. The micrograph 
obtained is shown in Figure 6. This figure also reveals the 
initiation of micro-cracks which is presently under study by 
the author and his co-workers, in a similar way as the investiga- 
tion carried out by the researchers mentioned in reference (6). 
Thus in order to illustrate the laser-beam application, this type 
of observation is shown here, although for the case of ordinary 
shock tests the laser-beam energy is reduced so as to avoid 
crater formation. The affected area and in particular the region 
of the micro-crack formation (Figure 6) was then followed up 
to a higher magnification. A further study of this region, 
employing a scanning electron-microscope, revealed a similar 
material response due to thermal shock, as that obtained from 
the steady-state testing of the same material. Similar to the 
latter type of testing, cracks started at the transition zone 
(affected area by the laser beam) with an inter-crystalline crack 
developing deeper into the cobalt matrix. 

The propagation of the crack was then observed in several 
subsequent micrographs. However, it was difficult to assess 

the end of the crack propagation since the microstructure in 
this region becomes more like that of the unaffected section 
of the specimen. A typical micrograph of the propagating 
crack and the end of the crack merging with the structure in 
the unaffected region of the specimen are shown in Figures 
7 and 8, respectively. In conclusion it should be mentioned that 
further mechanical testing as well as metallographic investiga- 
tions are intended in order to obtain more accurate information 
on the laser beam-metal interactions. 
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Technical Session 7/ Magnetic & Eddy-Current Methods 

Experiences and Results in the Application of 
Magnetography in Industry 

P. MULLER, GERMANY 

Introduction 

There are many requirements in the technology of modern 
nondestructive testing. There is not only a demand for highly 
sensitive methods and apparatus with high resolution, but it is 
essential that such methods be applicable under in-line condi- 
tions; the apparatus must be rigid, reliable, simple to operate 
and quickly and easily serviced. The method has to be economic, 
not only in direct costs but also indirect costs, such as unneces- 
sarily high rejection rate. For that reason a basic requirement 
for a method for detecting defects is that it should be able to 
discriminate within a fairly reasonable range of error between 
serious and not serious defects. A modern seam-finding instal- 
lation should have an adjustable acceptance limit. In  addition, 
the high reliability of an automated system compared with that 
of human inspectors plus high labour costs makes automatic 
systems a necessity. This paper deals with new instruments 
based on the magnetographic principle, which are used for 
automatic defect detection in ferrous materials and which are 
capable of meeting all the above requirements. 

Principles of Magnetography 

Magnetography is an advanced technique of magnetic particle 
inspection. It is used for seam-finding in ferrous materials and 
makes use of the magnetic leakage field or stray field generated 
by a defect when a test part is suitably magnetized. The mag- 
netic leakage field, which in the conventional technique of using 
magnetic ink, attracts a seam of magnetic particles is, in 
magnetography, replaced by a magnetic tape. This tape con- 
sists of a highly wear-resistant neoprene material in which very 
small magnetic particles are uniformly distributed. Such a 
tape is placed on the test part and while the test part is mag- 
netized the magnetic leakage field is copied on to the tape. 
Later, the tape is scanned by a probe that is sensitive to 
magnetic fields and thus the leakage field imprinted into the 
tape is transduced into electric voltage. Magnetography was 
first developed and described by F. Foerster in 1950 in Europe 
and in 1951 in the United States*. The practical use of magneto- 
graphy was jeopardized for many years because there was no 
tape material available with the necessary high wear-resistance 
on the one hand and that also possessed sensitive enough 
magnetic characteristics to obtain comparable or even better 
results than magnetic ink. 

*Lecture given by F. Foerster at the Metal Show in Detroit Oct. 
1951. 
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The principles of magnetography are most easily explained 
by means of a photograph of an early prototype of a magneto- 
graphic weld tester. In Figure 1 a welded tube is seen which 
travels from the right side of the picture to the left. The tube 
is magnetized by means of two pairs of contact brushes which 
send a current through the tube longitudinally, thus generating 
a magnetizing field in a circumferential direction. A wheel, 
covered with thick sponge rubber rides on the tube; on the 
sponge rubber is an endless magnetic tape. As the tube travels 
from the right side of the picture to the left, the wheel rotates 
without slippage between the tape and the tube. If there is a 
defect in or near the welded zone of the tube the leakage field 
due to this defect is imprinted on the tape and as the wheel 
rotates clockwise, this leakage field is detected by the scanning 
disc mounted at the left side of the wheel. This disc rotates at 
a speed of 60 cps. On the disc is a Foerster probe which trans- 
duces the magnetic leakage field into an electric signal. The 
signal is transduced from the rotating disc to the electronic 
cabinet by means of contactless transformers; as the tube goes 
on, the wheel with the magnetic tape keeps turning and on its 
right hand side there is an eraser which demagnetizes the tape 
so that it is ready for a new print. 

Figure 1. Foerrter magnetography weld tester. 



Figure 2 shows the miniaturized Foerster probe used for 
detecting the leakage field. This is an absolute field probe that 
can be modified to, for example, a differential probe. There are 
three main features to the Foerster probe; its very small size- 
only about .040 in. large; its response voltage. (The electric 
signal per Oersted is approx. 10,000 times higher than the 
corresponding signal of a conventional Hall crystal) ; its ex- 
tremely wide range of frequency response, which allows very 
high scanning frequencies. Figure 3 shows that the upper limit 
frequency of this probe is approximately 2 MHz. This is 
possible because the probe is driven with very high frequency 
between 10 and 30 MHz. Hall probes are normally driven no 
higher than 100 kc, so that the upper limit of their frequency 
response curve is about 100 times lower than that of a minia- 
turized Foerster probe. 

Figure 2. Foerster micro probe. 
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Figure 3. Frequency range of the Foerrter mini probe. 

As all example of a modern design instrument, Figure 4 
shows a magnetography hand unit, with cabinet open; this is 
called a hand roller as it is used for special purposes, specifically 
for cross checking the conditioning department under in-line con- 
ditions. Such a unit is light weight and portable. Various fixtures 
and mountings at both bottom ends of the scanner allow its adap- 
tation to test parts of various dimensions. 

Theory of Magnetic Test Methods 

Finding defects through magnetic methods requires a suit- 
able way of magnetization. For magnetography it is essential 
that the test parts be magnetized with direct fields only. It is of 
no importance whether there is a constant direct field or a pulsed 
direct field but alternating fields cannot be used because they 
would erase any signal from the tape as the tape moved away 
from the surface of the test part. The example of a low carbon 
steel, (215, Figure 5, shows the basic relations between the tan- 
gential field strength HT (the magnetizing field), the induction 

Figure 4. Hand-roller. 
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Figure 5. Basic relations between HT, B and H.t. 

B, the magnetic stray flux and the differential permeability which 
is given by the differential quotient of dB/dH. It shows that for 
small magnetizing fields there is practically no stray flux at all. 
Only after the magnetizing field is higher than a certain lower 
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limit does the stray flux penetrate the surface. The permeability 
P starts with a fairly small value of initial permeability at the 
tangential field strength of HT=O and reaches a peak value 
which is higher by approximately 1 magnitude than the initial 
permeability and from that point on it decreases and approaches 
the HT axis at the value of p=1 as HT becomes infinite. This 
picture shows that there is no use applying extremely high mag- 
netizing fields in order to obtain a high defect resolution. The 
reasonable working range of a stray flux method is between the 
point where the B curve reaches about 70% of its saturation 
value and the saturation point of the B curve. 

The experimental findings as shown in Figure 5 indicate 
that the stray flux and the permeability decrease for high mag- 
netizing field strengths. Experimental experience also shows that 
for high magnetizing field strength noL.only defects like seams, 
laps, slivers, etc. have- a stray field but also surface irregulari- 
ties produce an increasing stray flux. This led Foerster and 
Stambke* to make a thorough theoretical investigation on the 
basic correlation between the permeability of a material and the 
stray flux of defects of various shapes. Figure 6 shows the re- 
sults of these calculations. They were made for the idealized 
conditions of a very thick and wide steel blade in which ellipti- 
cal holes as indicated in the figure were drilled. These holes have 
varying ratios of their axes vertical to the magnetic field, and of 
their axes parallel to the field. The ordinate in Figure 6 is the 
ratio of the magnetic field H in such a hole over the magnetic 
induction B in the sound material far from the hole. The abscissa 
is the ratio of the axis vertical to the magnetic field over the axis 
parallel to the magnetic field. 

in a void with a ratio of the axis of 10 : 1 is approximately 
70% of a void, with an extremely high ratio of the axis of 
1000 : 1. It  will be shown that the magnetic field in such a void 
is representative of the stray flux of a surface defect which we 
obtain when we cut such a blade along its symmetrical plane in 
two halves, as shown in Figure 7. Keeping this in mind, Figure 6 
teaches us that the magnetic stray flux in a very wide defect is 
approximately the same as the stray flux in very narrow defects 
if the permeability is very low, for example between p=2 and 
~ = 1 0 .  But the stray flux in such a wide defect is very small 
compared with the stray flux in a very narrow defect if the 
permeability of the material is between p=20 and ~ = 5 0 0 .  

Lhe Feldslarke m clnem elllpllvhtn Lunker 
~ ~ n k t t o n  des k!% Verhallnisses 

Brelle 1 Zunahme des Streuflusses mtt wechselndem Verhaltni 

Figure 7. Increase of the magnetic leakage field as a function of the l /b  ratio 

Going back to Figure 5 this proves that the background noise 
due to surface irregularities will increase as we utilize too high a 
tangential field strength, because in the area of high tangential 
field strength P decreases very rapidly. The magnetizing tangential 
field strength must be such that, if possible, P should not become 
smaller than 20. Figure 8 shows why the operation of cutting 

(see Figure 7). The stray field in an infinitely deep defect is 
homogeneous except in the area near the surface of the mate- 
rial. Figure 8 shows that the tangential component of the stray 
flux of a defect decreases according to hyperbolic function, the 
variable of which is given by the ratio of the distance a from 
the surface of material over the width b of the defect. In addi- 
tion, Figure 8 shows that stray flux at the surface of an i d -  
nitely deep defect is still approximately 85% of the stray flux 
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Figure 6. Field strength of the magnetic leakage field as a function of the l / b  the blade along its symmetrical plane in two halves is allowed 
ratio. 

It is evident that for a material of p=1, which means a 
nonferromagnetic material, the magnetic field in such a void is 
exactly the same as in the material itself irrespective of the 
shape of the defect, as there is no difference between the mag- 
netic properties of the void and the sound material. But looking 
at a material with a permeability of 20 we note that in a void 
(the ratio of the axis vertical to the magnetic field over the axis 
parallel to the magnetic field =0.1) which is parallel to the flux 
lines there is a magnetic field which is only approximately 5% 
of the induction in the sound material. As for such a material 
the void gets a large extension vertical to the flux lines com- 
pared with its extension parallel to the flux lines, the magnetic 
field in the void will increase. For a ratio of the axis of 10 : 1 
(permeability of 20) we have a field of 36% and for a ratio 
of 100 : 1 we have a field of 84% of the flux in the sound 
material. For a material of high permeabilities between ~ = 5 0  
and ~ ~ 5 0 0  there is only a very small magnetic field in such a 
void for all ratios of its axes smaller than 10 : 1. In contrast to 
this for a material with a permeability of ~ = 5  the magnetic field 

*These theoretical results will be published in a monograph by 
F. Foerster “Magnetography-a New Method for Nondestructive Testing” 
to be published in 1967. Figure 8. Tangential component of the stray flux. 
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inside the defect. For this reason the conditions in such a de- 
fect are not changed too much when we cut a blade in two 
halves through its symmetrical plane as shown in Figure 7. It  
should be noted that the conditions described above are the same 
for any magnetic test method whether using magnetic ink or 
magnetography. 

We have looked at the various conditions of the stray field 
that occur for surface defects. We should also look at the con- 
ditions as we meet them for subsurface defects. For doing SO 
the ASTM has proposed a test ring the dimensions of which 
are very similar to the dimensions shown in Figure 9. The 
difference between the ring shown in Figure 9 and the ASTM 
test ring is that the latter has double the number of bore holes 
as the ring we use, and propose to use, for further investiga- 
tions. The holes we use cover the same range of depth beneath 
the surface. Because the stray flux of the holes deep beneath 
the surface is so wide it interferes with the stray flux of two 
neighbouring holes when the dimensions of the original ASTM 
ring are used. The ring as shown in Figure 9 is magnetized by 
a central conductor and is very suitable for the investigation of 
depth penetration in methods for detecting subsurface defects. 

L 7,+ 
Figure 9. Test ring for the detection of subsurface defects. 

Figure 10 shows the absolute leakage field of such a test ring. 
Looking at the top curve in Figure 10, which was obtained by 
measuring directly on the surface, we notice that the signal of 
the hole nearest to the surface is about 7 times higher than that 
obtained from the hole deepest beneath the surface. But as the 
spacing between the surface and the probe is increased the ratio 
between the indications of the hole nearest and farthest to the 
surface decreases. In addition Figure 10 shows that the signal 
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Figure 10. Leakage field of the holesi n the ASTM test ring. 

due to the hole nearest to the surface is much narrower than 
that due to the holes farther away from the surface. The width 
of the signal increases as the depth of the hole beneath the 
surface increases. The Fourier-analysis of the signals obtained 
from these various holes shows more high-frequency spectral 
lines in defects near the surface and more low-freqency spectral 
lines in the defects far away from the surface. This gives us 
the opportunity of using electronic filters of suitable charac- 
teristics in order to obtain, for example, a comparatively higher 
gain of signals due to subsurface defects or, if we wish, of 
signals due to surface defects. By using suitable filters and an 
advanced technique of probe configurations it is possible to 
obtain a magnetographic indication of the holes in the test 
ring (Figure 11) which shows that the penetration of the 
magnetographic method is nearly twice as deep as that of the 
conventional powder method. Figures 10 and 11 show one can 
discriminate between the surface defects and subsurface defects 
by means of evaluating their frequency spectra. In doing so 
one complication has to be overcome: in total, a surface defect 
has a signal of higher intensity as shown in the upper curve of 
Figure 10. Therefore, the lower band components of such a 
defect are still fairly high. That means in a band-pass filter 
which is tuned to the low-frequency band we “see” surface and 
subsurface defects with similar intensity. In a band-pass filter 
tuned to the high-frequency band we “see” surface defects only 
because subsurface defects have practically no high frequencies 
in the spectrum of their defect signals. By this we can use a 
suitable logical combination circuitry. A defect which is “seen” 
in the low and in the high-frequency band must be a surface 
defect whereas a defect “seen” in the low-frequency band can 
only be a subsurface defect. Accordingly it is possible to avoid 
mistaking small surface defect for a comparatively large sub- 
surface defect. In  the practical use of magnetography this is 
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Figure 1 1 .  ASTM ring, magnetography and powder indication. 

MAGNETIC AND EDDY-CURRENT METHODS 177 



an extremely important feature as it prevents, for instance, the 
rejection of tubes merely because of relatively harmless small 
surface defects. 

I t  has been claimed that under laboratory conditions with 
magnetic particles a very well trained and experienced inspector 
is able to tell the depth of a defect below the surface from the 
width of the particle indication. Without arguing about that, 
it is evident that under in-line conditions at a test speed of, for 
example 100 ft/min a group of inspectors working round the 
clock in three shifts will never be able to discriminate reliably 
between surface and subsurface defects. 

The deeper penetration of the magnetographic method 
compared with the flux method can be explained in brief. The 
force attracting a magnetic particle is F=H. grad H. F means 
the force, H means the magnetic field. The magnetic field H 
near the defect is defined as H = H. + H.t where Ho is the 
undistorted field and H.t is the stray field. A magnetic field H 
resp. a stray field Hat decreases as the distance between the 
defect and the surface increases and the gradient H does the 
same. As the gradient of the undistorted field is small compared 
with the gradient of the leakage field it is H + H.t. This means 
that a force acted upon by a particle decreases with a higher 
power than the leakage field itself decreases. With a Foerster 
probe we measure directly the leakage field H.t. It  is shown 
in Figure 10 that the geometrical extension of the stray field 
increases as the depth of the defect below the surface increases. 
The Foerster microprobe has a very suitable size compared 
with the size of the stray field of a subsurface defect. For reason 
of its geometrical size the Foerster probe is able to integrate 
over a substantial portion of the stray field. The stray field of 
a subsurface defect is wide and therefore integrated by the 
probe but the narrow stray field of a surface defect will not be 
integrated to such an extent. With magnetic particles it is not 
possible to make use of such an integration effect. The size of 
particles has to be kept very small for the sake of keeping the 
particles movable at all, because a subsurface defect attracts a 
particle with a very small force only. 

In Figure 12 a practical example is shown. Our magneto- 
graphic system is systematically optimized by utilizing a mag- 
netic tape with suitable physical properties, a suitable probe 
configuration, suitable filters and a suitable field strength. In a 
relatively thin transformer sheet there was a defect in the lower 
weld of the sheet. This is shown in the upper part of Figure 12 
in which a filter setting was used which was sensitive for surface 
defects only. When a handroller as shown in Figure 4 was rolled 
over the upper weld there was an indication as shown in the 
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Figure 12. Transformer sheet testing utilization of various filter settings. 
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top chart of Figure 12. When the instrument was rolled along 
the lower weld there was an indication as shown in the chart 
second from the top. After utilizing a filter setting suitable for 
the detection of subsurface defects, nearly the same records 
were obtained in inspecting the upper weld or the lower weld 
as shown in the two charts at the bottom of Figure 12. 

The theoretical outline of magnetography shows that this 
method is applicable for a very large variety of problems, specif- 
ically such problems where there is a physical limitation for the 
utilization of the particle method. In this field a large amount of 
application work has been done but within this paper it is not 
possible to give a summary about this work*. 

Automatic Weld Testing 

In contrast to the particle method, magnetography allows 
the automation of the test procedure. In the past years priority 
has been given to the design of automatic test machines for the 
inspection of semi-finished parts such as pipes and billets. 

The Magnetographic Weld Tester 
The most interesting application of magnetography in the 
field of tube inspection is the inspection of longitudinal welds in 
resistance or high-frequency welded tubes with diameters larger 
than 2 in. Such an installation is shown in Figure 13. The mag- 
netization of the test parts is maintained by means of a magnetic 

Figure 13. Mognetography tube inspection unit. 

yoke which is fed with a D.C. current. The yoke is supported 
on a floating suspension and is guided by the tube itself. By this 
means a constant air gap between the yoke and the test-pieces 
is maintained and it is ensured that the tangential field strength 
.across the weld is constant. In order to avoid any unnecessary 
friction or even a slight amount of slip between the tape and the 
tubes the tape is driven by an electro-motor which is synchro- 
nized with the speed of the tube. An electric clutch with an elec- 
trically adjustable torque makes sure that a slight error in the 
synchronizing system of the electro-motor does not involve slip- 
ping of the tape. In this case the electromagnetic clutch takes 
over that small amount of slippage. As welded tubes are never 
entirely clean and as, specifically, tubes made from hot-rolled 
strip always have some loose scale on the surface the tape might 
get very dirty and spoiled with parasite magnetic signals after a 
certain period of operation. For that reason there are rotating 
brushes to keep the tape clean. In addition, not the front side 
of the tape is scanned but the back side. By this means the test 

*A wide variety of industrial applications of the magnetographic 
method is covered in the Foerster monograph already mentioned. 



system itself is never in direct contact with that side of the tape 
which touches the tubes. 

As mentioned above the evaluation of the results is done in 
two separate channels with two separate filter settings, one for 
surface defects and one for subsurface defects and as described 
above there is a logic combination circuitry which controls the 
automatic spray guns which give paint marks in different colours 
for I.D. and O.D. defects. In addition there is a digital data 
evaluation system in the cabinet. The evaluation is slightly dif- 
ferent according to the application for endless tubing or for tub- 
ing cut in lengths. 

For endless tubing there is a wheel which continuously 
counts the length of tube and which gives a signal after every 30 
or every 300 feet of tube. In  a digital counter system the num- 
ber of defects is counted. Each time after the tube has travelled 
30 (or 300) feet there comes the signal from the device measur- 
ing the length of the tube. This signal makes the digital counter 
system print the number of defects which were present in the past 
30 feet of tube and also resets the counter printer to zero. Now, 
for the next 30 feet of tube the number of defects is counted and 
is printed after the tube has travelled another 30 feet and so on. 
By this means we have continuous printing of the statistical dis- 
tribution of defects over a total length of the tube produced in a 
day or in a shift. 

For tubes which are cut in lengths the recording by means 
of such a digital record is done in a very similar way except 
that this time the number of defects per tube is counted and 
printed. 

Figure 14. Test head of tube inspection unit. 

The unit also contains a device for lifting the test head off 
when the leading or trailing edge of a tube comes through, thus 
avoiding any damage to the tape by a sharp flash of the sawn 
tube ends. There is another problem in inspecting tubes cut in 
lengths; it is essential that the tube is so positioned that the 
weld is on top. For this reason an automatic weld finder has 
been developed which is able to detect the weld. When it is get- 
ting near the weld, it produces a signal voltage which will be 
balanced to zero when the weld finder is exactly over the centre 
of the weld. Figure 15 shows the features of such a weld finder 
which is not only able to find the weld but also to feed a control 
system which maintains the weld in its proper position. It should 
be noted that, for the magnetograph, the position of the weld is 
not critical. The wander of the weld can be as much as & 1 in. 
or 220". whichever value of the two is the smallest. 
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Figure 15. Weld finder. 

The maximum test speed of such a system is given by the 
pitch of the scanner. There is a simple relation 

V p = -  
n 

in which v means the speed of the tube or  of the tape, n the 
number of scans per unit of time and p the pitch. As we have 
60 turns/sec of the scanner and in the scanning disc there are 
four probes we scan 240 lines/sec transverse to the tape resp. 
the weld. If we read the test speed of the tube in feet/min and 
the pitch in inches we obtain an equation 
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V p = -  
12,000 

which means that for a test speed of 120 feetlmin the pitch is 
.1 in. As the probe looks at a width of approx. .06 in. we 
would entirely cover the surface at  a test speed of approx. 70 
feet/min. In  weld testing it is essential to find pinholes and it 
has been said pinholes are extremely short so that it was not 
possible to exceed the test speed of 70 feet/min. This problem 
has been investigated by thoroughly analyzing such defects that 
seemed to be pores after the tube had undergone hydraulic 
tests. Figure 16 shows, left on top, the magnetic-particle indi- 
cation obtained by two such pores and, right on top, the particle 
indication as obtained by a good piece of welded tube. When 
the frequency filter of the magnetograph was adjusted for the 
finding of surface defects the record chart showed the two 
pores and showed them to be very short. But when the filter 
was set for looking at subsurface defects as it was done in the 
second chart on the left, or even to a larger extent on the chart 
at the bottom left, it turned out that there were not only pores 
but that quite a considerable length of the tube was defective 
and only in two very short spots was the defect open to the 
surface. On the right side of Figure 16 a chart obtained from 
a good length of tube for every one of three filter settings is 
shown. Figure 16 proves three facts: a )  the hydraulic test is 
not reliable enough because if there had not been those two 
short pores the whole defective length of the tube under inspec- 
tion would have been classified as good; b) magnetic ink has 
a fairly poor depth penetration for welded tubes because even 
a good tube can collect powder in the welded area. The long 
subsurface defect as shown on the left side in Figure 16 was 
not detected by magnetic ink; c) normally a pore is not a 
short defect but in the vicinity of a pore the weld is bad, too. 
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Figure 1 6. Hydraulic test-powder indication-mognetogrophy indication. 

The last statement is of great importance for the maximum 
test speed which can be obtained. As a pore is-at least under- 
neath the surface-a fairly long defect, the pitch of scanning 
helix can be made as wide as & in. or more without running 
the risk of missing the pore. That the welded zone in a tube 
induces a certain background “noise” to the particle indication 
is also true to some extent for the magnetographic weld inspec- 
tion. To some extent it is possible to eliminate this background 
noise by means of filters but under normal conditions the pene- 
tration of the magnetographic method in welds is restricted to 
about in. to i% in. of wall thickness. It is evident that heavier 
walls can be inspected, too, but the resolution for I.D. defects 
will decrease with heavier wall thickness. 

Calibration of the Weld Tester by Means of Standard Defects 
For weld testing, API standards have been elaborated. Accord- 
ing to API a defect of 12.5% of the wall thickness at the inner 
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wall of a tube should be detected and, e.g. the calibration of 
ultrasonic weld testers should be made with such standards 
because it is more convenient to machine such artificial defects. 
The API standards propose among others a v-notch which is 
open under 45O. It  is shown in this paper that the magnetic 
stray flux depends a lot on the geometrical shape of the defect. 
For this reason we investigated how a v-notch which is indi- 
cated by the magnetograph compared with an artificial defect 
of the same depth but having vertical flanks and a width of 
.004 in. The results are shown in Figure 17. The left part of 
Figure 17 refers to an I.D. defect and the right side to an O.D. 
defect. A notch gives a reading which is very similar to an 
artificial defect although the sensitivity to such a notch is 
slightly reduced. It can still be used for calibration purposes. 
As the normal working range is between 60 and 80 Oersteds 
(tangential field strength) the difference in reading is not too 
serious. For outside defects there is practically no difference in 
reading at all but this is true under the assumption that the 
v-notch is filled with wax or similar material so that the tape 
is not pressed into the bottom of the notch but is a laid plane 
on the surface of the test-piece. These findings may be a little 
bit surprising with reference to the findings in Figures 6 and 7 
but it is to be noted that a v-notch is much different from an 
ellipsis. Figure 17 proves that it is possible to calibrate the 
magnetograph with both a v-notch and a “normal” artificial 
defect. This may be of special interest because there is a 
tendency to eliminate the v-notch from the API standards. 
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Figure 17. Mognetogrophy tube testing. lndicotion of o v-notch and ortificial 
defect with vertical flonks. 

Practical Results in Weld Testing 
The weld tester has been used with good success both for bright 
and for hot-rolled welded tubes. Initially there was some 
problem in making the system insensitive to dirt. To solve this 
problem the first step was to scan the back side of the tape 
and to brush the tape by means of rotating brushes. In  addition 
dust proof gears and bearings for driving the magnetic belt 
were used, all electrical contacts were sealed and care was 
taken that any wear parts could be exchanged easily. In  addition 
the tubes under inspection were slightly cleaned of oil or  grease 
by a steam jet. It does not matter if the tube is humid but it 
should not be dripping wet. I t  developed that these conditions 
can be easily maintained without any substantial cost or other 
inconvenience. Figures 18 and 19 show two typical results of 
magnetographic weld inspection. Figure 18 was obtained by 
inspecting a resistance welded tube in which, during inspection, 
the welding current was continuously decreased. After this the 
tube was cut in lengths of 8 feet each. The first tube was with- 
out defects. At the end of the second tube there was a slight 
defect. The third tube was defective at four areas and it was 
surprising that there was a periodicity of these defdts.  Although 



+ Rohr k 

GcschwQiRtQs Rohr 90mm(: W =  5mm 

Figure 18. Magnetography inspection of a resistance welded tube; current con- 
tinuously decreased. 

Ober f lac he 

Tiefe 

Figure 9. Magnetography and powder 
defects. 

dications of surface ant subsurface 

the chart obtained from tube No. 4 is swamped it can be 
seen that this periodicity continues on the tube. The reason for 
this periodicity was an eccentricity of the welding wheel. Owing 
to the varying pressure of the welding wheel on the tube most 
defects were in the zone of too low welding pressure. This 
picture shows that such an evaluation permits not only the 
finding of defects but the reason they occur. Figure 19 shows 
an interesting result obtained from a weld that had two defects, 
one of which was open to the surface and one which, over a 
certain length, "dove" underneath the surface. In spot B the 
channel for surface defects shows no signal at all (and no 
particle indication) but the subsurface channel still showed a 

decrease of the defect in that spot but clearly showed that the 
defect was still there. The combination of the upper and lower 
chart shows that in section B there must be a subsurface defect 
(as described above this evaluation is done automatically in the 
logic circuitry). 

Record charts as shown in Figures 18 and 19 are normally 
not made under in-line conditions, only for calibration and 
evaluation purposes. Under in-line conditions statistical evalua- 
tion by a counter printer and automatic paint marking by spray 
guns have proved to be more practicable. The method has been 
used for wall thicknesses as heavy as 5 in. but under these cir- 
cumstances I.D. defects as small as 12;% could no longer be 
found. When the wall thicknes is 4 in. I. D. defects of 20 to 
25% can be found. It turned out that the flash at the inner side 
of the tube is not critical in principle. The resolution for I.D. 
defects is best when the flash is removed so far that it is not 
higher than .008 in. In total it could be proved that the magneto- 
graphic weld tester has become a reliable practicable and sensi- 
tive tool for automatic in-line inspection of welded tubes. 

Billet Inspection 

Besides weld testing, the automatic billet inspection is an 
application of the magnetograph which is urgently needed and 
very interesting, both from a principal and from a technological 
point of view. 

Principal Problems 
The principle of a fully automatic billet inspection system 
is shown in Figure 20. The billet is magnetized by means of 
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Figure 20. Principle of on automatic billet testing system. 

copper-bronze contact brushes placed at the vertical faces of 
the billet near the test head (the brushes are not shown in the 
block diagram). The tape is pressed to the billet face by means 
of a sponge rubber wheel; tape and wheel are so flexible that it 
assures the tape going round the corners of the billet, thus ex- 
tending inspection to the corners. As the billet moves from left 
to right the magnetic tape travels upwards to the rotating disc 
in which is the magnetic sensing device. As the tape travels on, 
it comes to the eraser which demagnetizes it; it is then driven 
by a speed-controlled electro-motor, the speed of which is con- 
trolled by the speed of the conveyor table. The electro-motor is 
coupled to the driving system of the belt by an electromagnetic 
clutch as already described for the weld tester. The voltage of 
the magnetic field probe is transduced from the rotating disc to 
the amplifier by a contactless transformer. After amplification 
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the signal is filtered and fed to a sensitivity-control system. This 
system is necessary because the magnetic field strength around a 
cross-section of the billet is not homogeneous but is higher in the 
centre part of the billet than near the corners. This sensitivity- 
control system makes sure that defects near the corners of the 
billet are indicated with the same sensitivity as defects in the 
centre part. From the sensitivity-control system a signal goes to 
an oscilloscope where it is displayed. Parallel to the oscilloscope 
the signal goes to a trigger system. The threshold of the two trig- 
gers can be continuously adjusted. The left trigger system is used 
to indicate defects that are no longer acceptable but are only so 
deep that it is still economic to condition them. The right trigger 
system is operated only if there is a very deep defect, so deep 
that conditioning of the billet is no longer possible or advisable 
and the billet has to be rejected. This trigger system operates one 
spray gun only which paint-marks the billet with red, indicating 
that the billet is scrap. The trigger system that operates when 
there are comparatively small defects feeds its signal to a chan- 
nel gate which divides the width of the billet up into seven chan- 
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nels. If there is a defect that can still be conditioned it is im- 
portant to know not only that there is a defect in a given cross- 
section but also to know its exact location to avoid unnecessary 
time in finding it. As this channel system divides the width of 
the billet up into equal strips of $-in. width, the location of any 
defect is paint-marked with fair accuracy. Conditionable defects 
are normally painted with white paint. 

The sensitivity-control system is an important part of the 
billet tester and has involved a number of thorough investiga- 
tions. To understand what such a sensitivity-control system has 
to do we look at Figure 21, which shows the directions of the 
magnetic flux lines around a billet cross-section for a billet with 
a cross-section of 2 in. x 2 in. and one with a cross-section of 
approx. 22 in. x 2$ in. The billet shown on the left of Figure 
21 is the smaller and it was magnetized with a tangential field 
strength of 60 Oersteds in the centre part of the face. In com- 
parison the billet in the centre, of the same dimensions, was 
magnetized with tangential field strength of 120 Oersteds in its 
centre. The comparison of the behaviour of the flux lines under 
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high or low magnetization shows that under low magnetization 
the flux lines enter the surface of the billet face nearly rectangu- 
larly in the areas near the corners, but on the highly magnetized 
billet the flux lines follow a path which is much less inclined 
to the surface. This means that with too low a magnetization 
there is no substantial tangential field strength near the corners 
of the billet, and therefore it is not possible to find longitudinal 
defects near the corners if the billet is under too low a magneti- 
zation. It can be clearly seen that under the higher magnetization 
there is still a component of a flux line parallel to the surface 
face, which means that every longitudinal crack, no matter 
whether in the centre part of the face or at the corners, will have 
a stray flux. 

The billet on the right side of Figure 21 was magnetized 
with the same field strength as that on the left. In general the 
field lines behave similarly on the two although that on the right 
is larger. There is a certain similarity law in the behaviour of 
the magnetic flux lines. Another feature in the right picture is 
interesting. It shows that irregularities in the shape of the billet 
also mean an irregularity in the path of the flux lines. For this 
reason it is to be expected that substantial irregularities in 
geometrical shape of a billet will slightly affect the distribution 
of the magnetic field around its cross-section. This feature is 
of some theoretical interest, but it can be shown that it does 
not unduly restrict the accuracy and reproducibility of magneto- 
graphic testing. 

Figure 22 shows some of the results of the investigation 
of the distribution of the magnetic field across the billet face. 
On the left part the distribution of the magnetic field across 
the billet face has been plotted for various magnetizing currents. 
The currents were selected such that in the centre part of the 
billet there were magnetic field strengths of 90, 100, 110 and 
150 Oersteds. In  the right side these curves are plotted in rela- 
tive values. In the left, the field strengths are plotted in absolute 
values for all four curves. In  the right they are plotted in rela- 
tive values and the maximum field strength of each curve is 
defined as 100%. This figure shows that there is a similarity 
in all these field-strength curves but there is a clear tendency 
that, for a high magnetization the field strength near the corner 
is relatively higher than that for the low magnetization. I t  can 
also be seen that the surface irregularity on the left corner of 
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Figure 23. Distribution of  the magnetic field across the billet face. 

the billet influences the distribution curve uf the magnetic-field 
strength. 

It was mentioned that for various dimensions of the billets 
there was a certain similarity law of the distribution of the 
magnetic field. This is true for any constant billet size. If we 
plot one average curve instead of the four curves on the right 
side of Figure 22 and evaluate such curves for billets of various 
dimensions, we find results as shown in Figure 23. In  a large 
billet the decrease of the tangential field strength across the 
billet face is sharper than that for a smaller billet. But the com- 
pensation circuits as described in Figure 20 are capable of 
compensating this decrease for any billet size for which the 
billet tester is built. 

Figure 24 
Sensitivity of the magnetographic 
system. 
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Figure 24 shows an example of how the sensitivity of the 
magnetographic system is affected by this distribution of the 
tangential field strength. The sensitivity of the magnetographic 
indication decreases stronger than the field itself decreases. 
Incidentally, the comparison between the left and the right 
family of curves in Figure 24 shows that by using adequate 
filters the drop of th? sensitivity near the corners of the billets 
can be considerably reduced. This is because the frequency 
spectrum of a magnetographic defect signal varies as a function 
of the magnetizing field strength. By using a suitable filter and 
a suitable field strength the sensitivity curve of the magneto- 
graphic indication can be made very similar to the distribution 
of the tangential field strength. Figure 24 shows that for larger 
defects this distribution curve may look different from the curve 
for small defects because in the centre part of the billet a 
certain saturation of the signal may occur. Thus the indication 
is no longer linear. In the range of those defects in the vicinity 
of the acceptance limit-normally anywhere between .010 in. 
and .030 in.-the curves are so similar that the sensitivity 
control system as described in Figure 20 works quite satis- 
factorily. 

Because there is a certain influence of the shape of the 
crack on the sensitivity, and also because the sensitivity control 
system cannot work absolutely accurately in the full range of 
all defect sizes, we obtain a band of error as shown in Figure 
25. This practically means that it is possible to set a certain 
acceptance limit (according to the customer's specifications), 
i.e. a certain crack depth D. If such an acceptance limit is 
requested we have to set our trigger signal according to the 
dashed horizontal line in Figure 25. This makes sure that all 
defects deeper than D are paint-marked. Under these circum- 
stances it will happen that some defects smaller than D are 
paint-marked also; by reason of their shape, the magnetographic 
system is more sensitive to them. It is important that a lot of 
defects-namely all defects underneath the dashed horizontal 
lines-are not paint-marked and for this reason need not be 
conditioned. On an average there is a much larger number of 
shallow defects than deep ones as shown in Figure 26. The 
distribution of the length of defects versus their depth varies 
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very strongly according to the quality and the milling conditions 
of the billets. The evaluation of a large number of defects has 
shown that the decrease of the length of defects is within the 
hatched area of Figure 26. 
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Features of the Automatic In-l ine Billet Tester 
Figure 27 shows two of the test heads which inspect the oppo- 
site faces of the billet (the protective cabinet is removed). 
The billet goes on its diamond and the two test heads are placed 
under 45O to the vertical. The test heads are suspended (floated) 
so that they can follow the curvatures of the billet in two coordi- 
nates. On the lower test head, which examines the underside of 
the billet, the sponge rubber wheel and the contact system can 
be clearly seen. It should be noted that the contact brushes for 
the injection of the magnetizing current are placed very close 
together to ensure that the uninspected end is no longer than 
21 in. After the billet has gone through the test station as shown 
it enters another very similar station which looks at the other 
two faces of the billet. By this means all four sides are inspected 
in continuous flow. Figure 28 shows a more complete view of 
one such twin unit which can be used for billets in the size 
range between 2 in. X 2 in. to 44 in. X 49 in. The adjustment 
to other billet sizes can be made very simply by turning the 
handle shown in the picture. The picture also shows the arrange- 
ment of the spray guns. Figure 29 shows the installation of a 
twin unit in a line. The unit is placed between two rigid stands 
which keep the billet in proper position by means of pinch 
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Figure 27. 
Mognetogrophy billet inspection test head. 

rollers. The controls for the unit and for the conveyor table and 
for some fail-safe devices are included into a control desk. Elec- 
tronically, the unit is built up completely in solid-state design. 
The billets travel with a velocity of approx. 100-120 feet/min. 
The space requirements are fairly modest as each one of the two 
twin units does not require more than 5 to 6 feet floor space 
(including the pinch roller stands) so that the total longitudinal 
space required is approx. 10 to 12 feet. Such a unit can be oper- 
ated by one inspector and the operation itself is so simple that 
an intelligent operator without any special education can run it. 
For nearly a year such an apparatus has been used 16 or 24 
hours a day. The Figure 30 shows the through-put rate that 

Figure 28. Magnetography billet inspection twin unit. Figure 29. Mognetography billet testing test unit. 
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can be achieved. The maximum resolution under in-line condi- 
tions is .008 in. to .012 in. according to surface conditions. In 
most cases a better resolution than .012 in. is not practicable 
because mostly such defects are not serious and therefore would 
only cause unnecessary expense for conditioning if they were 
marked. The installation is used for billets with a descaled sur- 
face only. Scale on the billet does not substantially jeopardize the 
measurement itself, but it is not possible to inject enough current 
through a scaled surface. For that reason the billets which are 
inspected are shot-blasted. In close cooperation with some pro- 
ducers of the blasting equipment it has been possible to provide 
a shot-blasting system which is able to clean the billets well 
enough to maintain a proper current injection on the one side and 
to keep the costs for shot-blasting so low that the total costs for 
the magnetographic inspection are more economic than for nor- 
mal particle testing. 
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Figure 31. Visuol inspection of billets and magnetography testing. 
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Figure 30. Magnetography billet testing throughput rate. 

Figures 31 and 32 show practical results as they were 
obtained under in-line conditions. Figure 3 1 represents, on the 
left column, the total number of all defects present in all of 
14 billets each of 2f in. X 2f in. in cross-section and 10 feet 
long. The total number of defects was defined as 100%. These 
billets were visually inspected and the inspectors were told that 
it was a very important selection and had to be checked with 
special care. The bottom part of the right column shows the total 
number (percentagewise) of all defects detected and removed 
after visual inspection but before magnetographic inspection. The 
Figure also shows that by visual inspection only approximately 
65% of all defects were detected and conditioned. After condi- 
tioning those billets were inspected with the magnetograph and 
there another 35% of defects were found. Of these 35% about 
15% were negligible as their depth was less than .012 in. but 
20% were deeper than .012 in. and the maximum depth of the 
defects still present and not detected by visual inspection was 
.088 in. All the defects not removed after visual inspection were 
visible, but the inspectors had not seen (conditioned) them. 

These do not result from a one-shot examination. In many 
demonstrations and investigations in a large number of steel 
companies it has been verified that under normal conditions of 
visual inspection approximately 20% of all visible defects are 
not detected by normal inspection routine. This shows that the 
reliability factor of an automatic system is much higher than 
that of a system that depends on the human eye or on the con- 
centration and attention of an inspector. 

Figure 32 shows the analogous result of comparison be- 
tween magnetography and particle inspection. The total circle 
(360”) represents the total number of defects present in the 
bunch of steel billets. The section “marked by flux inspector 
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Figure 32. Billet testing by means of flux method and mognetography method. 

only” shows the total number of defects marked by the flux 
inspectors only. The second section in the upper part of the 
circle “marked by magnetograph and by flux inspector” were 
paint-marked by the flux inspector and by the magnetograph. 
The section on the upper right part “not marked by flux inspec- 
tor but marked by magnetograph” showed magnetograph paint- 
marks but all the defects represented by that section were not 
marked by the flux inspectors. It is important to know that all 
these defects clearly showed a particle indication but the flux 
inspectors had missed them and thus they were not marked. 

The lower section of the diagram “marked by flux in- 
spector only” showed no paint mark by the magnetograph. The 
depths of all these defects were measured and it could be shown 
that none was deeper than .012 in. (.012 in. was the acceptance 
limit to which the instrument was calibrated). All defects that 
were paint-marked by the magnetograph were deeper than 
.012 in. This Figure shows clearly that with the particle inspec- 
tion the twofold number of defects had to be removed com- 
pared with magnetographic indication, but of these twofold 
numbers approximately 50% were of no significance and on the 
other hand, the number of approximately 20% of really serious 



defects-i.e. such defects which were deeper than .012 in.- 
had not been paint-marked and according to this would not 
have been removed. Possibly the quantitative correlation as 
shown in Figure 32  is not always as good as this, specifically 
with free cutting steels, the error of the magnetographic indica- 
tion being higher than for the steel qualities investigated in 
Figure 32. Even in these circumstances, we draw the conclusion 
from Figures 31 and 3 2  that flux inspection is influenced by 
human factors like attention, error, fatigue etc. as is the case 
with visual inspection. Again, approximately 20% of all defects 
are not paint-marked, Le. not removed. Visual inspection and 
particle inspection both depend on the human factor. In both 
types of inspection the human factor is the same, which means 
that approx. 20% of all defects are not marked (not removed). 

Practical Results 
Over a long test in a conditioning line such a billet tester works 
reliably and the time needed for maintenance and repair is 
reasonably low. It is a great advantage that only one inspector 
per shift is needed and it is not necessary to train and have 
available a large number of trained and good inspectors day 
and night. 

In  comparison with visual inspection it has proved to be 
a money-saver for conditioning because the throughput rate of 
a man conditioning the billets is nearly doubled if the defects 
are clearly paint-marked so that the man no longer needs to 
look for the crack. A special conditioning table ensuring a very 
high hourly throughput rate has been developed and is available. 

Development Work 
Looking to the future, the trend is to the development of a fully 
automatic conditioning line. Some investigations and practical 
experiments for such a line are already going on and in the near 
future it seems to be possible that billets will be inspected at a 
speed of about 70-90 feet/min and that by means of a magnetic 
memory or a similar control system, defects found by an auto- 
matic magnetographic system will be removed automatically in 
a continuous flow of billets, on all four sides at almost the 
same time. 

At least one step towards a semi-automatic conditioning 
device will be done within a few months. A normal commercial 
grinding machine will be equipped with a magnetographic test 
head which will control the operations of such a grinding 
machine. The principle of such a test device is shown in Figure 
33. Here the billet is loaded on a wagon and contacted at its 
ends so that there is no need for taking the tight scale off 
(only loose scale disturbs the testing procedure). After the billet 
is moved from the left to the right on the wagon it is inspected 
on its upper side by the magnetographic test head and the 
results are stored in a 7-channel memory which again controls 
the positioning of the grinding machine so that the inspected 

n n n n  

Figure 33. Magnetography billet test device. 

billet face is completely conditioned when it arrives at the right 
side of Figure 33. The operation is repeated for each face of 
the billet. This method is very promising for high-quality steel 
and is certainly more reliable and much more economic than 
grinding all the billet faces. 

An example shows that the complete grinding of all four 
billet faces does not always effect the result desired, Le. ground 
billets without any defects. A larger quantity of ground 
chromium alloy billets was checked up for remaining defects 
with the magnetographic hand-roller shown in Figure 4. The 
result was quite surprising. At an average of 1 m each there 
was still a defect to be found, the depth of which surpassed the 
tolerance limit. 

Investigations and development work on fully automatic 
conditioning lines are going on. Further results will be reported 
in due time. 

Summary 

Magnetographic test systems have proved to be a useful tool 
for automatic in-line inspection, specifically of welded steel 
tubes and of steel billets. Inspection is independent of the most 
serious obstacle to high reliability: the human factor. Under 
in-line condiiions any method depending on the attention and 
judgment of inspectors finds no more than 80% of all serious 
defects. 
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Sur la detectabilite des defauts macroscopiques des materiaux 
conducteurs gar des essais electriques 

NICOLAE ANDREESCU, ELENA LABUSCA et s. VASILIU, 
ROMANIA 

RhJMk Ayant constate le fait que la conductibilitC Clectrique est un parametre 
qu’on peut employer pour le contrSle prbliminaire de I’homogQnCitC d’une sCrie 
de pibces d’un mat6riel nuclCaire, bon conducteur Clectrique, les auteurs indiquent 
une mCthode simple et prCcise pour la mesure rapide de la conductibilitC 61ec- 
trique. Cette mCthode est applicable pour des mesures en sCrie de pi+ces ayant 
la mOme forme et les mOmes dimensions, permettant ainsi une premiere sClection. 

Pour dCtecter les non-homogCnCitCs locales, les auteurs ont expCrimentC un 
systbme de mesure original, utilisant un dispositif b quotre contacts, disposes en 
croix. Deux des contacts opposCs servent pour le passage d’un courant Clectrique 
dans le matCriel et les deux autres, pour la mesure de la diffCrence de potentiel 
Clectrique entre deux points, symCtriques par rapport b I’axe des contacts de 
courant. La valeur mesurCe de la diffCrence de potentiel indique le degrC 
de non-homogCnCitC locale. On peut estimer la grandeur de ces zones de 
non-homog6nCitC b I’aide de cette diff6rence de potentiel, par le calcu! du champ 
Clectrique dans le matkriel. Sur ces considirations on peut Claborer une mCthode 
efficace d’essai non destructif, qui peut avoir un large domaine d’application. 
I I  est nkcessaire aussi de tenir compte des particulariths du materiel CtudiC, tels 
que I’anisotropie, etc. 

Les auteurs presentent les resultats expCrimentaux obtenus pour le graphite 
nuckaire, et les comparent avec ceux obtenus ir I’aide des ultra-sons. 

Introduction 

Les conditions de qualitd imposkes par l’utilisation courante des 
differents materiaux dans la technique moderne, impliquent, en 
general, non seulement que les pieces elabor6es & partir d’un 
materiel aient certaines propriktes specifiques, mais aussi que ces 
proprietes soient les mCmes pour toutes les pibces d’une serie,- 
c’est-%-dire qu’il faut que la reproductibilitk en serie des caracteris- 
tiques soit assurk. I1 est donc nkcessaire que les pibces de sCrie, 
fabriqukes a partir d’un mCme materiel, soient ressemblantes en ce 
qui concerne l’ensemble de leurs caractkristiques, mais aussi, chaque 
pikce doit presenter un degre d’homogeneite suffisamment eleve, 
au point de vue structure et proprietb. Lorsqu’il s’agit de cette 
homogkneite des proprietes dans la masse mCme du materiel,-il 
est gknkralement connu que la presence des dCfauts macroscopiques, 
-tels que fissures, pores, zones de discontinuite, inclusions, etc,- 
peut determiner, dans une mesure moins ou plus large,-des varia- 
tions locales des proprittks mkcaniques, physiques, etc. En fonction 
des conditions imposCes par l’utilisation respective, on peut ad- 
mettre un certain degrk de non-homogkneite, au point de vue 
microstructure,-& condition que, dans l’ensemble, les variations 
locales des proprietks d6terminCes par les defauts microstructuraux 
ne depassent pas les valeurs moyennes qui caracterisent le materiel 
et n’empCchent pas que les pibces respectives fonctionnent en 
bonnes conditions. 

A partir des considerations ci-dessus, il en ressort la nkessitC 
de contrhler, par les methodes les plus diverees et les plus sensibles, 
la qualit6 des matkriaux, y compris le contr6le de la reproductibilite 
en serie des caraclkristiques et aussi l‘homogCnBit6 de chaque pibce 
skparke. 

L‘etude prCsente se r6fbre aux experiences effectuks sur le 
graphite nuclkaire, qui nous ont permis de mettre au point un 
systbme de contr6le non destructif, par des mesures des propriCtBs 
electriques. Considerant le cas des materiaux conducteurs, la mesure 
de la conductibilitk electrique peut Ctre utile pour apprkcier l’uni- 
formite d’une dr ie  complbte de pibces et aussi evaluer le degre 
d‘homogenkite de chaque pibce. 
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kvaluation de l’uniformitk des pieces de graphite 
par le contrhle de la r6sistivit6 globale 

La mesure de la resistivite globale d‘une p ike  de graphite nucleaire 
est relativement facile, etant donne que la plus grande partie des 
pibces de graphite utilisees pour fm nucleaire ont une forme simple 
et rkgulibre. Si un lot de pibces est suffisamment homogbne, la 
mesure de la resistiviti doit conduire ii une serie de valeurs trbs 
rapprochees, mCme si les dimensions diffbrent d’une pibce a l’autre. 

Ainsi, la mesure relativement rapide de la resistivite globale de 
chaque pibce fournit des indications prkcieuses d‘aprbs lesquelles 
on peut apprkcier le degre de ressemblance des pikes de la skrie 
control& avec une pibce-&alon, dont les proprietks specifiques 
(resistances mkcaniques, propriCtCs thermiques, section d‘ab- 
sorption, etc) ont ete diterminees a priori avec beaucoup de prC- 
cision. 

Considerant le cas des pikes de graphite de forme paral- 
Itlepip&dique, nous avons appIiquC, pour ces mesures rapides de la 
resistivite globale, une methode qui utilise un dispositif ayant un 
contact sur chacune des quatre facettes du parallel6pipbde (figure 1). 

Les contacts, ayant la forme de lames minces (couteaux), 
sont situ& dans les deux axes de symCtrie de la section de la pibce 
et exercent une certaine pression sur toute la longueur de leur 
contact avec la surface laterale. Si on fait passer par le materiel, i 
l’aide des contacts A et B (figure 1). le courant I, on peut reception- 

U I 

Figure 1. Dirpositif pour dCterminer la rCsirtivitC globale. 

ner une tension U entre les contacts C et D. En notant avec g 
I’epaisseur de la pibce (la hauteur du parallilCpipbde), on peut 
kr i re  (1) : 

La validit6 de Yequation (1) est assurke seulement lorsqu’on 
fait respecter les conditions de symetrie ci-dessus mentionnees, et 



si les contacts lamellaires A, B, C et D assurent un bon contact 
Clectrique sur toute l’epaisseur g. Le dispositif est construit pour 
autocentrer les contacts en fonction des dimensions du paral- 
1el6piptde de graphite, qui peuvent varier dans certaines limites. I1 
assure le contact Blectrique par le pressage des lames sur les sur- 
faces laterales de la p ike  mesuree. I1 permet donc une manipulation 
legtre et rapide, et peut stre utilise dans le cas des mesures en s6rie. 
I1 faut encore remarquer que, a cause de la technologie de fa- 
brication, (2), les pitces en graphite nucleaire presentent une aniso- 
tropie suffisamment grande, en fonction de !a direction de pressage 
utilisb pour la mise en forme des pitces. A cause de cette aniso- 
tropie, la resistivitk mesuree dans la direction de pressage, p2 est 
plus petite par rapport a la rksistivite p1, mesurk dans le plan 
perpendiculaire a la direction du pressage. 

Si les electrodes A, B, C et D sont placbs paralltlement a la 
direction de pressage, le passage du courant electrique a lieu dans 
le plan perpendiculaire, dane lequel le materiel est isotrope, (le 
champ tlectrique est identique dans n’importe que1 plan de ce 
type) et la relation (1) permet la determination de p1. 

Si les quatres electrodes sont placCes perpendiculairement par 
rapport a la direction de pressage, le champ electrique reste un 
champ plan, mais dans ce plan le materiel est anisotrope, et la 
valeur qu’on peut calculer a l’aide de 1’Cquation (1) a les dimensions 
d‘une resistivite et reprksente une fonction p p ( p l ,  p2) laquelle est 
dependante de p1 et p2 et peut servir a la dlection des p i k s  requises 
pour determiner le degrC d‘uniformite. 

Le tableau suivant contient quelques donnkes experimentales 
concernant des mesures effectuees sur quelques lots de pikes en 
graphite nuclkaire, avec le dispositif et la mkthode ci-dessus decrits. 

Les valeurs de p1 et pL contenues dans le tableau ont et6 deter- 
min6es avec une mCthode que nous allons decrire taut de suite. 

On peut constater que les differences entre les valeurs de pp, 
pour les pitces appartenant a un meme lot, sont inferieure! a 5%, 
les erreurs experimentales &ant approximativement 3%. A l’aide 
de ces mesures nous avons fait une premitre selection des pieces en 
graphite: a) des pikes pour lesquelles les valeurs de pp ne presentent 
pas des differences plus grandes que 5% et qui sont considertks 
comme suffisamment homogtnes; b) les autres pikes, pour les- 
quelles l a  differences dans les valeurs de pp ont d6paes6 5%, et 
qui sont considerees comme insuffisamment homogenes. Ces valeurs 
de pp sont indiquees dans le Tableau 1.  L‘examen ulterieur de ces 

Tableau I 

Cat6gorie Pihe g [cm] pp [a cml p1 [a cml PZ cml 

1 2,64 1,15X10-3 1,41X10-3 l,llXlO-3 

2 2,74 1,115XlO-3 1,39X10-3 l,llXlO-3 

3 2,68 1,115X10-3 1,33X10-3 1,14X10-3 
a 

4 2,7 1,12x10-3 i,37xio-3 1,0x10-3 

1 2,61 1,32X10-3 1,55X10-3 1,32X10-3 

2 2,64 1,30X10-3 1,43X10-3 1,17X10-3 
b 

3 2,9i i,37xio-3 1,64x10-3 1,22x10-3 

4 2,66 1,34X10-3 1,45X10-3 1,19X10-3 

1 2,7 1,51X10-3 1,78X10-3 1,4X10-3 

2 2,6 1,48X10-3 1,74X10-3 1,33X10-3 

3 2,7 1,465XlO-3 1,6X10-3 1,25X10-3 
C 

4 4,97 1,53X10-3 1,76X10-3 1,38X10-3 

pikes, par des proc6dks que nous allons decrire, a montrk qu’en 
effet ces pikes ont des non-homogenkitks, dont la presence explique 
les variations observks dans les valeurs de pp. 

Figure 2. Dispositif qui permet la mesure des r6sirtivit6s locales. 

La mesure des rksistivitks locales p1 et pz 

Dam nos recherches nous sommes partis de l’hypothtse qu’on 
peut faire l’evaluation du degr6 d’homogkneite d’une p i k e  p,ar la 
determination de la rkistivite en chaque point de la pitce. Etant 
donne que le graphite est anisotrope, il a ete nkcessaire de deter- 
miner les fonctions p1 (x, y, z) et p2 (x, y, z), et &examiner ces 
deux champs scalaires pour apprkcier le degr6 d‘homogkneite de la 
p ike  Btudib. 

On peut montrer (3), qu’en utilisant un dispositif simple 
(fig. 2), qu’on fait promener sur la surface de la pike, on peut 
mesurer la resistivite locale. Ce deuxitme dispositif que nous avons 
realist, implique aussi quatre 6lectrodes, mais qui sont cette fois 
plades en ligne droite, -1es electrodes A et B etant employ& pour 
l’introduction d‘un courant I dans le materiel et les electrodes C 
et D pour la mesure de la tension. 

Le contact des electrodes avec le materiel peut &re consider6 
comme ponctuel. D’aprts (3), si les dimensions de la pitce sont 
sensiblement plus grandes que 2 a + b, l’effet p6riphkrique peut 
stre nkgligk et on peut deduire les relations: 

AV na(a + b) 
P1 = - (2) 

1 b 

lorsque la ligne commune des quatre electrodes coincide avec la 
direction de pressage, et 

AV n a ( a +  b) 
4 P1P2 = - (3) 

lorsque la ligne commune est situBe dans le plan perpendiculaire 
a la direction de pressage. 

En effectuant deux mesures dans deux directions perpen- 
diculaires, une de ces directions &ant obligatoirement perpendicu- 
laire a la direction de pressage, on obtient, pour une valeur donnee 
du courant, les valeurs A V 1  et A V ,  5 partir desquelles on peut 
dkduire les valeurs de p1 et de p2. I1 est evident que ces valeurs 
representent la moyenne des valeurs des rksistivites locales rkelles, 
moyenne valable pour le materiel qui remplit l‘espace autour des 
contacts du dispositif jllustrk dans la figure 2. 

Les relations (2) et (3) deviennent approximatives lorsque 
le dispositif a mesurer est p lad  trts prts de n’importe quelle limite 
de la pike, ou lorsque l’kpaisseur de la pi& n’est pas suffisamment 
grande. Par exemple, pour les valeurs: a = 0,45 cm et b = 1 cm, 
l’epaisseur de la pike mesurtk doit &re > 1,5 cm et le dispositif 
ne doit pas Ctre place plus proche qu’un centimttre des bords de 

1 b 
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la pike. Le contrBle de l'homogkneite peut donc 6tre realid pour 
des zones relativement superficielles des pitces except6 pour les 
zones ptripheriques. Pour pouvoir produire une perturbation 
d o n n b  dans les tensions AV mesurkes, un dkfaut existant dans la 
pitce doit &re d'autant plus grand tant qu'il est situ6 plus pro- 
fondement dans le materiel. Pourtant, en choisissant une epaisseur 
convenable de la pike, notamment celle qui depasse trts peu le 
minimum pour lequel les relations (2) et (3) ne sont plus affectees, 
et en effectuant les mesures sur les deux facettes opposks de la 
pitce, on peut determiner le degd d'homogkneit6 du materiel. 

La methode peut donc &re utilide pour la verification de 
l'homogenkitd, mais son importance principale est de permettre la 
d6termination de p1 et de pz. 

Dktermination des non-homogkn6itCs locales par la mCthode des 
quatre contacts disposCs en croix 

La sensibilitd du systkme de mesure, utilisant le dispositif illustre 
dans la figure 2, peut 6tre considerablement agrandie si les deux 
contacts de tension (C et D) sont places de faGon symktrique par 
rapport & l'axe des contacts de courant (A et B), tel que nous 
l'avons represent6 dans la figure 3. 

A B - !  
RN = C 

Figure 3. Disposition des contacts pour dktecter les d6fauts. 

Considerant ce dernier cas, si les dimensions de la piece 
mesurk, dans le plan oh l'on place le dispositif, sont beaucoup 
plus grandes que 1 et c et si le materiel est homogbne et isotrope- 
pour tout courant I, introduit dans le materiel B l'aide du dispositif, 
-la tension qui apparait entre les points M et N doit &re nulle. 

Mais si, dans la zone considCree, il y a une non-homogeneit6 
non symetrique par rapport B l'axe A - B, on peut detecter une 
tension AU qui apparait entre les points M et N, tension qui est 
d'autant plus grande que les dimensions de cette non-homogeneit8 
(fissure, pore, zone avec p diffkrente) sont plus grandes et qu'elle 
est situCe plus proche de la surface de la pike. 

Maintenant, si nous considerom le cas d'une fissure ayant la 
forme d'un demi-cercle de rayon r, petit par rapport aux dimensions 
1 et c, cette fissure Ctant localiske dans le point P, et orientte per- 
pendiculairement sur le plan de la surface de la pibce et inclink 
a v q  l'angle (Y par rapport B l'axe AB, - un calcul approximatif (4) 
fournit pour AU l'expression suivante: 

(4) 

Lorsque le materiel est anisotrope, et le dispositif B mesurer 
est p lad  dans le plan perpendiculaire B la direction de pressage, 
alors, dans les m6mes conditions, la valeur de AU est donn6e par 
la relation : 

8p 1r3 
AU = - sin 2a 

n 12c2 
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sin 2a 
8 1/pIpz1 r3 

n 12c2 
AU = (5 )  

Si le dispositif est situ6 dans un plan paralltle a la direction du 
pressage et l'axe AB incline avec l'angle cp par rapport B cette 
direction, alors, m6me si le materiel est homogkne, une tension 
apparait qui peut &re exprimke, d'aprts (4), par la relation: 

IC Y P r c  2 
1 d ( + s i n  cp - Tcos cp + - -cos cp+ -sin cp 

C 

1 1 
- 

Y 1 (6) Y :: (: 2 

C C 
,J(+sin cp + Tcos cp + - -cos cp - -sin q 

On peut encore h i r e  cette relation de la forme suivante: 

n 
ou 

1 

7 :: (: 2 7 C 
J(+sin cp - Tcos cp + - -cos cp + :sin cp 

C C 4: -sin cp + -cos 2 cpr+ -E P! (:cos 2 cp - -sin 2 cpy- 

L'expression K1 peut se presenter sous la forme d'une famille 
de courbes, pour des valeurs donnees de 1 et c, en fonction de 
I'angle cp, ayant comme paramttre le rapport 

P2 

P1 

- 

ainsi comme nous l'avons represent6 sur la figure 4. 
Dans ces conditions, la tension produite entre les points M 

et N, cause de la fissure demi-circulaire situBe en P (4) sera donnee 
par l'expression : 

81 .\/ p1p2 r3 sin 2 a 
AU" = - 

1 P1 

P2 

cos2 (cp  + a)  + - sin2 (cp + a)  

1 
(9) 

Dans le but d'eliminer l'influence de AU' sur le dispositif a 
mesurer, on peut utiliser un montage de compensation impliquant 
un galvanombtre special, oh Yon cherche B placer l'axe AB du 
dispositif paralltlement ou perpendiculairement B la direction de 
pressage pour que AU' = 0 (voir fig. 4). 
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Figure 4. Variation de kl, en fonction de 4, pour diff6rentr2. 

Comme il est difficile de realiser cette condition, en pratique, 
les fissures Bventuelles qui pourraient exister dans le matkriel et qui 
sont orientkes le long d‘une des deux directions ci-dessus mention- 
d e s ,  pourraient rester non identifikes. On a donc dkcide pour nos 
mesures sur le graphite, d‘effectuer les essais dans le plan perpendi- 
culaire a la direction de pressage, pour augmenter la precision de la 
mkthode. Ce cas implique la condition que la plus petite dimension 
des pikes en graphite soumises au contrdle soit orient& dans le 
sens du pressage. I1 en ressort donc qu’il est necessaire de tenir 
compte de cette condition dans le prockd6 de mise en form des 
pikes en graphite. 

La valeur minimum du rayon de la fissure demi-circulaire 
superficielle qui peut &re dktectk sur les pibces en graphite ktudiees 
ressort de la relation (5): 

et, considkrant les valeurs: a = 45”;pl = 1,78 X 10-3 Q cmpz = 44 X 10-3 
Qcm; AU mill = 2pV; 1 = 0,9 cm; c = 0,5 cm; I = 5A 

on trouve fbalement : 
rmin E 0,27 mm 

L’effet perturbateur des fissures existant dans le matkriel sur 
la symetrie du champ Blectrique vers l’axe AB du dispositif, de- 
croit d’autant plus que les fissures se trouvent localis6es plus pro- 
fondement dans l’intkrieur de la pike. 

Ainsi, une fissure de forme circulaire (consideree ici pour 
simplifier les calculs), situ& a la prodondeur a, et dont le plan est 
incline avec l’angle cy par rapport k l’axe AB, prod&-lorsque le 
dispositif de mesure est situ6 dans le plan perpendiculaire a la 
direction de pressage,-une tension entre les points M et N (4), 
donnke par l’expression : 

La valeur minimale du rayon de la fissure dktectable est, dans 
ce cas: 

ou : 

La figure 5 reprdsente la variation de k2 en fonction de la pro- 
fondeur a, pour 1 = 0,9 cm, c = 0,5 cm et 

P2 

P1 

compris entre 0,6 et 1.  

Figure 5. Variation de k p ,  en fonction de la profondeur, pour differents e. 
PI 

On constate que le rayon minimum de la fissure detectable 
croit relativement vite avec la profondeur, et peut atteindre, -dam 
les conditions exposees, des valeurs jusqu’a neuf fois plus grandes, 
pour une profondeur d’approximativement 1 cm. I1 en ressort donc 
que pour avoir une efficacite suffisante, la methode ne peut Stre 
utilis& que sur des pieces dont l‘epaisseur est relativement petite. 
Dans le cas de notre dispositif l’kpaisseur doit &re au-dessous de 
1,5 cm. En tenant compte qu’on fait le contrdle sur les deux surfaces 
parall&les, il en ressort que la profondeur que nous devons con- 
siderer sera reduite la moitie et par condquent le rayon minimum 
de la fissure detectable sera 1,4 mm, pour a = 0,75 cm. 

I1 faut remarquer aussi, le fait que les dimensions de la fissure 
minimum detectable dkpendent de (PI)- +, tandis que le pouvoir 
dissipe aux contacts A et B croit avec pI2, fait qui demontre que la 
methode est d‘autant plus precise que le materiel a une resistivite 
plus grande. 

La prkcision des relations (4) (5) (9) (IO) (11) et (12) dkroit 
lorsque les dimensions du defaut augmenlent et que sa forme 
s’eloigne trop de celle d’un cercle. Mais, il est evident que la valeur 
de la difference de potentiel entre les points M et N, croit au fur 
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et a mesure que la grandeur du defaut augmente. On peut donc 
etablir une correlation entre AU et le degre d’homogCnCit6 du 
materiel, en specifiant qu’il s’agit d’un dispoFitif a mesurer ayant 
certaines dimensions, lequel est utili& pour un courant donne I. 

On peut aussi Ctablir pour une certaine utilisation, un seuil 
determine A&, au-dessous duquel la piece contrblee peut @tre 
consideree conforme aux conditions techniques. La methode que 
nous avons decrite est facile a appliquer et est plus sensible dans le 
cas du graphite, que la methode fondee sur l’utilisation des ultra-sons. 

Les essais que nous avons faits a I’aide des ondes ultra-sonores 
ont montrk qu’avec le graphite, comme dans la majorite des 
matkriaux poreux, I’absorption d‘energie est trbs importante (5) ,  
et par constquent c n  ne peut utiliser que les methodes de 
transmission. Ces dernibres sont toutefois moins prkises que les 
methodes de reflexion et impliquent une interpretation plus com- 
pliquee des donnees experimentales. 

Les determinations que nous avons faites sur le graphite en 
utilisant la methode de transmission directe, nous ont permis de 
dktecter les defauts de grandes dimensions ayant des sections qui 
dkpassaient 1-2 cm2. Les donnees experimentales Ctaient incertaines 
dans le cas des defauts plus petits. Le dispositif avec les quatre 
contacts disposes en croix, decrit ci-dessus, ayant 1 = 0,9 cm, 
c = 0,5 cm pour I = 1 A, conduit a I’apparition de tensions de 
l’ordre des milljvolts pour des defauts de l’ordre de 1 cm*, c’est-a- 
dire des tensions 103 fois plus grandes que celles correspondant 
aux defauts minimes detectables de l’ordre de 0,l mm2. 

Les non-homogeneites locales macroscopiques peuvent &re dC- 
tectees par la mesure locale de la resistivitk, mesure qui devient 
tres utile, dans le cas des materiaux anisotropes, pour la deter- 
mination du tenseur p. 

Utilisant un dispositif approprie, aux quatre contacts disposes 
en croix (fig. 3), nous avons elabore une methode sensible pour 
mettre en evidence les defauts macroscopiques situes pres de la 
surface des pieces contrblees, methode d‘autant plus exacte et 
sensible que le materiel a une rBsistivit.5 plus grande. 

Dans le cas du graphite nucleaire que nous avons CtudiC, 
cette methode s’est revelee plus avantageuse au point de vue sen- 
sibilite, que les methodes qui utilisent les ultra-sons, mais elle 
impose deux conditions, notamment : I’epaisseur des pieces con- 
trblees ne doit pas Ctre trop grande et aussi, dans le cas d’un materiel 
anisotrope, les dimensions les plus grandes des pieces doivent Ctre 
situees dans les plans perpendiculaires a la direction de pressage. 

La presente etude contient des donnees experimentales ob- 
tenues pour le graphite nucleaire. Des travaux sont en cours pour 
appliquer ces methodes au contr6le d‘autres materiaux conducteurs. 
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Conclusions 
La valeur de la resistivitt globale d‘une piece fabriquee a partir d‘un 
materiel conducteur peut Servir pour apprecier l’homogeneite d’Une 
serie complete de pieces, elaborees de la mCme faqon. 

La mesure de ce parametre peut &tre realisee avec precision 
et rapidit6 a l’aide du dispositif decrit ci-dessus (fig. 11, lequel est 
adaptable a toutes sortes de pieces ayant une forme regulibre. 
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ABSTRACT: A breakthrough has been made in the eddy-current inspection of 
materials at elevated temperatures. A new inspection technique is described 
which permits an eddy-current encircling coil inspection technique to be used on 
steel pipe at temperatures of up to 2150’ F.* Data i s  included indicating that the 
test obtained i s  approximately the same as would be attained at room tempera- 
ture using magnetic saturation eddy-current inspection techniques. The develop- 
ment of this technique is discussed along with the many advantages it offers. 

Introduction 

Eddy-current testing is one of the major nondestructive 
testing techniques used in industry today. Although first men- 
tioned in technical papers in 1879 it was not used in industry 
until the early 1930s. Within the past decade it has become a 
primary inspection tool of the pipe and tubing industry. One of 
its major advantages is its ability to perform 100% inspection at 
high rates of speed. 

This paper presents a new technique developed for the in- 
spection of pipe at very high product temperatures. This permits 
product inspection during manufacture instead of waiting for 
room-temperature testing. Thus faulty material or manufactur- 
ing procedure can be detected in time to prevent a faulty prod- 
uct from being manufactured in quantity. 

* Patent applied for. 
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The theory, operational requirements, and equipment de- 
sign for the inspection of ferromagnetic materials at very high 
temperatures are discussed, and test results of prototype installa- 
tion on a butt-weld pipe mill are presented. Although test results 
using these techniques have been to date limited to steel pipe. 
it is the opinion of the authors that they may be applied success- 
fully to several other high-temperature inspection problems. 

Eddy-Current Test Principles 

Eddy currents are induced ac currents that flow in a metal 
part, and are produced by a changing magnetic field. The cur- 
rents are not the same in all sections of the part, owing to the 
thickness and/or shape of the metal part, and the rate of change 
of the magnetic flux. The basic principle involves Ampere’s law, 
H=I/2rR, i.e., there is a magnetic field strength associated with 
a current flow through a wire or coil. If a piece of metal is 
brought into the field of this flux, Faraday’s law of electromag- 
netic induction states that there will be a voltage induced in the 
metal, E!==-NdO/dt. This induced voltage causes a current flow 
in the metal part, and the current is called an eddy current 
because it flows in a closed path. The eddy-current flow has a 
magnetic flux associated with it which opposes the flux that 



produced it; this opposing flux reduces the initial current in the 
exciting coil. 

From the above it is seen that there is electromagnetic 
energy transmitted into the metal. Part of this energy is dissi- 
pated into heat by the metal's resistance and some is reflected 
back to the coil. I t  is possible to monitor the coil's impedance 
and measure the effects of a piece of metal in the proximity of 
a coil. It is also possible to resolve the difference in impedance 
between a coil in air a n t  the same coil near a piece of metal, 
or to distinguish the difference between a section of pipe with 
flaws and one without flaws. 

The effectiveness of eddy currents in detecting flaws de- 
pends largely on the disruption of their flow by the flaw. The 
flow of eddy currents in a metal part is determined by the fol- 
lowing factors: 

(1) Frequency of the exciting field. This has an appreci- 
able effect upon the depth of penetration of the eddy currents. 
As the test frequency increases the depth of penetration of the 
eddy currents decreases (commonly referred to as the skin effect). 

( 2 )  Characteristics of the exciting field. The shape and 
power level of the field affect both the orientation and magni- 
tude of the eddy currents. 

( 3 )  Electrical conductivity of the metal part. The higher 
the conductivity, the more eddy-current flow that will be induced 
in the part. 

( 4 )  Magnetic permeabitity of the metal part. As this in- 
creases, the total eddy-current flow increases, and the depth of 
penetration of the eddy currents decreases. 

(5)  Dimensions of the metal part. Volume and shape of 
the metal part in the field of the test coil is a determining factor 
in the result of eddy-current flow. 

(6) Location of rhe part in the exciting field. In general a 
high sensitivity is obtained as the test coil is brought closer to 
the test part. 

(7) Presence of discontinuities. A crack, porosity, etc., 
within the metal part will disrupt the eddy-current flow pattern. 

Figure 1 illustrates a piece of pipe passing through an eddy- 
current test coil. The change in eddy-current flow in a pipe which 
occurs when the defective area passes through the test coil will 
produce a change in the impedance of the test coil, which, when 
properly processed in the eddy-current instrumentation, will 
present an indication on a strip-chart recorder. 

Figure 2 illustrates the inspection of a pipe in which the 
eddy-current flow patterns around a discontinuity such as a crack 
are shown. 

I "C OUTPUT SIGNAL 

CRACK 
INDICATION - r 

I I I EDDY CURRENT [ h l ]  I 
INSTRUMENT 

RECORDER m- 
l C R A C K  PIPE UNDER 
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Figure 1. Eddy-current testing of pipe, using an encircling cail. 
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Figure 2. Heavy wall pipe section test using an encircling coil technique. 
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Figure 3. Unsaturated transfer characteristic. 

Eddy-Current Inspection of Steel Pipe 

The presence of relative permeabilities greater than unity in 
ferromagnetic materials presents two major problems in the 
inspection of such items: 

( 1 ) The presence of high permeability drastically reduces 
the depth of penetration of the eddy currents and prevents more 
than a superficial surface inspection. 

( 2 )  The internal stresses within the ferromagnetic part tend 
to be nonuniform producing great variations in the magnetic 
permeability of the part. Since the eddy current instrumentation 
is sensitive to changes which occur as the part being tested 
passes through the test coil, these permeability variations 
normally produce eddy-current signals which obscure any flaw 
information which is present. One method which has been 
used to eliminate this problem is the use of a strong dc field in 
the vicinity of the test coil. This provides magnetic saturation 
of the part and effectively reduces the permeability to unity. 

Figures 3 and 4 show typical B-H curves for ferromagnetic 
materials and illustrate the transfer characteristics of the eddy- 
current signals as a function of pxmeability. There are many 
other types of transfer characteristics related to hysteresis loops 
but Figures 3 and 4 show one simple example. 

It should be noted that distortion is present due to the 
nonlinearity of the hysteresis loop. The output signal is reduced 
considerably in Figure 4 as well as the distortion. This signal 
loss is compensated for by using increased instrument gain. The 
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Figure 4. Saturated transfer characteristic. 
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Figure 5. Resistivity VI. field strength. 

Figure 6. Resistivity VI. temperature, deg. C. 

signal field strength and the saturation field strength are shown 
out of scale for purposes of illustration. 

A secondary factor associated with high field strengths is 
an increase in resistivity* of the part as shown in Figure 5. 
This has the effect of increasing the depth of eddy currents in 
the metal by a factor of 2. 

* R. M. Bozorth, Ferro-magnetism, D. Van Nostrand Company, 
New York, N.Y., 1951, pp. 55, 715, 726, 746. 

194 TECHNICAL SESSION 7 

x IO' 

Figure 7. Hysteresis loops VI. temperature. 

Inspection of Ferromagnetic Materials at Elevated Temperatures 

By raising the temperature of the material being inspected 
above the Curie point, which is approximately 1400'F for low- 
carbon steel, it is possible to reduce the permeability to unity. 

Figures 6 and 7 illustrate the effects of increasing tem- 
perature on both the resistivity and the hysteresis loop for 
ferromagnetic materials. Figure 8 shows a theoretical transfer 
characteristic above the Curie point, illustrating that the transfer 
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Figure 8. Transfer characteristic above the Curie point. 
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characteristic is essentially unity. The depth of penetration of 
the eddy currents is also increased due to the decrease in 
resistivity indicated in Figure 6 .  This is desirable in most 
instances since it provides better detection for defects on the 
interior of the pipe. Figure 9 illustrates the variations of both 
induction and resistivity with temperature. 

By taking advantage of the physical characteristics of 
material being tested above the Curie point it is possible to 
inspect the product before handling marks have been intro- 
duced. It also eliminates the need for demagnetizing the product 
after a cold test using saturation techniques, and in addition 
permits an inspection early in the process, thereby eliminating 
manufacturing faults that would not normally be found until 
the part is tested after cooling. 

The remainder of this paper describes a practical example 
of this inspection technique on a butt weld rolling mill where 
the temperature at the test station was 2150'F. 

Designing Equipment to Work at High Temperatures 

The basic eddy-current pipe inspection equipment involves a 
sensing coil, an eddy-current test instrument, an appropriate 
marking system, an alarm system, and recorder for permanent 
records. These are shown in Figure 1, except for the defect 
marking device. 

H O U S I N G  7, A -7 B O B B I N  

PRIMAXY 

HEA 

In the design of a hot-pipe system (Figure l l ) ,  the instru- 
mentation, which was a standard Budd Company Instruments 
Division RADAC* Model 440 with alarms, and the Budd 
Instruments Model 1023 Recorder, was remote from the hot 
pipe. This was done by using a specially designed high- 
temperature cable rated to 1000' F, sufficient to keep the cable 
at least 6 ft away from the hot pipe. It was connected to the 
test coil assembly in an externally water-cooled conduit. 

Test Coil 
The first problem was to design a test coil to work continuously 
at the elevated temperature. The windings must be maintained 
at their lower rated temperature. This was achieved by designing 
with the following considerations: 

(1)  A large annular spacing was used between the pipe 
and inside diameter of the coil to keep the heat transfer from 
pipe to coil at a minimum; (2)  The coil was enclosed in a 
sealed weldment; ( 3 )  A cooling system was provided within 
the coil housing; (4) External water was applied for surface 
cooling. 

Metal used for the test-coil housing had a hign electrical 
resistivity and was capable of operating at 2100" F. SS-310 has 
a resistivity of greater than 70 pQ-cm, and can withstand 
2100°F. Normally this temperature will be lower due to the 

* Registered. 

Figure 10 
High-temperature test coil sections. 
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Figure 11 
High-temperature block diagram. 

RADA 440 i”h 

water cooling. A bobbin was wound for the primary and second- 
ary as shown in Figure 10. The flanges were to  provide high 
thermal conductivity from the coil. The coil windings were 
coated with a high-temperature ceramic cement. 

Test Coil Assembly 
The test-coil assembly comprised two high-temperature test 
coils; one with &in.-dia clearance, and the other with f-in.-dia 
clearance. These units were mounted on a common centreline on 
a baseplate. A conical guide was placed in front of the test coils 
with an opening slightly smaller in diameter than the test coil 
LD. to protect the test coils during initial threading of the mill. 
‘The baseplate in turn was mounted to a bracket which had been 
mounted in the production line. This mounting permitted the 
quick removal of the test coil from the line when the mill was 
changed to produce different diameters of pipe. 

The test-coil facility was installed in such a location as to 
satisfy the following mechanical considerations: 

(1) The cutoff saw (downstream from the inspection station) 
caused no excessive pipe vibration that would produce extraneous 
eddy-current signals; (2) A means of initially threading pipe 
through the test coil was provided; (3) The sizing rollers held the 
pipe dimensions constant; (4) The droop between the rollers was 
negligible and constant; (5) The pipe centring was held con- 
stant by the sizing rollers; (6) Flaking (the breaking off of a 
fragment of the weld) on the weld was solved using a water 
spray. Stripping the skelp may be necessary in some cases; (7) 
Interchangeable coil sues within a specific period of time (1 
hour). 

Test Coil Cooling 
The stainless steel test coils each had pipes extending 1 ft 
through the main baseplate of the mill to allow oil line and coil 
cable connections at a protected point, Figure 13. The coils were 
cooled by separate oil cooler assemblies filled with spzcial inter- 
peen PPO oil coolant. Water was piped through the coolers in 
the usual manner. Additional cooling for each coil and the guide 
block was provided by a $in.-dia water line flowing down on the 
top of each of them. The main baseplate had two vertical +-in. 
water lines (one on each side at the top), plus an array of 16 
pin-holes in a water manifold falling across the entire top of the 
baseplate. The purpose of the water on the main baseplate was 
to maintain good dimensional stability at high temperature. 
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Figure 12. Test coil facility on pipe mill. 

Other Equipment 
The standard Budd Company Instruments Division Auxil- 
iary Power Amplifier was used with the RADAC 440. Installed 
immediately following the test coil along the pipe line toward 
station 9, a solenoidal high-temperature marking facility was 
installed to mark the defects in the pipe, similar to the marking 
methods used at low temperatures. 

Operations 

Figure 14 shows the operation at 220 fpm at 2150°F. Neither 
the speed nor the temperature produced excessive noise signals. 

Operation Results 
The system was in the line continuously for 45 hours ( a  
complete lot of that pipe size). It was operated for 16 hours and 
displayed alarm signals (caused by flaw signals that exceed a pre- 
determined threshold level) for end welds at 9 position. These 
sensitivity positions are adjustable from 1 to 21 with 6 db (2: 1)  
gain per step. This is the same sensitivity position required to 
find end welds as in the “cold” inspection system with f-in.-dia 
clearance coils. A “cold” system test refers to a room tempera- 
ture test using the saturation coil technique. This prove8 beyond 
doubt the feasibility at this point, since the baseline of the 



recorder was “clean” between end welds. It indicated defects 
such as laminations, “slag in the welds” at 14 position, and obvi- 
ous differences in the weld from 9 to 15 position. The noise 
level of the recorder o n  good pieces of weld was “clean” (ab- 
sence of any spurious signals) at 16 position. The instrument 
occasionally would indicate noise from a particular piece of 
questionable skelp at 9 position. 
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Figure 13. Test coil cooling, top view. 

Defect Marking 
One of the major problems in correlating the eddy-current 
information with an actual defect is the difficulty in making 
a durable mark on the pipe at high temperatures. Several tech- 
niques have been tried including the use of hot chalk or a 
gouge in the pipe in the area of the defect. The hot chalk burns 
off and the mechanical gouging destroys the pipe and prevents 

further eddy-current testing. Finally a flame spray metallizing 
technique using aluminum rod melted in an acetylene flame 
and sprayed onto the hot pipe was developed and provided a 
reasonably good mark detectable on the cooling racks. This 
technique appears satisfactory providing no further diameter 
reduction is encountered after the marking operation. 

E.W. INSTRUMENT SETTINGS 
Freq. = 4 KC 
Phase = 7 
Modulation = 1 
Pipe Speed = 220 FPM 
Recorder Speed = 1 m i s e c .  

L W D  WELD DETECTED AT SENSITIVITY ,POSITION # ’ 3 1  

NOISE LEVEL AT SENSITIVITY POSITION #16 

Figure 15. Chart recorder graphs. 

I E-W* I“’”’ 

Figure 16. Defects detected at sensitivity position No. 13. 

Conclusions 
1. The facility for prolonged testing of pipe at 2150” F 

has been demonstrated mechanically and electrically. The possi- 
bility of coil damage is no greater than in any other high-speed 
pipe mill operation. 

Figure 14 
Hot pipe test on mill. 

MAGNETIC AND EDDY-CURRENT METHODS 197 



Figure 17. Black spots and caves detected by eddy currents at 2150°F. 

“Cold” pipe 
test results 

2. The defect sensitivity appears satisfactory. (See chart 
recordings, Figures 15 and 16.) End welds are detected at 
sensitivity position 9 with the background noise at least 40 db 
below this level, except in cases of questionable skelp. These 
results are based on an initial test coil position adjustment. 
There is strong reason to believe that with better test coil 
positioning an even better defect-signal-to-noise-signal ratio is 
possible. It should be noted that there were no gross defect 
signals since the mill was running “good” pipe. Improved defect 
correlation requires, as with any other installation, time and 
experience. 

3. Figure 17 shows photographs of the “black spots” and 
“caves” detected by the system at 2150’ F. 

4. Slight mechanical design improvement could be made 
to improve the unit as a production unit as a result of this 
installation. 

5. The disassembly time was 1 hour for a size change. 
This is approximately the time that was allotted between normal 
size changes. 

6. The general type and location of defects that this system 
under the foregoing conditions has detected, or could detect, 
are given in Table 2. 

7. In  spite of the marking difficulties this inspection tech- 
nique can be extremely useful on a mill to prevent the manu- 
facture of many tons of faulty pipe prior to its detection after 
cooling. 

Hot pipe 
test results 
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Computer Design of Eddy-Current Tests 

C. V. DODD and W. E. DEEDS,* U.S.A. 

ABSTRACT: An analytical solution of eddy-current coil problems was sought in 
order to improve eddy-current tests. A method was developed of analyzing the 
physical properties of an eddy-current coil with the help of a large digital com- 
puter. These physical properties include eddy-current coil impedance, actual 
eddy-current distribution in the sample (and hence the sensitivity to smoll defects), 
and the induced voltages in various “pickup” coils. The technique has been applied 
to several specific cases, including a coil above a conducting plane, the same 
coil with a ferrite cup above a conducting plane, and a coil encircling o rod. 
This technique gives both further physical insight into and actual numerical results 
of eddy-current tests. 

List of Symbols 
Symbol Name MKS Units 
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AD 

AR 
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I O  

j 
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N 
n 
R 
S 
S 
t 
V 
Vol 

I 

Z 
E 

P 

(T 

0 

Vector potential.. .......................................................... 

Vector potential at a defect ............ 

Vector potential at the defect relative to the average 

Distance between lattice points.. .............................. 
Applied current density ................... 

Applied current.. ................................ 
Induced current density. ............................................. 

Square root of - 1 ...................................................... 
Radius of a spherical defect ...................................... 

value at the coil in air .................................... 

phere in coil radii .......... 

Voltage.. .................... ........................ 
Volume. ..................... 
Impedance. ............... 
Dielectric constant.. . 

.................. ........................ 

Angular frequency.. ......................... .................. 

weber 
metre 
weber 
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ampere 
metre2 
ampere 
ampere 
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metre 
henry 

metre 

metre 
second 
volt 
metre3 
O h m  
farad 
metre 
henry 
metre 
mho 
metre 
radian 
second 

Introduction 

The starting point of any eddyturrent test is the coil which 
generates the eddy currents. We have developed a method 
(sometimes called a relaxation or iteration process) of analyzing 
the physical properties of an eddyturrent coil with the help of 
a large digital computer. In particular, these physical properties 
include eddy-current coil impedance, actual eddy-current dis- 
tribution in the sample (and hence the sensitivity to small 
defects), and the induced voltages in various “pickup” coils. 
Within the present restrictions of axial symmetry and sinusoidal 
driving currents, the technique can be applied to a probe coil 
of any size and shape, with or without ferrite. The sample may 
also be any size and shape, with any conductivity and permea- 
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bility. The technique has been applied to several specific cases, 
including a coil above a conducting plane, the same coil with a 
ferrite cup above a conducting plane, and a coil encircling a rod. 

Theory and Results 

The calculations begin with the differential equation for the 
vector potential in a conductive, isotropic, inhomogeneous 
medium at low frequencies (below 10 MHz) (1) : 

+ 
+ + A 

t 
v2 A = -PI + - + pv (:) x (v x 2; (1) 

We next make the assumption of axial symmetry and 
sinusoidal driving currents. Both these assumptions are valid 
for most eddy-current test problems. This allows us to reduce 
our vector equation to one scalar equation for the components 
around the axis. Also the time dependence can be represented 
by complex numbers. After making these assumptions and ex- 
panding the various vector quantities the equation becomes: 

2A 1 A 2A A 

r2 r r z2 r2 
+ - - + - - - = -pI + jwpoA -p - 

This is the differential equation which we must solve. It is 
a very difficult differential equation to solve in a closed form, 
and, even if we obtained a closed-form solution, we would still 
need some computer approximations to evaluate our closed- 
form functions. Therefore, we chose to use an approximate 
method (2) to solve problems using this equation. We first lay 
out the problem on a two-dimensional lattice of points, in a 
plane extending outward from the axis of symmetry, as shown 
in Figure 1. We then use finite difference calculus to approxi- 
mate the various terms in our differential equation. From this, 
the vector potential can be determined at a point in terms of 
the vector potential at the four nearest neighbours. The equa- 
tion is: 

Ar,z = 

a a2 pr,z pr,z 

r r2 pr+a,z pr,z+a 
(3) 

The various values of F~,., ur,., and I,.. for each point in the 
lattice are stored in the computer. The vector potential at  the 
boundary of the mesh is set equal to zero. The computer then 
starts through the lattice, calculating (3) the vector potential at 
each point in terms of the neighbouring points. After a number 
of runs through the entire mesh, the value of the vector poten- 
tial at each point will converge to the value predicted by the 
differential equation. Typically it takes a 70 x 70 mesh 400 
iterations to converge within 1%, at a computation cost of 
$200. Once the vector potential is known, any physically 
observable electromagnetic phenomenon may be calculated 
from it. 

2 + - + - + - + - + ja2mpr,z Or,z 
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Figure 1 
layout of eddy-current coil analysis 
problem on a lattice of points. 

Coil above a 
Figure 2 

conducting plane. 

C O I L ,  

CONSTANT 
MAGNITUDE--, 

Figure 2 shows amplitude and phase contours of the vector 
potential for a square cross-section coil above a conducting 
plane. Note how the amplitude is attenuated and the phase is 
shifted by the presence of the metal. One of the properties that 
we can calculate from the vector potential is the induced voltage 
in the driving coil, given by: 

+-i 

dv = j w  A . ds, (4) 

or, in finite difference approximation: 
v = jwa 2x (r/a) Ar,, 

coil 

This same method may be applied to calculate the voltage 
induced in any pickup coil. It is a good approximation as long 
as the current density in the coil is much less than the eddy- 
current density in the metal. Once we know the voltage induced 
in the driving coil, we can calculate its impedance. The driving- 
coil impedance, normalized by dividing by the magnitude of 
driving coil impedance in air, is: 
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j Z 2x (r /a) A , =  (with conductor present) 

2.27~ (r/a) A , ,  (with coil in air) 

coil 
Z n  = (6) 

COll 

The normalized impedance has been calculated for a 
number of different frequencies for a coil above a metal surface. 
The spacing between the coil and the surface, or the liftoff, 
has also been varied. For experimental confirmation the imped- 
ance was measured at different frequencies and spacings for a 
family of four coils of different sizes, but having the same 
relative dimensions. We can trade among the frequency, con- 
ductivity, and the square of the linear dimensions of the coil 
because they appear in our relaxation equation only as the 
product a'uw. For example, doubling the frequency and halving 
the conductivity will still provide the same product. Figure 3 
shows how the measured and calculated impedances agree. The 
accuracy of the measured values is rather poor in the low- 
frequency region and better in the higher frequency regions. 
The calculated values had some inaccuracy along the spacing 



direction (along lines of constant R’ww). This is due to the fact 
that impedance as affected so strongly by liftoff and this method 
of calculation does not define the precise location of the coil 
and the metal. The error is always less than one lattice space. 
The agreement in values of R’WP is quite good for the higher 
frequencies. 

/ 

The coil inductance may be calculated by the relation: 

w=ANGULAR FREQUENCY 
p=PERMEABILITY 
u=CONDUCTIVITY 

L = - ap 2,291 @/a) /pL (: >’ COll 
(7) 

The values of the coil inductance calculated in this way were 
approximately 2% lower than the measured values. This is 
probably due to the fact that the boundaries should extend to 
infinity instead of only two coil diameters. The close boundaries 
(where the vector potential is assumed to be zero) have the 
effect of reducing the vector potential and, hence, the coil 
inductance. 
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Figure 3. Normalized impedance of a coil above a conducting plane. 

As an example of the use of this technique we shall show 
how it can be used to design an eddy-current coil for an 
impedance bridge instrument to measure the conductivity of 
aluminum. We shall stipulate that the coil diameter will be 
about 0.4 in. (1  cm) so that we can measure the conductivity 
of small parts. We assume that we want to operate at a point 
on the impedance plane w& a ratio of lift-off-to-coil radius 
equal to 0.0476 and with d ~ p o  R equal to 8.66. The impedance 
at this point on the plot in Figure 3 is a sensitive function of 
conductivity and the parasitic errors (interwinding capacitance, 
direct-current resistance) encountered in the measured values are 
small. The frequency may be calculated to be approximately 10 
kilohertz. 

If we specify that the coil should have an impedance of 
about 100 ohms to be compatible with the bridge, we can 
calculate the air inductance of the coil to be: 

100 
Lair = = 2 millihenries . (8) 

The coil would need about 390 turns of No. 40 wire to have 
2 millihenries inductance (4). 

Figure 3 also shows some problems that arise in making 
the conductivity measurements. We note at the chosen point 
on the impedance plane that the impedance change is as great 
for only 10 mils (0.025 cm) of liftoff as it is for a factor of 4 
change in the conductivity. 

Another property that we can calculate is the actual eddy- 
current distribution. The eddy-current density which is given by, 

(0.7)75 x 103 

-+ 
+ +  A -+ 

i = o E = - o - = - j m A  , (9) 

is directly proportional to the vector potential and lags it by 
90’. Thus in Figure 2 the phase and amplitude contours of the 
vector potential in the metal are also phase and amplitude con- 
tours of the eddy-current distribution. This, in turn, can be 
used to estimate the sensitivity of a coil to a defect. A defect 
can be represented as a current equal in magnitude and flowing 
in the opposite direction to the induced eddy currents. The 
vector potential of a coil with a defect present is the sum of 
vector potentials of the coil and conductor alone and the defect 
alone. The addition of the current of the defect to the eddy 
currents gives, of course, zero current flowing through the 
defect. Although the impedance change due to an actual defect 
is difficult to calculate, we may approximate the impedance 
change due to a small, spherical defect by: ( 5 )  

t 

Z’ = --ovolo2 - 
2 (;I>’ 

Or, in terms of parameters we have already calculated in our 
computer program, the normalized impedance is: 

Thus, in Figure 2 the normalized impedance change for a small, 
spherical defect whose radius is 1/40 the coil diameter is: 

Z‘n 0.016 A p j 4  (12) 

Thus the impedance change is proportional to the square of the 
relative vector potential with a phase shift of twice that of the 
vector potential at the defect. 

This technique may also be applied to fields with ferrite and 
ferromagnetic materials present. For instance, ferrites can be 
used to shape the eddy-current flow and increase the sensitivity 
to defects. Figure 4 shows how the phase and amplitude (and 
hence the eddy-current distribution) contours vary when we 
place a ferrite cup (relative permeability of 1000) around the 
coil shown in Figure 2. Notice how the ferrite concentrates the 
vector potential and, consequently, the eddy currents directly 
beneath the coil. This increases the sensitivity to defects and also 
gives a sharper pulse when the coil moves across a defect, which 
allows eddy-current instruments with time-differentiating defect- 
enhancement circuits to perform better. The normalized imped- 
ance change for a small, spherical defect is: 
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Figure 4 
Coil with a ferrite cup above a con- 
ducting plane. 

ORNL-DWG 66-12063 

o Z w p c  = 0 25 

Figure 5 
Coil encircling a conducting rod. 

Z f n  = 0.054 A2e2jb . (13) 

Comparison of this with the preceding equation shows how fer- 
rite has increased the sensitivity to defects. 

We have also applied this technique to calculate the vector 
potential for rods. Figure 5 shows the vector potential of a coil 
encircling a nonferromagnetic rod. Figure 6 shows how the vec- 
tor potential varies if we assume the rod to have a relative per- 
meability of 200, making it ferromagnetic. Notice how the vector 
potential is attracted by the rod. Also the eddy-current density 
is relatively constant over a large outer portion of the rod and 
rapidly decreases toward the centre of the rod. As the frequency 
is increased, the relatively constant current over the outer por- 
tion of the rod remains constant, but the rate of decrease toward 
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3000 220-  

the centre of the rod becomes much steeper. This illustrates how 
this technique can sometimes uncover some unexpected results. 

Conclusions and Discussion 
A technique has been developed for application to a number of 
eddy-current problems and can be applied to many others. The 
restrictions of our present program, axial symmetry and sinusoi- 
dal driving currents, are not true limits. As computers grow 
larger and faster, we shall be able to program and solve prob- 
lems with three-dimensional nonsymmetric lattices. Sinusoidal 
driving currents are only a convenience; they could be replaced 
by time-sequential currents and a time-sequential relaxation per- 
formed. A nonlinear medium can also be handled in a time- 
sequential relaxation if the nonlinearity of the medium is known. 



340"l 260' 1 
300" 220' 

This technique gives further insight into eddy-current phe- 
nomena, allows the design of actual eddy-current systems, and 
takes the design of eddy-current coils from an empirical to a 
scientific basis. 

References 

1. Dodd, C. V. A solution to electromagnetic induction problems, 
ORNL-TM-1185, 1965. 

Eddy-Current Inspection of Rod During 

ANDERS ARNELO and AXEL VON HEIJNE, SWEDEN 

Inspection on Final Product or in Process 
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even quality in semi-fabricated products of steel and nonferrous 
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trol. When the speed of production in hot rolling is taken into 
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Figure 6 
Coil encircling a ferromagnetic rod. 
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Hot Rolling 

or in connection with the manufacturing process. When the in- 
spection operation is of the &-ontinuous type, for example 
inspecting tubes, considerable $an[ .ling equipment for transport- 
ing and sorting the product is necessary. The cost of such handl- 
ing equipment can often represent a larger investment than the 
actual testing equipment. In a continuous inspection operation, 
applicable to Froducts that are very long in comparison to their 
cross-section, the case is different. Here it is possible to adapt the 
testing equipment directly to the final manufacturin2 process, 
e.g. on the output side of a draw bench. In this type of applica- 
tion relatively little handling equipment is necessary. 
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It is general experience that when introducing quality- 
control techniques, the first step is always to inspect the final 
product. Eddy-current testing of cold-drawn wire has been used 
in many works for a relatively long time with good results. The 
next step is to attempt to inspect the product earlier in the pro- 
cess, partly in order to reduce the necessary testing capacity and 
partly to avoid further processing of defect material. It is there- 
fore logical to apply eddy-current testing to the hot-rolling of 
rod. 

Testing Hot-rolled Rod 
Inspecting rod in the hot-rolling process, directly after the last 
rolling stand, gives maximum testing capacity and no extra 
handling equipment is necessary. Further, hot-rolled rod is 
usually very difficult to handle when cold and the unavoidable 
recoiling operation would give rise to irregular cold working of 
the rod, which in its turn would give electrical signals of the 
same type as caused by defects such as cracks. Between the last 
stand and the coiler, the hot rod, on the other hand, is straight 
and easy to guide so that transverse movement can largely be 
avoided. The speed is also high and relatively constant. 

As is well known the eddy-current penetration into a tested 
material decreases in proportion to the increase of frequency. 
The following equation, which although only true for a semi- 
infinite plane, is sufficiently accurate for a short coil to permit 
qualitative discussion: 

where 6 = depth of penetration, defined as the depth where the 
field strength will be reduced to l / e  or 37%, 

p = resistivity 
p = permeability 
f = frequency 
c = constant 
The resistivity of hot metal is higher than in the cold state 

and therefore for any given frequency the penetration is greater. 
In the case of steel, the relative permeability is high for 

cold ferritic material. It is possible to increase the depth of pene- 
tration by magnetizing the cold material to near saturation. 
However, it is normally not possible to decrease the value of p 
below 2 or 3. I n  the temperature range above the Curie point, 
768°C (1414'F) iron is nonmagnetic with a relative permeabil- 
ity of practically 1. This, of course, means again that for any 
given frequency the penetration is greater for hot steel than for 
cold. Also the noise level is lower. 

Conventional Inspection 
The methods used up to now for inspecting rod have always 
been limited, for practical reasons, to testing relatively short 
lengths at each end. As far as is known, there are no national 
standards for this inspection, but a typical work standard can be 
cited as an example. 

1. Cut off a number of turns; 2. Cut off one turn for testing; 
3. Straighten this turn, cut to short length (roughly 1 f t ) ,  pickle 
and inspect under microscope; 4. Grade surface condition ac- 
cording to presence of cracks, pits, roughness etc. A scale of 
0 - 5 is used. E.g. for valve rod the limit for depth of cracks is 
max 0.0012 in. (0.03 mm). 5 .  If test shows unsatisfactory con- 
dition, a further length of rod is removed and a new test made. 

The main disadvantages of this method of inspection are: 
a) Only the ends of the rod are tested, and purely statisti- 

cally, the length tested in relation to the'total length is very 
small, pzrhaps of the order of 0.05%; b) The sample is taken 
near the end of the rod and the information thus obtained is not 
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representative of the main length. Experience shows that the 
fault frequency tends to be higher at the ends. However, eddy- 
current testing has shown that faults can occur in the main length 
of the rod even if the ends are free from faults. Eddy-current 
continuous testing gives information on all defects throughout 
the entire length of the rod. In evaluating the results it is always 
possible to disregard the defects in the neighbourhood of the 
two ends; c) Although end inspection gives so little information, 
it is expensive, partly because the tests themselves are time 
consuming, partly because the products must be stored in case 
they have to be retested. 

Principles 
The principles of eddy-current testing are well known and need 
only be mentioned briefly (1, 3). The material passes through a 
coil and current flowing through the coil sets up a magnetic field 
in the material. The changing magnetic field causes eddy currents 
to flow in the material. The changes in magnetic and resistive 
properties of the material due to faults influence the eddy cur- 
rents and this effect is measured. 

When applied to fault detection in rod the faults to be 
detected are so small compared with effect of changes in tem- 
perature that the rod must pass through two coils connected dif- 
ferentially in a bridge circuit. 

To  function satisfactorily an eddy-current tester for hot 
rod must be designed for temperatures between 200°C 
(aluminium) and 1100°C (steel) (390-2010'F) and a testing 
speed of between 10 and 30 m/s  (1970 ft/min - 5900 ft/min). 
It must also be able to differentiate between genuine defects, such 
as cracks, inclusions, overlaps and spurious effects arising from 
changes in temperature, structure, shape, size, speed and vibra- 
tion. Signals arising from these spurious effects are normally col- 
lectively termed noise. The equipment must be designed SO 
that the signal-to-noise ratio is at an optimum. 

Noise can arise slowly or rapidly. Changes in temperature 
are usually relatively slow while electrical interference is very 
rapid. The use of the differential coil method diminishes to a 
large extent the effect of slow variations but does nothing to 
the rapid variation. 

Figure 1. Block diagram of Metallverken's Metotert eddy-current tester. 

Testing Equipment 
In connection with the development of a new, completely auto- 
matic rolling mill for aluminium rod, equipment for drawing 
wire and manufacturing steel-reinforced aluminium conductors, 
Svenska Metallverken started development work on eddy-current 
testing equipment in 1949. The first version was used for testing 
cold-drawn wire. Later equipment was developed for hot rod. 
The principle of the method is shown in Figure 1. Patents were 
granted in several countries in 1955 and later ( 3 ) .  

In Metallverken's Metotest equipment the bridge including 
the differential coils is not completely balanced. A small un- 
balance voltage serves as a carrier wave on which defect 
impulses are modulated. The main advantage of this method 
is that the amplifiers and detector operate in their linear regions 
and that, as a result, any changes in the unbalance voltage, due, 
for example, to changes in temperature in the differential coils, 
will have no effect on sensitivity. 



Figure 2. Instrument cabinet with main electronic equipment. 

changing the phase angle of the unbalance voltage one can 
discriminate between desired effects from cracks and undesired 
effects such as changes in speed. 

The passage of a fault through the pair of coils gives rise 
to a pulse with a frequency which depends only on the speed 
of the material through the coils, the geometry of the coil and 
the properties of the defect. The detector is followed by a 
frequency-selective amplifier, tuned to the frequency of the 
fault pulses. In this way the signal-to-noise ratio is considerably 
improved. 

The pick-up units with the differential coils are water- 
cooled and fitted with entrance and exit guides of wear 
resistant material to prevent damage from the hot rod, Figure 3 .  
The coils are designed to produce a pulse frequency different 
from the dominating interference frequencies. 

The equipment is completely transistorized and is built up 
of standardized plug-in units, Figure 2.  There is an efficient 
system for the automatic supervision of the equipment and 
warning is given if a fault should arise in any circuit. 

All equipment is very robust and experience has proved it 
capable of standing up to the arduous conditions in steel mills. 
The apparatus is set by means of decade thumb-wheel switches 
and once set no instruments have to be read. Running and first- 
aid maintenance are so simple that they can be done by semi- 
skilled personnel. 

Aluminium 

From 1950 to 1956 considerable experience was gained in the 
Vaster& Works of Svenska Metallverken on the eddy-current 
testing of cold-drawn aluminium wire ( 2 ) .  Among other things 
it was found that the major proportion of faults were surface 
flaws and ferrous inclusions, originating in the hot rolling 
process or earlier. Detailed study showed that one of the most 
important reasons was that, during rolling, particles of a silicon- 
rich aluminum phase cladded to repeaters and guides through 
which the aluminium rod was passing. At irregular intervals 
these particles loosened from the guides and were rolled into 
the surface of the aluminium rod. Figure 4 shows schematically 

Figure 3. Water-cooled transducer, entrance and exit guides. 

It is well known that the eddy-current changes, arising 
from different types of defects, their position in the. cross-section 
of the material, and from other causes such as vibration and 
changes in dimension and speed, are at different phase angles 
compared to a reference voltage. The voltage, which is meas- 
ured after the detector, is the vector sum of the unbalance 
voltage and any change in voltage arising from a defect passing 
through the coil. The phase of the unbalance voltage can be 
shifted so that it will combine with the fault vector to the 
maximum effect or be independent of the fault vector. Thus by 

F 
R o l l i n s  time 

I'aintenance c lose  dorms 

Figure 4. Fault frequency increases with rolling time, but drops when repeaters 
and guides are cleaned. 

how this effect builds up cumulatively between maintenance 
close downs, when repeaters and guides were thoroughly 
cleaned. Maintenance could then be planned by using eddy- 
current inspection reports to indicate the condition of the mill. 

A further example of the results of eddy-current testing 
is given by a study that was made at the same time on iron 
inclusions found in the drawn wire. Based on eddy-current 
inspection of the drawn wire, 4,000 samples which had shown 
defects were examined. In many cases the signals were due 
to iron inclusions and by treating the samples carefully, it was 
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possible to extract these inclusions and to analyze them metallo- 
graphically and spectrographically. The carbon content and the 
presence of martensite or graphite indicated the origin of the 
iron particles. It was found, for example, that the iron strips 
holding together bundles of wire bars were removed by means 
of chisel and hammer. In this operation slivers of steel were 
pressed into the surface of the wire bar. In another case it 
was found that the aluminium wire bars were transported to 
the mill in ships carrying cast-iron scrap on their return journey. 

Based on this experience and in view of the fact that 
testing during hot rolling would give higher production, it was 
decided to develop eddy-current testing equipment with trans- 
ducers in the mill line. The first equipment was developed in 
1957 and modifications have since been made, so that today 
equipment is available which is reliable and has a sensitivity 
accurately adapted to the particular problems in rolling alumi- 
nium rod. 

Equipment of this type is now in successful operation not 
only in Metallverken, but also in aluminium rod mills in USA, 
Japan and Norway. 

The rod is usually between 8 in. and 3 in. and rolling 
speed of the order of 10-25 m/sec (1970-5000 ft/min). 

The water-cooled transducers are usually positioned imme- 
diately after the last pass, where the temperature is usually 
between 150 and 400°C. 

In this position vibration in the rod is normally not great 
and the frequency-selective principle employed minimizes any 
vibration troubles that may occur. 

In general eddy-current equipment can detect surface flaws, 
laps and inclusions. Since it is difficult to describe the size of a 
surface flaw quantitatively, it is usual to state the resolution in 
terms of equivalent area reduction compared with a standard 
fault, manufactured by reducing the area of the rod by turning. 
In our case we found that the average length of a surface flaw 
was about Q in. and the standard fault was made with this 
length. In hot-rolled rod a resolution of 0.5-2% area reduction 
can be achieved. An example is given in Figure 5.  

Copper 

When inspecting copper rod the temperature range is normally 
between 600 and 9OOOC (1110-1650°F) and the rolling speed 
roughly the same as for aluminium. 

Copper is harder than aluminium and the consequent 
difference in rolling technique permits the use of higher sensi- 
tivity in eddy-current testing since the noise level is lower. 
The most important faults in copper rod are inclusions of 
foreign materials such as iron, copper oxide and nonmetallic 
particles. Practical tests using particles extracted from copper 
rod, detected by eddy-current inspecting, have shown that it is 
possible to detect iron particles of the order of 200 micrograms 
(0.02-0.1 mm3) (1.2-6.1 x 10-o cu. in.). Faults of this type 
are particularly embarrassing in rod which is to be drawn 
down to the finest gauges, since in drawing the dimensions of 
the inclusions are normally not changed and therefore their 
relative size compared to the diameter of the wire increases. 
At a certain stage an inclusion may therefore cause a rupture 
in the wire. 

It has been found that the main causes of these inclusions 
are a )  unsatisfactory cleanliness in the mill and b) slivers of 
iron loosening from the rolls. It has also been found that the 
frequency with which slivers loosen from the rolls increases 
with the rolling time between reconditioning. It is therefore 
possible to use eddy-current testing to follow continuously the 
condition of the mill. 

206 TECHNICAL SESSION 7 

Figure 5. Surface flaws in hot-rolled aluminium rod. The fault signals obtained in 
the eddy-current tester correspond to the equivalent faults given. 

Steel 

It was soon found that there are similar problems in the hot 
rolling of steel, both high-alloyed steel, stainless steel and in 
many cases also carbon and low-alloyed steel-in particular for 
high-quality wire, such as is used for valve springs, ball-bearings 
and wire rope. The types of faults, however, are different to 
those encountered in  aluminium and copper. One frequent cause 
is cracks and other defects remaining on the billet before rolling. 

The first experiments with steel rod were made in 1959. 
The important difference between aluminium and steel is the 
high rolling temperature, 800-1000°C ( 1420-1800°F), and 
these original experiments were designed to develop a thermally 
stable and reliable transducer. When these experiments had 
proved successful, research projects were made in conjunction 
with two different steel works in Sweden in order to study the 
practical application of eddy-current testing. Testing equipment 
was set up in  the mills and test runs were made on a large 
number of coils, during which the signals were recorded on 
tape. After preliminary analysis of the recordings, certain rings 
were chosen for further inspection. These were cut into short 
lengths, straightened and studied using a laboratory set-up. 



Finally the electrical signals obtained were correlated with the 
results of ocular inspection of the rod and metallographic 
studies of the cross-section. 

Based on these studies full-scale testing equipment was 
delivered to two mills in 1966. 

As already mentioned the most important faults are cracks, 
and to some extent surface flaws. The resolution depends, as 
always, on the noise level. Experience has shown that this noise 
level, due largely to variations in the rod structure, in speed, 
vibration etc., varies from mill to mill, but as a general 
figure a minimum equivalent crack depth of about 0.002 in. 
(0.05 mm) can be detected. 

In the same way as in aluminium, it is difficult to de- 
scribe quantitatively the depth of a natural crack. Few cracks 
extend straight and radially; usually they are folded in an irregu- 
lar manner. Sometimes a cross-section shows a broad notch, 
which an inspector may consider a shallow crack, but below 
which a deep crack can be hidden (see Figure 6). Further, it is 
common to find oxide inclusions or varying degrees of decar- 
burization in connection with cracks. Both affect the amplitude 
and phase of the defect signal. 

For these reasons it is necessary to express resolution in 
terms of equivalent crack depth or a standard fault. Since cracks 
dominate in steel, the standard fault normally used is a narrow 
notch, some half inch long, made preferably by some method 
giving a well defined, reproducible notch and which avoids all 
cold working. We have normally used air-abrasive cutting (4). 

Since the eddy-current method employs two adjacent coils 
it is theoretically not possible to detect a continuous fault with 
exactly the same shape and size throughout its length. In prac- 
tice, however, although long faults may be found they are al- 
ways short compared to the total length of the rod. The be- 
ginning and the end of a fault can therefore be detected. Further, 
faults almost always vary in shape and size and major disconti- 
nuities and changes are detected. 

In  one case it was shown that an electrical signal corre- 
sponding to an equivalent crack depth of 0.012 in. (0.30 mm) 
corresponds to an actual crack depth of 0.0012 in. (0.03 mm) 
as judged ocularly by an inspector. The cross-section, however, 
(Figure 6) shows that below the crack there are oxide inclusions 
extending to a depth of 0.002-0.004 in. (0.05 to 0.1 mm). In an- 
other case, the eddy-current signal showed an equivalent crack 
depth of 0.006 in. (0.15 mm).  This corresponded to an ocular 
judgment of 0.002 in. (0.05 mm). The cross-section showed, 
however, that the area around the crack was severely decar- 
burized. 

Normal speeds in steel rolling are between 5 and 30 m/sec 
(980-5900 ft/min), normal gauges are 4 in.-a in. (5.5-20 mm). 

In  steel mills the vibration problems are different from those 
in aluminium mills, mainly because steel rod is harder than 
aluminium. It is normally not necessary to position the trans- 
ducer very close to the last mill stand. It can, in fact, be placed 
practically anywhere between the last stand and the next unit, 
either a chopper or a coiler. Since the guide pipes in the mill 
have a diameter several times the diameter of the rod, the trans- 
ducer must be fitted with inlet and outlet guides, partly to guide 
the rod, partly to prevent mechanical damage to the transducer 
itself. 

Detector Output 

The signal obtained for each fault may be employed in various 
ways. The simplest is a signal lamp which lights up for every 
fault as it is detected. The signal can also operate a relay, which 
remains in the on-position until reset manually or by the end of 
the rod. Counters can be applied to count the number of faults 

in each coil or the number accumulated over any number of 
coils. The faults can be classified at different levels, each with 
its own counter. A digital high-speed counter and minter can ba 
used to record the size level and position along the rod of every 
fault. This type of information is suitable for feeding into any 
kind of computerized system used in a modern rolling mill. A 
special computer unit can be used to operate large-size display 
units placed anywhere in the mill, for example for the operator's 
sorting of coils after they have cooled. 

Conclusion 

The foregoing examples have shown some of the applicaiions of 
eddy-current testing to the inspection of hot-rolled rod. Although 

560 2; d 
Figure 6. Flaw in hot-rolled carbon-steel rod. 

showing subsurface crack; d)  Cross-section etched, showing decarburizotion. 
a )Signal obtained with tester; b) Macro of  surface; c) Cross-section, 
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eddy-current testing to the inspection of hot-rolled rod. Although 
apparent that we are only in the beginning of a development 
period. There is still a great deal to be done to develop better 
pick-up coils, in order to detect difficult faults, such as continu- 
ous unchanging cracks, narrow transverse cracks, and to be able 
to differentiate between different types of faults. One example 
is to separate surface-flaws from nonmetallic superficial inclu- 
sions. 

The value of eddy-current testing lies in the fact that it 
permits practically 100 per cent inspection. Consequently it 
offers an effective means of ensuring constant high quality in the 
outgoing product. At the same time the personnel involved in 
inspection is kept to a minimum. 

Another important aspect is that by analyzing the types of 
fault and the frequencies at which they occur, valuable informa- 
tion is obtained which can be fed back to improve the process. 
Since the method implies 100 per cent inspection a great amount 

Discussion 

Q. DAVID STEIN, Picatinny Arsenal, Dover, USA: 
It is considered a serious omission that you did not describe the 

transducer design or how you solved the various problems associated 
with high temperature. Was this planned? 
A. The paper was directed towards people actually occupied in the 
testing of products and it was therefore felt that within the necessary 
time limit, a discussion of transducer design was outside the field 
of immediate interest. Moreover, many aspects of transducer design 
and the way in which temperature problems are solved are part 
of the know-how that is sold together with the equipment. Some 
features are the subject of patents but not all. 

Q. R. N. CRESSMAN, Bethlehem Steel Corp., Bethlehem, USA: 
My questions pertain to inspection steel rod: 

1. Can you give the size range of rod that can be inspected? 2. 
What is the maximum test speed? 3. What is the spacing between 
the test coil and the rod? 4. Is the defect sensitivity dependent on 
rod size? If so, how? 5 .  Where are the test coils mounted on the 
mill line? 6. Are there any unusual problems in feeding the rod 
through the test coil? 7. Can you detect long seam-type defects 
that run the full length of the coil? 8. Is it necessary to use different 
test coils for different grades of magnetic steel? 9. How do you 
mark the location of the defects? 
A. The size range of rod is normally from :X(;’’-l’’. However, studies 
are being made to increase this range. 2. Maximum test speed up to 
now has been about 6000 ft/min. However, this limit is based more 
on what present rolling mills accomplish than on the eddy-current 
testing equipment. 3.  The spacing between the pick-up coil and the 
rod varies of course. The limits are shown on page 6 of the enclosed 
leaflet E M  317. 4. Defect sensitivity is dependent on rod size. The 
relation is extremely difficult to pin down, as it depends on a large 
number of factors. The limit is dependent on the signal to noise 
ratio and since in most applications in hot rolled rod that we 
have met the noise is, to about 90%, attributable to variations in 
the material being tested, it follows that interference and electrical 
noise within the equipment are unimportant factors. It is difficult 
to study this question using artificial faults on cold material since 
the noise level is different in hot material and is also dependent 
on many factors that pertain to the mill itself, e.g. temperature 
variations, vibration, changes in rolling speed, degree of decarburi- 
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of information is obtained, which can be presented in data pro- 
cessing language and is already suitable for treating in data 
systems-for example for regression analysis. Thus eddy-current 
testing supplies a basis for considerable improvement in product 
quality and mill output. It is in fact our opinion that eddy-current 
inspection of hot-rolled rod can be one of the most profitable 
of all ,applications of nondestructive testing. 
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zation etc. However, as a very general rule of thumb it can be said 
that resolution is roughly proportional to diameter, with a certain 
flattening off towards the lower end of the range. 5 .  The pick-up 
coil unit is mounted between the last mill stand and the coiler. 
The exact position depends of course, on the lay out of the mill. 
6. If the pick-up unit and the rod guides are correctly designed 
there are normally no particular problems in feeding the rod through 
the pick-up unit. 7. Theoretically a seam type defect running the full 
length of the coil cannot be detected by differential coils. However, 
our experience is that such a defect extending throughout the entire 
length of the rod without appreciably changing its size, shape or 
position occurs extremely seldom. The experience that we have from 
steel mills using this type of equipment for over two years is that 
when long faults do occur they always vary in size so much that 
a series of small defect signals (of course in some cases also large 
signals) is obtained. By summing the number of faults or summing 
the total noise level along the rod (auxiliary units are available for 
this purpose) this type of fault can be kept under control where it 
occurs. 8. It is not necessary to use different pick-up units for 
different grades of magnetic steel since, when testing during hot 
rolling, the temperature is above the Curie point and therefore the 
relative permeability is I .  The resistivity also approaches roughly 
the same figure for many different qualities at the rolling tempera- 
ture. This includes also the nonmagnetic austenitic steels. 9. Up to 
now marking hot rolled rod has not been considered practical, partly 
because of the inherent difficu!ties of doing so, partly because the 
marking material tended to disturb following drawing operations and 
partly because the users did not want to cut out faulty parts from a 
coil. Instead a digital recording device is often used giving a 
recording such as is shown in the enclosed diagram. The number 
of each coil is printed, a figure is given for each defect within 
one of three classes and also the time from the beginning of the 
rod when each defect actually occurred. Since the rolling speed is 
practically constant the time that has elapsed from the moment 
that the front end of the rod passes the pick-up unit to the moment 
when a fault occurs is proportional to the distance from the front end 
of the rod. Other ways of treating the data are given in the enclosed 
leaflet. 
It might be added that there is a tendency towards an increased 
interest in the problems of marking the location of defects and de- 
velopment work is going on to solve this problem. 



In-Line Utilization of New Eddy-Current Test Systems for the Crack 
Inspection of Semi-Finished and Mass Produced Parts 

E. F. FORSTER, GERMANY 

Introduction 

Among the various methods of nondestructive testing, eddy- 
current testing is specifically suitable for the automation of 
test procedures. 

For this reason in the last years it has become more 
frequent that the design of complete new steel works included 
a fully mechanized installation for the nondestructive testing 
of the total output. Therefore, development work has been 
intensified to provide suitable test methods in the various stages 
of production, for instance, the production of tubes with wide 
ranges of diameter and wall thickness. It was a common feature 
of all these developments that they were built up on the basis 
of a careful investigation of the theoretical background. In 
addition, the problem of testing under extreme operating con- 
ditions caused by dirt, dust, vibrations and jerks had to be 
studied thoroughly. These influences complicate the utilization 
of automatic test installations in the production lines of steel 
works. 

Experimental Results of New Encircling Eddy-Current Coils 

Eddy currents are distorted if there is a defect in the wall of 
a tube. The distortion of the eddy currents produces a certain 
distortion of the magnetic alternating field in the vicinity of 
the defect. This distortion has been calculated theoretically* for 
the case of a cylindrical hole which was drilled through the 
wall of the tube. These theoretical results gave general rules 
for the optimum layout** of the encircling coils. It was the 
goal of the development to obtain coils with a very high defect 
resolution but which had a very small sensitivity to effects due 
to physical dimensions of the test material. 

There is a general rule by which the quality of a well- 
designed test coil is defined: The narrower the signal due to a 
point-shaped defect and the stronger the suppression of signals 
due to dimension effects, the better is the test coil. 

Figure 1 shows the record obtained from a borehole with 
a .040-in. diameter. In a copper tube of in. (16 mm) diam- 
e te r ,  F i g u r e  1 also s h o w s  the d i m e n s i o n  effect w h i c h  is  d u e  to 
a deformation by the traction device of a drawing bench. The 
record of Figures l a  and l b  was obtained by means of an 
XY-recorder. The horizontal coordinate shows the length of 
the tube in a reduced scale. This scale was obtained by means 
of a potentiometer having 20 turns which was driven by the 
tube under test. 

The hole and the variation of the dimension were recorded 
with such phase settings that once, there was a maximum signal 
of the hole and the next time, there was a maximum signal of 
the dimension. This means the phase was set in two directions, 
one was the direction of the hole effect, the other, the direction 
of the dimension effect. In these tests the angle between the 
hole effect and the dimension effect was 45". 

Figure l a  was obtained with a standard eddy-current coil 
of conventional design. It had one primary coil and two 
secondary coils with opposite windings. Figure l b  shows the 

* Because of lack of space this calculation of the distribution of 
the magnetic field strength near a hole-shaped defect cannot be given 
in this paper. 

* *  Because of lack of space no report about the exact design of 
the new test coils can be given. These theoretical and experimental 
results will be discussed more thoroughly in one of the next Forster 
Reports. 

record of the same test piece with a new HR (high resolution) 
test coil. In this coil, the direction of the generating magnetic 
field was no longer parallel but vertical to the surface of the 
tube. 

The substantial result shown in Figure l b  is the very high 
ratio of defect signal over dimension effect and the very narrow 
signal of the hole which is only half as wide as the signal in 
Figure la .  Generally, the defect resolution of a point-shaped 
defect is best if the defect signal is as narrow as possible. This 
is seen in Figure 2 which shows records of the absolute defect 
depth in 4 test pieces.* 

In an encircling differential coil, the defect signal is 
obtained by the local variation of the depth of the defect. The 
toothed curves in Figure 2 show such local variations. I n  
general, these occur in very small zones. In a test piece, the 
larger the length which is affected by the coil, the more the 
effects due to the increase and decrease of the depth of defect 
can cancel each other out. Thus effectiveness of the test coil 
over a comparatively large length of test piece means a poor 
defect resolution. Conversely, an encircling coil which is effec- 
tive over an extremely short length of test piece shows a good 
defect resolution. For this reason the recording of point-shaped 
defects at a scale of 1 : 1 has led to a quantitative analysis** of 
the conditions which must be met for the optimum defect 
resolution of the various coil designs. 

TUBE6 = 5/8" W = ,060" 
Figure 1.  Indication ot defects and distortion of dimension, by two different eddy- 
current test coil systems. 

*This  record of absolute defect depth was obtained with the Circo- 
graph (article IV) with rotating pick-up coils. The record of the test 
piece in a scale of 1 : l  was obtained by attaching the chart to the test 
piece while the latter was fed through the Circograph. 

** A report of this analysis of the encircling eddy-current coils will 
be given in another paper. 
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Figure 2. Distribution of crack depth along four steel rods. 

4END OF TUBE t ' I I4 1- ---t I 

NORMAL COIL 
ABSOLUTE 

H . R .  COIL 
ABSOLUTE 

I I I CU TUBE 
= 5/8"6 END OF 

TUBE 

HOLE 6 ,012" .02L" .040' t 

Figure 3. Record of three holes with diameters of .040 in., .024 in., and .012 in 
in a copper tube with a diameter of Q in. with the normal and the RH coil. 

Figure 3 shows the record, in a scale of 1 : 1, of 3 holes 
with diameters of .040 in., .024 in. and .012 in. (1.0, .6, 
.3 mm). In  a copper tube with a diameter of in. (16 mm),  
the 3 holes were drilled at a distance of 1% in. (30 mm) each. 
The smallest hole with the .012 in. diameter is 1& in. distant 
from the end of the tube. Thus Figure 3 shows the so-called end 
effect, too. This .effect indicates the length of the uninspected 
end of the test piece or, in other words, the distance from the 
end of the test piece in which a given defect can be detected 
safely. The upper curve in Figure 3 shows that the defect 
indication of the 3 holes overlap each other. This curve was 
obtained with an eddy-current coil of the conventional type. In 
contrast to this, the lower curve of the new HR coil shows a 
considerably narrower defect signal over a much shorter zone. 
The upper curve in Figure 4 shows the result obtained with the 
test coils hitherto existing but the defect signal shown in 
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Figure 3 was electronically differentiated. The end effect starts 
in. away from the end (21 mm).  Between the 3 defects the 

record chart nowhere shows a horizontal line. That means that 
over the full  length of the chart the effects of the defects super- 
impose each other. The middle curve of Figure 4 shows the 
results obtained with the new HR encircling coils. The much 
smaller width of effectiveness i.e. the narrower defect reading 
and consequently the higher defect resolution of the HR coil 
is clearly seen. Here the end effect begins in. (16 mm) in 
front of the end of the tube. In the bottom chart of Figure 4, 
the test piece does not travel through the HR coil with a free 
end but it goes "nose to tail" with the following test piece of 
the same type. There is no spacing between the two test pieces. 
Under these conditions the end effect is only r"0 in. (8 mm),  
which is half the end effect of the free end. Whenever the 
shortest poscible uninspected end is desirable, "nose to tail" 
inspecion is applied. 

DePect Inspection of Very Thin Wires 

The HR eddy-current coils described above refer to a diameter 
range of .040 in.-5& in. (1-130 mm). For the diameter range 
of the very fine wire between .001 in. -.040 in. (.025-1 mm) a 
special coil technique has been developed. 

With these coils for extremely small diameters, a very 
short test coil has been designed which does not indicate the 
variation of the depth of defect but its absolute value. The test 
coil is mounted in a small plug-in unit between two diamonds 
having a centre bore for centring the wire in the coil. The fine 
wire coils which are produced in batches and which cover diam- 
eter ranges between ,001 in. and .008 in. (.025 and .2 mm) are 

I 1 I I - 
END OF TUBE 

NORMAL COIL 
DIFFERENTIATED 

H .  R .  COIL 
DIFFERENTIATED 

NOSE TO TAIL 

END OF, CU - TUBE 
0 0 0 

I 
TUBE L I I 518 I ' 

HOLE" ,012" 024" ,040" t 
Figure 4. Defect signals of three holes (same as Figure 3) after electronic differ- 
entiation. Reduction of the end effect by HR coil and by nose-to-tail transportation 
of the test parts. 



Figure 5. Test coils for fine wires, .001 in.-.008 in. dia (.025-.2 mm). The arrow 
shows the bore of the diamond die in the coil mounting. 

operated in a frequency range between 50 and SO0 Mc. The 
arrow, Figure 5, shows the bore in the diamond for threading 
in and centring the wire under test. The batch type production of 
such extremely small test coils is only possible by utilizing very 
accurate gauges and by the high precision of the single compo- 
nents. 

Figure 6 shows a complete installation for the inspection 
of fine wires. In  the background is a cabinet containing the elec- 
tronics; in the foreground is a mechanical test device which re- 
coils the wire under constant stress and avoids jerks. The instru- 
ment contains a recorder for recording the absolute depth of 
defect versus the length of the wire. Figure 7 shows such charts 
of a tungsten wire with a diameter of .002 in. (.05 mm).  The 
relatively small background noise of the good sections and the 
high readings of the absolute depth of defects and their variation 
are conspicuous. The maximum of the defect reading in the de- 
fect signal which is marked by an arrow corresponds to the 
micrograph shown in Figure 8. 

By means of the exact centring of the wires by diamond 
dies a very high reproductibility of the charts was obtained. 
Figure 9 shows the 6-fold repetition of the record of an identical 
piece of tungsten wire with a diameter of .002 in. (.05 mm). 

The readings obtained for Figures 7 and 9 were obtained 
with a quantity of .0001 gram of tungsten. Such a quantity of 
tungsten is in the test coil at the same time. 

The statistical evaluation of defects is of special interest 
for the inspection of wires. For this, the instrument shown in 
Figure 6 contains a digital counter-printer which can be set by 
push buttons to print any of the following information: 

1 .  Number of defects per 10 m of the length of wires printed 
in steps of 10 m each. 

2. Number of defects per 100 m of the length of wire 
printed in steps of 100 m each. 

3. Total length of defects per 10 m of the length of wires 
printed in steps of 10 m each. 

4. Total length of defects per 100 m of the length of wire 
printed in steps of 100 m each. 

Figure 10 shows a part of such a printer chart for the 
evaluation of quality. As an example, in the left-hand chart a 
number, nz, of defects are printed in steps of 10 m of wire 
length. The chart goes from 10-70 m. The right-hand chart shows 
the number, nz, of defects in steps of 100 m for the first 600 m 
of a tungsten wire. Such printed charts as shown in Figure 10 
are of specific importance for the engineer in the production line. 
The number, length and distribution of defects enables him to 
draw important conclusions as to the reasons defects occur. 

Figure 6. Fine-wire crack detector with eleclronic test system, recorder and 
counter printer for statistical defect evaluation and with mechanical rewind 
system and wire length meter. 

Figure 7 
Recordings of the absolute depth of 
defects in tungsten wires with a diam- 
eter of .002 in. (.05 mm). The arrow LU- 

shows the section from which the mi- 
crograph in Figure 8 was taken. 
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Figure 11. Record of defects in hot wires and their corresponding micrographs. 
Temperature 950°C (17OO0F), test speed (4000 ft /min) (20 m/rec). 

means of two adjustable acceptance limits. The quality mark 
of a wire coil determines its further use for high- or low-grade 
purposes or on its rejection. 

Figure 11 shows part of a chart with defect readings and 
shows micrographs obtained from corresponding sections. The 
test speed was approx. 4000 ft/min (20m/sec) and the tempera- 
ture of the wire was approx. 950°C (1700°F). 

The defect inspection of very thin or hot wires is only 
mentioned as one example Of the increasing range Of application Figure 8. Micrograph of a tungsten wire .002 in. dia (.OS mm). Enlarged 15OOX. 

j_ 
l.SL"nh* I 

I 

Figure 9 
- ~ -  _ _  Six different records of the same I 

piece of tungsten wire, 25 ft (8 m) long 
and .002 in. dia (.05 mm), for proving 
the high reducibility. 6 ~ - u n  n 

* ' 3 for eddy-current testing under extreme conditions. The pre- 
o O o 6 O  o Q Q Q o  0 0 5 0 0  0 0 0 2 3  requisite for meeting the requirements is the theoretical and 
o o o 5 o experimental elucidation of the optimum layout of the coils as 

well as a highly advanced coil technology. 
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The defect resolution of the encircling coil could be substan- 
tially improved by theoretical investigation of the distribution of 
the magnetic alternating field near the defect. In a similar way 
the defect resolution of the pick-up coil could be improved by 
clearing up the theoretical background of the pick-up coil. 

The task was to build pick-up coils that operate at a certain 
distance from the test piece and are still able to produce a 

1 1 I I 
Figure 10. Printer chart for the statistical evaluation of quality. Number of defects 
n,, printed for each 10 and 100 metres. 

Recently, there has been a problem of defect inspection of red- 
hot wires at a high rolling speed. Immediately after rolling and 
coiling it should be known to which quality group this coil 
belongs. The quality group can be'defined by the total number 
or the total length of defects in the coil. In addition it is possible 
to discriminate between defects of smaller and larger depth by 

212 TECHNICAL SESSION 7 

without contact between the pick-up coil and the materiai under 
test became possible. 

As a function of the spacing between test coil and test 
piece, Figure 12 shows the height of the signal obtained from 
a given defect for a normal pick-up coil and a field focussing 
pick-up coil. For the distance 0 the readings of both coils were 
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Figure 12. Height of defect signal as a function of the space between test coil 
and test-piece. Depth of defect: .002 in. (.5 mm). 

Figure 16. Autornotic crock detection device for forgings. 

Figure 13. Mechanical device of the automatic test equipment for cylindrical 
products of small diameter. Inspection rate per hour: 10-15,000 pieces. 

Figure 14. Automatic crack inspection unit for cylindrical mass-produced parts 
(axles, rollers, gudgeon pins, etc.). 

Figure 15. Defect inspection of non-cylindrical parts by means of multi-probes. 

adjusted to the same level. At a distance of .020 in. ( . 5  mm) the 
defect signal of the field focussing pick-up coil is twice as high. 
At the distance of .040 in. (1  mm) it is three times and at a 
distance of .120 in. (3  mm) it is five times as high as the 
defect signal of the normal pick-up coil. 

In the following figures test devices utilizing focussing 
pick-up coils are shown. For these examples the pick-up coil is 
fixed and the test part moves. Figure 13 shows a mechanical 
device in which needles for needle bearings rotate with high 
speed and travel along the pick-up coil. 

Approximately 10-1 5,000 needles per hour are inspected 
and automatically sorted with such a device. Figure 14 shows 
a very versatile instrument for fast, automatic crack inspection 
of cylindrical mass-produced parts such as axles, rollers, 
gudgeon pins e:c. These parts are rotated by means of two 
rotating rollers. The axes of these rollers are slightly inclined 
to each other (principle of centreless grinding machine). Thus 
the test parts are transported along the pick-up coil. Auxiliary 
coils control the suppression of effects due to the leading and 
trailing ends. The test parts are fed pneumatically to the 
rota:ing rollers. The whole procedure of feeding the test part 
to the transportation device and of testing and sorting the good 
and the defective parts is controlled by a closed-loop system. 
This avoids choking of the test line. 

Figure 17. Circogroph with three rotating heads. 
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By the simultaneous use of several pick-up coils, non- 
cylindrical test parts can also be tested for defects as shown 
in Figure 15. Here the ball pin under test is rotated mechani- 
cally and 7 pick-up coils simultaneously inspect the test part 
zones in which defects might occur. If only a certain area of a 
test part must be inspected, rotating pick-up coil devices can be 
moved over such a zone. In Figure 16 forgings are auto- 
matically inspected for defects in their upper area. On a turn- 
table the test parts are moved in steps and those parts that are 
underneath the rotating pick-up coils are lifted and brought 
near the pick-up coils for inspection. 

The circographs with rotating pick-up coils are applied 
for the inspection of a large diameter range of semi-finished 
products such as wires, bars and tubes. 

At present four different rotating heads are in use and can 
be operated with the same electronics. 
1.  Ro 0 for a diameter range of .OS0 in.-.32 in. (2-8 mm).  
2 .  Ro I from A in.-1 in. (5-25 mm). 
3. Ro I1 from 
4. Ro 111 from 2 in.-5 in. (50-125 mm).  

Ro 0, which is applied for the inspection of thin wires at 
a high test speed, has 100 rev/sec and four pick-ups, i.e. 400 
test lines/sec. The largest rotating head Ro I11 has 40 rev/sec 
and two pick-up coils i.e. 80 test lines/sec. 

Figure 17 shows the electronic cabinet of the circograph 
and the rotating heads Ro I, Ro 11, Ro 111. The rotating heads 
Ro 0, Ro I1 and Ro I11 have pick-up coils that are not in con- 

in.--l$ in. (20-60 mm).  

WITHOUT AUTOMATIC GAIN CONTROL WITH AUTOMATIC GAIN CONTROL 

VARIATION IN SPACING 02" VARIATION IN SPACING 02"  

VARIATION OF SIGNAL 8 0 %  

Figure 18. Defect signal of the circograph with and without automatic gain control. 

tact with the surface of the test material. According to the 
diameter of the test parts the pick-ups rotate around the semi- 
finished product in a distance between .010 in. and .12 in. 

The pick-up coils in the test coils have several functions: 
1. defect inspection; 2. mcqsurement of the spacing 

between pick-up and test piece; 3. switching off of the amplifier 
when the leading or trailing end of the semi-finished product 
passes the pick up coil; 4. generation of a control signal showing 
the degree of centring of the test part in the rotating head; 
5 .  measurement of geometric properties of the material under 
test (out of roundness, diameter). 

In addition to the defect signal, the complex pick-up coil 
generates a voltage which is only a function of its distance from 
the surface of the test piece. This "lift-off voltage" is used for 
the automatic gain control of the defect signals. According to 
Figure 12 the defect signal decreases when the spacing between 
the pick-up coil and the test piece increases. The lift-off voltage 
of the pick-up coil automatically controls the gain of the 
amplifier whenever the spacing between pick-up coil and test 
piece varies as in the case of a decentred or oval test piece. 

In a certain range of spacing a specific defect will be 
signalled with the same amplitude no matter how large the 
spacing between the pick-up coil and the test piece. The lift-off 
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voltage controls the gain of the amplifier automatically so that 
the gain increases with increasing spacing. 

Figure 18 shows a defect signal obtained from a defect 
in a bar. The bar was placed in the rotating head and decentred 
in various steps. By this means the distance between the defect 
and the rotating coil was varied. The traces of the oscilloscope 
on the lefi-hand side in Figure 18 show the variations of the 
defect signal without automatic gain control. The variation of 
the amplitude of the defect signal is 5:l.  The traces on the 
right-hand side were obtained after using the automatic gain 
control system. The defect signals remain practically constant. 

For an eccentric position or an oval test piece this auto- 
matic gain control for the signal of a rotating pick-up coil is 

Figure 19. So-called folds in a seamless tube shown on the screen by representa- 
tion of the "lift-off voltage". 

of general importance. If a round test piece is decentred the 
lift-off voltage is modulated with the first harmonic of the 
rotational frequency ( i f  the pick-up coil makes one turn around 
a decentred round test piece there is one maximum and one 
minimum of the lift-off voltage). The display of this modulated 
lift-off voltage on the oscilloscope makes it possible to find out 
amplitude and direction of the eccentricity of the test piece in 
the rotating head. The lift-off voltage, which is modulated with 
the first harmonic, is used for mechanically balancing the 
rotating head in order to ensure an optimum centring of the 
test pieces while they travel through the test head. For an 
accurate geometric balancing of the test heads it is only neces- 
sary to adjust the position of the test head to a minimum 
modulation of the lift-off voltage. If the test piece is oval the 
lift-off voltage will be modulated with the second harmonic 
of the ro'ational frequency of the test head. 

Finally, the centre-line average of the lift-off voltage is a 
function of the diameter of the test piece. In addition to the 
crack detection the pick-up coil rotating in a distance around the 
test piece can be used for the determination of physical proper- 
ties such as diameter, ovality, etc. 

Another example in which the lift-off voltage gives impor- 
tant information is for the detection of folds in the tube. In 



Figure 20. Rotating head of the circograph with the slip rings for every channel 
for paint-marking defects a t  their accurate location. 

seamless tubes such folds occur from time to time as Figure 19 
shows. As these folds represent only a geometric distortion but 
no separation of material, normally they cannot be found by 
means of eddy-current methods with encircling or rotating pick- 
up coils. Such coils are specifically designed for suppressions of 
such geometric effects. The lift-off voltage, though, indicates such 
folds as shown in Figure 19. The same is true for the display 
of so-called overfills and underfills in round billets. 

In the inspection of heavier round material such as billets 
and tubes it is desirable to paint-mark the section in which 
there is a defect. Such a defect can be any place along the cir- 
cumference of the test piece. For this reason the defect should 
be marked in its exact position on the circumference and, of 
course, its axial position. This is important if the defect must 
be conditioned. Paint-marks on the accurate location of the de- 
fect are obtained by panelling the circumference in 12, 16 or 24 
“channels” according to 30° ,  22.5” or 1 5 O  of the circumference 

SENSlVlTY RANGE OF VARIOUS PICK-UP COIL SYSTEMS 

DEFECT SIGNALS AS A FUNCTION OF THE CRACK DEPTH 

SIGNAL SIGNAL 

AR71FlClAL CRACKS IN STEEL 
1 , l m r n l  MATERIAL 115 C r V  3 
BRIGTH ORAWN 

OF 
Cmml 

PICK-UP COlLII 
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Figure 21. Sensitivity range of two pick-up coil systems for the lower and upper 
diameter range of the circograph. 

of the test coil. There is a spray gun for every channel. Figure 
20 shows the rotating head of the circograph with the slip rings 
for every channel. When a defect in the test material is de- 
tected the spray gun which belongs to the “channel” of this de- 
fect will be operated. Of course, there is a defined time delay for 
operating the spray guns according to the distance between the 
spray guns and the pick-up coils and according to the speed of 
the material under test. 

In the lower size range of the circograph (e.g. wire inspec- 
tion with Ro 0) much smaller defects must be found than in the 
upper size range (e.g. Ro 111). For thin wires, defects as shallow 
as .001 in. (.025 mm) must be detected but quantitative measure- 
ments in the range of depth deeper than .020 in. (.5 mm) are not 
of interest. 

For the large sizes, however, only defects deeper than .008 
in. (.2 mm) are of interest but it should be possible to discrimi- 
nate between a defect of .080 in., .120 in., .160 in. (2, 3 or even 
4 mm). For this reason various pick-up coils for the various size 
ranges of the circograph were developed. Figure 21 shows the 
defect sensitivity of two pick-up coils for the lower and the upper 
size range. 

Figure 22. Suppression of the noise level by phase control. 

The theoretical and experimental investigations of the pick- 
up coil showed that by principle it is not possible to cover the 
ranges of both the lower depth (.02 through .5 mm) and the 
higher depth of defect (.2 through 5 mm). For achieving a good 
defect resolution of pick-up coils it is necessary to design their 
shapes as well as the layout of the test instrument such that there 
is a maximum phase angle between effects of defects and effects 
due to the geometric properties such as diameter, out-of-round- 
ness or roughness. Figure 22 shows an example of a defect signal 
of a defect with a depth of .003 in. (.08 mm). In the upper oscil- 
lograph curve the defect signal is nearly buried in the noise which 
is caused by geometric effects. In the lower oscillograph curve 
this noise due to roughness has been suppressed to a great ex- 
tent by turning the instrument to an optimum phase selection. 
Figure 23 shows various defect signals and some of the corre- 
sponding micrographs with chromium steel parts having a diam- 
eter of .120 in. ( 3  mm.). The amplitude of the defect signal 
depends on the depth of the defect as well as on its direction 
with reference to the surface. Normally the depth of a defect 
is defined by its component vertical to the surface. If a defect 
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Figure 24. Correlation between depth of defect and defect signal found by 
circograph experiments. 

is inclined to the surface (e.g. a lap) there is a higher signal 
compared with a signal of a vertical crack. This can be clearly 
seen in Figure 23.  Frequently for specific grades of steel speci- 
fic types of defects will prevail. An example of this is given in 
Figure 24.* There is a comparatively good correlation between 
the depth of defect and the defect signals. The data found by 
experiment show the relatively narrow band of error. 

Comparison of Eddy-Current and Magnetographic Defect Signals 

For a finished surface there is a good resolution by the eddy- 
current method. For hot-rolled material the defect resolution 

* F o r  the results of Figure 24 we are indebted to Klockner Werke 
AG, Georgsmarienhiitte, W. Germany. 
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Figure 25. Comparison of the eddy-current and magnetographic methods on 
scaled and descaled steel rounds. 

GUDGEON PIN APPROX 1.5" 
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Figure 26. Comparison of eddy-current and magnetographic method on finished 
parts. 

depends on scale conditions, its composition, its thickness and 
the presence of sharp edges. 

For a long period numerous circographs have been success- 
fully applied for the inspection of hot-rolled, semi-finished 
products. Nevertheless, the limitations of the circograph 
method which is given by thick scale must be mentioned. In 
Figure 25 the upper oscillograph curves show that the signals of 
three defects with depths of .012 in., .024 in., .036 in. ( . 3 ,  .6 and 
.9 mm) are nearly buried in the background noise due to the 
scale. After the thick scale was removed the background noise 
was so far reduced that there was a good signal-to-noise ratio. 
(For the defect which is .9 mm deep the gain was reduced by 
30% in order to see the full signal on the screen.) 

In the bottom line in Figure 25 the signals obtained with 
the magnetographic method are shown. These measurements 
were made in the as-rolled condition before the scale was re- 
moved. 

This example of heavily scaled material should be com- 
pared with another example of material with a finished surface. 
Figure 26 shows the indication of a very small seam in a gud- 
geon pin. The test parts were inspected with both eddy cur- 
rents and magnetography. The top line shows defect signals 
obtained by the eddy currents and the bottom line those obtained 
by magnetography. In Figure 26 the resolution of both methods 
is almost equally good but it should be noted that-as shown in 
the two right hand traces-there can be no indication of a sub- 
surface defect with eddy-current pick-up coils. 



Figures 1-4 as well as 22-26 give important information for 
choosing the optimum test method. 

1. For test parts having a surface that is not very rough, 
the eddy-current method utilizing a rotating pick-up coil is rec- 
ommended. For defects open to the surface, the inspection is fast 
and has a good defect resolution. 

2. Of all known nondestructive test methods the magneto- 
graphic method depends least on surface conditions. Both sur- 
face and subsurface defects are detected. For applying the mag- 
netographic method, though, it is necessary that the test parts be 

Figure 27. Rotating disc with eddy-current pick-up coil for the defect inspection 
of  Rat material. 

Figure 28. Rotating disc with eddy-current probe for the continuous inspection 
of welds for surface defects. 

magnetized by a yoke or a direct current during the full time of 
inspection. Only hardened test parts such as gudgeon pins, ball- 
bearing parts etc. can be magnetized before the test because in 
this case the residual field can be used. 

3. When there is heavily scaled material the magnetographic 
test method is superior, but when finished parts or, for example, 
hot-rolled straightened bars are to be inspected the eddy-cur- 
rent method is simpler because there is no need for magnetizing. 

4. Eddy currents can be applied by utilizing encircling dif- 
ferential coils or rotating absolute pick-up coils. I t  is most advan- 
tageous to use a combination of encircling coils and rotating 
pick-up coils. The encircling coil detects even very short surface 
and subsurface defects but it does not have the same sensitivity 
for very small depth-variation. Such surface defects are indicated 
with full sensitivity by the rotating pick-up coil. In this case it is 
not necessary that the rotational speed of the pick-up coil be very 
high because the pitch of the scanning helix can be fairly large 
as the short defects are detected with the encircling coils. 

Eddy-Current Pick-up Coils in Rotating Discs 

There are various applications in which flat material has to be 
inspected for surface defects. Figure 27 shows such a rotating 
disc in which field focussing pick-up coils are mounted. The disc 
has a rotational speed of 50 to 60 rev/sec and there are four 
pick-ups on the circumference of the disc. Therefore there are 
200 to 240 scanning linedsec. 

The disc is moved along, for example, the surface of a strip, 
similar to moving a vacuum cleaner. Thus, surface defects are 
detected. For larger sheets several rotating discs can be applied 
parallel to one another. 

There are other applications in which a rotating disc has to 
inspect only a certain area e.g. each disc has to look at one side 
of a rectangular or hexagonal bar or the faces of stainless steel 
billets. 

Figure 28 shows another example of a small rotating disc 
as it is applied for the testing of electrically welded tubes. Note 
that this application is for the detection of surface defects only. 
For surface defects the defect signals are fairly well proportion- 
ate to the depth of defects and they do not depend on their width. 
The rotating disc shown in Figure 28 maintains a relatively ac- 
curate acceptance limit. Although the resolution of the system 
is much higher it has proved to be of greatest interest to monitor 
all defects deeper than 12.5% of the wall thickness as claimed 
by the API standards. 

Figure 29 shows a comparison of the eddy-current pick-up 
coil with the magnetographic method in the example of a welded 
tube with a diameter of 4 in. (100 mm). In the top line of Figure 
29 the defect signals which were obtained with rotating eddy- 
current discs are shown. The bottom line shows the correspond- 
ing magnetography signals. The two lines in the middle show 
the peak-writer records of the eddy current and of the magneto- 
graphic method. The charts represent the full length of the tube. 
Figure 30 shows the micrographs which belong to the four de- 
fect signals in Figure 29. 

If the question is to find, record or paint-mark surface de- 
fects only (e.g. in a welding line) the eddy-current method with 
rotating disc and 200 to 240 scanning lines/sec is very suitable. 

A combination of the encircling coil method with the 
rotating disc in a welding line is also advantageous because 
under these conditions surface defects in the weld which have 
a very constant depth will be indicated with the full sensitivity 
by the rotating disc and encircling coils will detect short defects 
as well as I.D. defects. 

MAGNETIC AND EDDY-CURRENT METHODS 217 



TUBE WITH LONGITUDINAL WELD 4’ 

Figure 29 
Comparison of the eddy-current 
method (rotating disc with pick-up 
coil) with the magnetographic 
method for testing welds in steel 
tubes. 
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New Components for Automation of Nondestructive Testing 

More and more nondestructive testing methods operate as an 
integral part of fully automated installations. Therefore new 
auxiliary components have to be developed. In  this paper the 
following new devices for automation are discussed. 1. prox- 
imity feelers; 2. slit monitors; 3. weld follower. 

1. The proximity feeler should monitor: a )  that the product 
to be tested is in a certain location; b) that the leading or 
trailing edge of the weld has arrived at the feeler; c )  that the 
joint area has arrived in a certain location if the material under 
test is transported ‘hose to tail”. 

In a “nose to tail” operation photo-electric gates can no 
longer be used for monitoring. For proximity feelers in many 
phases barium-titanate crystals have been used in a magnetic 
bridge arrangement. But semi-finished products such as tubes 
and bars frequently have strong magnetic poles at their ends. 
For this reason disturbances are unavoidable when such mag- 
netic direct field proximity feelers are used. Proximity feelers 
working on the induction principle are also in use but these 
have only a very short operating range. 

The goal of this development was a proximity feeler which 
could monitor the leading or the trailing end or the joint area 
with an accuracy of a few millimetres. The distance of the 
feeler from the test material had to be as long as 1-14 in. As 
the result of such a development Figure 32 shows the voltage 
of the proximity feeler while passing the leading or trailing end 
or a joint area. The distance between the feeler and the material 
under test was l& in. (30 mm).  The monitor is operated when 
the voltage goes through zero. This proximity feeler gives 
monitor pulses when the leading edge and the trailing edge or 
the joint area pass along. The pulses do not depend on speed 
and temperature of the material under test. If the ends or the 
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joint area of the semi-finished product are far away from the 
proximity feeler, its voltage approaches zero. In  another design 
of this feeler an additional voltage is obtained as long as the 
product is near the feeler. Thus, there is an additional dis- 
crimination between “product there” and “no product there”. 

2. The slit monitor is used for monitoring open welds. I t  
is known that with differential coils only the beginning and the 
end of entirely open welds are detected. Figure 32 shows an 
eddy-current test system for welded tubes with a slit monitor 
coil. The electronic modules of this monitor are in the bottom 
rack of the cabinet. 

The large diameter range in which such a slit monitor 
coil can operate is remarkable. For the whole range of tube 
diameters between t in.-12 in. (10 and 300 mm) only two 
easily exchangeable coils are needed. In a coil with an inside 
diameter of 4 in. (100 mm) tubes in a diameter range of 

Figure 33 shows the voltage across the module terminals 
of the slit monitor as a function of the tube length. In  the 
tubes with diameters of % in., 2 in., 3: in. (20, 48 and 
90 mm) there were two slits with 8 in. and 24 in. (200 and 
600 mm) each. The slit monitor signals three conditions: 

a )  tube with good weld: voltage = 0; b) tube with slit: 
voltage positive; c )  no tube in coil: voltage negative. 

For a tube with S in. (20 mm) diameter which is in a 
coil having an inside diameter of 4 in. (100 mm) the fill factor 
is only 4%. Even under these conditions the voltage due to a 
slit in the tube is as much as 2 volts without any amplification. 

3. The weld follower is used for accurately guiding test 
systems on the weld e.g. the rotating discs with eddy-current 
probes Figure 28. Such a device is needed because in a welding 
line there is very often a wandering of the weld. In the weld 

in.-34 in. (15-90 mm) can be tested for open welds. 
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Figure 31. Voltage of proximity feeler when passing along the leading or troiling 
edge or the joint area of the tube. Distance between the proximity feeler and 
t u b e = l i  in. (30 mm). 

Figure 32. Eddy-current test installation for in-line weld testing with slit monitor 
and defect test coil. 

follower a specific eddy-current probe is used. The probe feels 
the difference in permeability between the weld and the vicinity 
of the weld which was not heated during the welding process. 

The standard distance of the weld probe to the surface is 
3 in. (10 mm).  Figure 34 shows the voltage across the terminals 
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Figure 33. Voltage of slit monitor for good tube, open weld or for no tube. 
Tube diameters: approx. +% in., 2 in., 3; in. (20, 48 and 90 mm). 
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Figure 34. Voltage of weld-finder as a function of its transverse aberration 
from the weld. 
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Figure 36. Four parallel instollations for nondestructive eddy-current testing of 
tubes. 

Figure 35. Automatic eddy-current test line for the simultaneous inspection of 
semi-finished products for defects and quality. 

of the probe (without amplification) as a function of its trans- 
verse aberration from the weld. While the weld probe travels 
across the centre of the weld the voltage goes through zero 
with a very steep slope. With this voltage a servo-motor is 
controlled and resets the probe automatically to the weld if 
the latter has been wandering. The accuracy is approx. .040 in.- 
.080 in. (1-2 mm).  The probe and the test system are fixed in 
one ring mount. Thus, the probe follows thk weld in any direc- 
tion it may wander. 
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Fully Mechanized Installations for Nondestructive Testing 

There is a strongly increasing tendency for setting up fully 
mechanized test lines with 100% inspection of production. The 
above mentioned progress in the field of nondestructive testing 
by means of electro-magnetic methods is important because: 

1. the electro-magnetic test methods are specially suitable 
for automation; 2.  the test speed is very high and can be as 
fast as 8000 ft/min (40 m/sec); 3. there is no need for 
touching the material during the test; 4. the tests are possible 
under extreme temperature conditions, up to 1000°C (1800°F);  
5. the material under test remains dry so that several test pro- 
cedures (e.g. for defects, mixtures, dimension, length, wall 
thickness and shape) can be adapted simultaneously. As an 
example of a combined inspection Figure 35 shows an automatic 
installation for simultaneous inspection for defects and quality 
(mixtures, hardness etc.) . 

In  the foreground the test coil for quality is visible. Behind 
it there is the magnetizing yoke with the defect test coil. On the 
left hand side the control desk is seen on which the test opera- 
tion is started by pushing a button and from there on the whole 
test procedure keeps going in a closed-loop system. 

Such control desks are built for complicated test, sorting 
and conditioning procedures. In a welded line for instance it 
may be necessary to cut the tubes into sections of definite length 
but defective parts of the tube have to be cut out automatically. 
The proximity feelers will follow these defective tubings on their 
path while they are singled. At the end of the test line the tubes 
will be automatically sorted into groups-“good”, “defective” 
or “scrap”. 

Numerous complicated test programs have been realized 
with such mechanized installations. 

Figure 36 shows for parallel large installations for the non- 
destructive testing of tubes (of the fourth installation in the fore- 
ground only the support is visible). The tubes travel through the 
installation 24 hours a day with a speed of 400 ftlmin ( 2  m / s x ) .  
They are inspected for O.D. and I.D. defects and for folds. In 
the installations, Figure 36, encircling coils and rota:ing pick-up 
coils are successfully combined. 
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Removal Techniques in Penetrant Inspection Processes, 
Their Development and Effect on Sensitivity 

R. E. BIRLEY, N. H. HYAM and J, TEBBENHAM, U.K. 

Introduction 

The history of penetrant inspection processes may be traced 
back to the simple oil and chalk methods in use a good many 
years ago. From this comparatively crude, but effective tech- 
nique, modern penetrant inspection processes, based on visible 
and fluorescent dyes and utilizing a separate penetrant remover., 
were developed. 

The incentive, especially in the aerospace industries, to 
develop these processes, is provided by the constant demand to 
improve the weightlstrength ratios of engineering components, 
SO that stresses have approximated ever more closely to the 
yield point of the materials of construction. 

Consequently, the need has arisen to find surface discon- 
tinuities of ever decreasing dimensions, which can lead to 
premature failure during service. Because the materials of con- 
struction used in the aerospace industries are largely non- 
magnetic and thus preclude the use of magnetic-particle 
inspection, the need for sensitive penetrant inspection processes 
becomes apparent. 

Principles 

The principles underlying all penetrant inspection processes 
may be summarized thus : 
Penetration 
Penetrant is applied to the surface under examination and 
allowed to remain in contact sufficiently long to permit it to 
enter any discontinuities that may be present and which are 
open to the surface and free from contamination. 

Removal of Excess Penetrant 
The excess penetrant is removed from the surface of the com- 
ponent, leaving behind the entrapped penetrant in the discon- 
tinuities. 
Development of the Penetrant Indications 
The entrapped penetrant is drawn to the surface by means of 
a suitable developer to give a magnified indication of the 
discontinuity. 

Performance 

Several factors determine the performance and sensitivity of 
penetrant inspection processes : 

1. The physical properties of the penetrant, which include: 
(a) The ability of the penetrant to enter a defect of minimal 
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dimensions; ( b )  The weight of dye per unit volume of penetrant 
thus carried into the defect, i.e. the solubility of the dye in the 
pene:rant; (c)  The optical properties of the dye; its thin film 
characteristics, i.e. the minimum thickness of dye solution film 
which, when subjected to ultraviolet irradiation, is visible; and 
the intensity of the visible light emitted by it under standard 
conditions of ultraviolet irradiation; 2 .  The physical nature and 
condition of the surface to be examined and its preparation for 
penetrant inspection; 3. The nature of the discontinuity, its 
geometry and dimensions; 4. It is also necessary that the dis- 
continuity be open to the surface and free from contaminants, 
including residues of cleaning compounds, which could preclude 
the entry of the penetrant or impair the fluorescence of the 
dyes; 5. Method of removing excess penetrant; 6. Nature of 
the developer. 

Removal Methods 
It is considered that, provided penetrant has entered a defect, 
the most critical and very often abused step in the penetrant 
inspection process is the removal of excess penetrant; and it is 
this particular aspect of penetrant inspection which is discussed 
in detail. 

Four methods of penetrant removal are generally used: 
1. Water rinsing; 2.  A combination of water rinsing and 

solvent removers; 3 .  Solvent removers; 4. A combination of 
an emulsifier and water rinsing. 

The object of all the above methods is to remove the 
excess penetrant from the surface and at the same time, allow 
the entrapped pene:rant to remain behind in discontinuities 
open to the surface. 

It is not easy to achieve this on a wide variety of materials 
and surface finishes with one penetrant; yet to a large extent, 
the success of the penetrant inspection process in locating 
surface discontinuities depends on this step. If the penetrant 
remover is too searching, then penetrant can be removed from 
surface discontinuities; on the other hand, if excess penetrant 
is incompletely removed, a high degree of background colour 
will remain which will reduce contrast and mask fine defect 
indications. 

Of the four methods listed, numbers 1 to 3 are generally 
used in conjunction with red dye penetrants, while method 4 
is generally preferred for use in conjunction with fluorescent 
penetrants. Most fluorescent penetrants are water insoluble and 



hence are not directly water washable; to render them SO, 
requires the use of an emulsifier. The emulsifier may be in- 
corporated in the penetrant, or it may be applied as a separate 
operation. 

Water-Washable Penetrants 

Water-washable penetrants are formulated by incorporating 
surface-active agents in the solvent system. By varying the 
percentage of surface-active agent and its hydrophilic/lipophilic 
balance, the response of the penetrant to water washing can be 
controlled and adjusted. The term hydrophiWlipophilic balance 
is explained more fully later. 

The degree of susceptibility to water washing desirable in 
such a penetrant, is dictated by the surface texture of the com- 
ponents to be examined and the level of sensitivity required. 

Rough surfaces, such as are presented by castings or shot- 
blasted sheet metal, require penetrants having exceptionally 
good response to water washing. However, high levels of water 
washability on difficult surfaces, can only be achieved at the 
expense of sensitivity, in the sense that there is an increased 
risk of washing penetrant out of fine, shallow defects. 

Therefore, water-washable penetrants are generally reserved 
for Iess critical applications and are not normally used on 
highly stressed components. Ideally, a water-washable penetrant 
should be formulated for a specific surface condition. In prac- 
tice, a range of two or three penetrants with varying suscepti- 
bility to water washing are sufficient to cover a wide range of 
applications. 

Penetrant Removers 

If a penetrant is not emulsifiable and therefore not directly 
water washable, then it must be exposed to a penetrant remover 
that will render it susceptible to water washing. For this type 
of process, the penetrant remover is applied as a separate opera- 
tion. The sensitivity of the process can be controlled by varying 
the contact time between the penetrant and the remover. 
Experience has shown that these contact times are critical if 
maximum sensitivity is to be achieved. It has also been shown 
that if the surface film of penetrant is uniformly even and thin, 
only very brief contact times are required, thus contributing to 
the sensitivity of the process. 

The action of a penetrant-compatible remover depends on 
the mutual solubility between it and the penetrant. Therefore, 
the contact period must be kept quite short, if appreciable 
dilution of entrapped penetrant is to be avoided. 

It was therefore argued, that if a penetrant remover could 
be formulated in which the penetrant was insoluble, then the 
danger of dilution could be removed entirely. Also, if such a 
penetrant remover possessed high water tolerance, it would 
become possible to use a sprayed water rinse prior to immersion 
in the penetrant remover. This would ensure that a thin uniform 
film of penetrant covers the component. 

It was considered that a penetrant remover, based on 
water and therefore insoluble in the penetrant, would satisfy 
two important requirements for achieving high sensitivity, 
namely: the presence of a uniform thin film of penetrant and 
the elimination of the risk of diluting entrapped penetrant or 
even removing it entirely by excessively long periods of contact. 

Development work was therefore carried out, using dilute 
solutions of non-ionic surface-active agents, to test the validity 
of this argument. Large-scale trials were carried out on turbine 
blades that had been in service. These blades were electro- 
polished and subjected to careful binocular inspection to identify 
all defects. 

Figure 1. Typical fir-tree serrations an turbine disc. 

Subsequently they were subjected to penetrant inspection, 
using high-sensitivity fluorescent penetrants, in one case with 
penetrant-compatible removers, and in the other with aqueous 
penetrant removers. 

Further tests were carried out using a standard sensitivity 
fluorescent penetrant, again once in conjunction with a pene- 
trant-compatible remover and once with an aqueous penetrant 
remover. 

The results of these tests showed that a significantly higher 
level of sensitivity can be achieved with a given penetrant when 
used with an aqueous penetrant remover. 

This novel approach to penetrant removal was the result 
of close collaboration between the user of the penetrant inspec- 
tion process and the formulator. The idea was taken up by the 
aero-engine division of Rolls-Royce Ltd., and for several years 
the inspection of critical jet engine components has been car- 
ried out using a standard sensitivity penetrant in conjunction 
with a carefully formulated hydrophilic penetrant remover, 
such as ARDROX 9PR4 manufactured by Brent Chemical 
Products Ltd. 

In view of the great importance of the penetrant removal 
operation, it is useful to consider penetrant removers in some 
detail. Because most penetrants are based on an oil-soluble dye 
system, the removal of excess penetrant, other than by liquid 
or vapour-phase solvent, depends on the formation of an emul- 
sion with an aqueous cleaning phase. 

An emulsion is a dispersion of one normally immiscible 
liquid in another. One liquid will be present as discrete 
droplets-the disperse phase-distributed through the other 
phase-the continuous phase. If the two phases are oil and water, 
it is possible to obtain two different emulsion systems, oil in 
water and water in oil. For the present purpose, only the oil-in.- 
water system is considered. Oil may be dispersed in water by 
the application of mechanical energy, but the emulsion so pro- 
duced is coarse and unstable. However, by the addition of a 
surface-active agent, the emulsion becomes fine grained, more 
stable and requires less mechanical energy to produce. If suffi- 
cient suitable surface-active agent is used, the emulsion can 
form on single contact of the phases. In this case, the chemical 
energy of the surfactant on its own produces an emulsion. 

The chemical energy is manifested as a tendency of the 
surfactant molecules to reduce interfacial tension, to diffuse 
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rapidly to the phase interface, stabilize it and to occupy the 
maximum area. This latter function is accomplished by the 
formation of small droplets. 

These properties of surface-active materials are derived 
from the presence in the molecule of two groups differing in 
their polar nature. Highly polar groups, such as the sulphate, 
sulphonate and quaternary nitrogen groups, together with the 
non-ionized less polar groups such as the ether, ester and amide 
groups, confer a tendency to water solubility and are termed 
hydrophilic groups. The hydrocarbon portion of the surfactant 
molecule will confer a tendency to oil solubility and is termed 
a lipophilic group. The relative power of the two types of groups 
within a surfactant molecule is often referred to as the hydro- 
philicllipophilic balance, or H/L balance of the surfactant. 

While ionizing polar groups are individually more highly 
hydrated than non-ionizing ones, an adequate total degree of 
hydration can be achieved if a sufficient number of non- 
ionizing polar groups are present. The extent to which the 
molecule is hydrophilic can thus be varied in smaller steps, 
since the effect of each non-ionic polar group is smaller. It 
has been suggested that one sulphate group is approximately 
equal to four polyether groups of the ethanoxy type. 

Such non-ionic surfactants give the choice of a finely 
graded range of H / L  values apart from other associated ad- 
vantages such as the absence of ionizable matter and poten- 
tially corrosive inorganic residues. 

The removal by emulsification of excess penetrant from 
the surface of a component is achieved by applying a separate 
solution of an emulsifier after the penetrant contact period has 
elapsed. The emulsifier, consisting of a blend of surface-active 
agents in a non-volatile solvent medium, diffuses into the pene- 
trant layer; on subsequent water washing, the penetrant residues 
are converted into an emulsion in the water stream and carried 
away. 

The surface-active agents have a fairly low H/L balance 
to confer on them solubility in the solvent. More efficient re- 
moval of excess penetrant can be achieved by increasing the 
H/L balance with the attendant risk of removing also very fine 
indications. 

Penetrant removers, incorporating a surfactant, with ex- 
cessively low H/L balance will leave a heavy background 
fluorescence. The margin between the two effects is often small 
and so the availability of penetrant removers with a finely 
graduated range of H / L  balance is of great importance. 

Another important consideration is the effect of the surface 
texture of the component on penetrant-removal efficiency. A 
relatively rough surface, as on a casting, requires an emulsifier 
with a higher H / L  balance than one to be used on a smooth 
machined surface. 

The Hydrophilic Removers 

These consist of aqueous solutions of surface-active agents and 
corrosion inhibitors. They are generally prepared in the form 
of concentrates, capable of dilution with up to twenty times their 
own volume of water, before use. The surface-active agent 
system is highly hydrophilic and is insoluble in the penetrant as 
is the penetrant in it. It is this mutual insolubility which pre- 
vents any dilution of entrapped penetrant and consequent 
weakening of indications. 

Its mode of action is probably a wetting process, whereby 
the reduced interfacial tension results in the oil phase of the 
penetrant being displaced by the aqueous remover. 

Although hydrophilic penetrant removers form emulsions, 
these are not stable. This has the advantage that it makes easier 
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the disposal of effluent arising from such a process. Additional 
advantages attaching to the use of hydrophilic removers are:- 

1 .  They are not sensitive to contamination by water, and 
it is therefore possible and in some cases desirable, to rinse 
components with water only prior to immersion in the penetrant 
remover; this technique, which ensures the presence of an 
even thin film of penetrant over the entire area of the com- 
ponent, reduces the penetrant remover contact time required 
and therefore enhances sensitivity. It is not possible to use this 
method with the conventional penetrant-compatible remover, 
which is sensitive to water contamination. This technique also 
minimizes the amount of penetrant contamination carried into 
the remover and therefore extends its useful service life; 
2. Although it is always desirable to minimize the penetrant 
remover contact time, this is in fact less critical in the case of 
hydrophilic removers, because of the mutual insolubility of the 
penetrant and the remover; 3. Hydrophilic penetrant removers 
are more economic by a factor varying between 5 and 20, 
according to the strength of the solution used. 

Alternative methods of removing excess penetrant are 
provided by the use of what has been described as particulate 
removers. These methods have the merit that the danger of 
removing entrapped penetrant is practically absent, because the 
medium is in contact only with the surface of the metal and 
cannot enter into a defect. 

In  order to minimize the possibility of metal removal and 
peening over fine defects, plumstones, or similar materials of 
low abrasive properties, are used. The technique, known as 
‘plumstone blasting’ has been used successfully and was found 
to be very sensitive. However, it is a rather tedious process and 
has found application only to a limited extent, such as for 
example, on turbine blades where very fine thermal shock 
cracks are sought. 

Another abrasive technique described as ‘vibratory bar- 
relling’ involves the use of an apparatus capable of being 
vibrated mechanically. It consists of a barrel filled with ceramic 
chips, preferably of triangular cross-section, and about t in. 
size. The components to be treated in this manner are dispersed 
throughout the marble chips and the vibratory motion com- 
menced. While the sensitivity achieved by this penetrant- 
removal technique is good, it has not found acceptance because 
mechanical damage can occur during this operation and not all 
surfaces of the components are cleaned satisfactorily. 

Finally, a recent development in penetrant-removal tech- 
niques is represented by the use of a continuously moving 
column of foam. The initial impetus for investigating this 
method was provided by the necessity of inspecting the fir-tree 
slots on turbine discs for fatigue cracks. 

turbine disc 
foaming agent 
pokoua sinter 

I oompresaed air 
(5 P . S . i . )  

Figure 2. Rig used to remove penetrant with a foaming agent. 



Using conventional penetrant-removal techniques, it was 
not found possible to achieve sufficiently low levels of back- 
ground fluorescence to enable the very fine fatigue cracks to 
be clearly distinguished. Conversely, when background was 
completely removed by excessive washing, the indications were 
similarly removed. 

I t  has been found that if a gentle stream of air is passed 
through a dilute solution of a hydrophilic remover, such as 
ARDROX 9PR4, a foam is generated which, if allowed to 
travel over the penetrant-contaminated surface, will clean it 
very efficiently. An interesting point about this is that although 
almost complete absence of background fluorescence is achieved, 
no penetrant is removed from even the finest cracks and in- 
dications are very clearly revealed. 

For this method to be successful, it is necessary that the 
foam should be moving continuously over the surface. Trials 
have been carried out with this technique on turbine discs with 
known cracks. The defects had been previously located by first 
of all etching the discs anodically and subsequently inspecting 
them with a binocular microscope with X 15 magnification. 
Only 20 per c2nt of the defects were revealed by a standard 
penetrant inspection process using liquid penetrant removers, 
whether lipophilic or hydrophilic, and owing to high background 
fluorescence, they were difficult to identify. 

When examination with the same penetrant was repeated, 
using the foam removal technique, 80 per cent of the known 
defects were readily identified. A third examination, using a 
high-sensitivity penetrant in conjunction with the foam removal 
technique, revealed all the defects with complete absence of 
background fluorescence. Subsequent metallurgical examination 

Discussion 

Q. J. D. MARBLE, General Electric Co., Cincinnati, USA: 
Would foam penetrant removal techniques work well on vapour 

blasted (water suspended grit) surfaces? 
Is dry developer or wet developer preferred after foam penetrant 

removal technique? 
A. Foam, removal technique would be effective on vapour blasted 
surfaces. However vapour blasting is not recommended as a surface 
treatment prior to penetrant inspection, as it is an established fact 
that vapour blasting can peen over the mouths of cracks in a wide 
variety of materials and prevent penetrant from entering the crack. 

Generally a dry developer is preferred; however, the use of wet 
dip developers is not precluded if the geometry of the component is 
suitable. 

revealed that these cracks were very tight and varied in depth 
from ,001 to .04 inch. 

These results appear to show that the sensitivity of pene- 
trant inspection can be increased considerably by the use of 
this technique. 

The efficiency of foam removal is probably due to a num- 
ber of factors, among them:- 

(a)  The increased surface energy associated with bubbles 
compared with the liquid phase. This view is supported by the 
rapid rate at which removal takes place; (b) The prevention of 
redeposition and the renewal of active foam provided by a 
continuously moving stream. 

A possible view of the process is that of a rapid displace- 
ment or rolling-off action, in which the oily penetrant is carried 
away as small eroplets at the junc:ion between the foam 
lamellae. 

The foam removal technique is considered to have a great 
potential not yet fully explored. The major limitation IO the 
technique at present is the geometry of the component, which 
makes it difficult to fulfill the requirement that there be a free 
flow of foam over the surface to be cleaned. 

In conclusion, it can be said that these developments in 
removal techniques amply illustrate the importance of this 
aspect of penetrant inspection in attaining maximum sensitivity. 
In fact, the levels of sensitivity that can now be readily attained, 
bring to the forefront the problem of interpretation and evalua- 
tion of small surface defects previously not revealed. The 
delineation of new siandards in this field should lead to the 
establishment of even higher safety fac:ors for critical applica- 
tions of engineering components. 

Q. DAVID STEIN, Picatinny Arsenal, Dover, USA: 
In quoting increased detectability from 20% to 80% by use of 

the foam method, it was noted that in the sequence of the tests, the 
flaws were already known and located. Did your tests take this into 
account when you gave the increase in detectability? 
A. Yes, the percentages were calculated on the number of known 
cracks. The presence of these cracks had been established by a critical 
metallurgical inspection. The point being that the best convenrional 
penetrant inspection methods were only capable of locating 20% of 
these, whereas using foam removal, 80% were found with standard 
sensitivity penetrants and all known defects found using high- 
sensitivity penetrants. 

Mechanisms Contributing to Fluorescence and 
Visibility of Penetrants 

B. GRAHAM, USA 

Introduction 

Fluorescence is the name of the process wherein a molecule 
absorbs a photon of radiant energy at a particular wavelength, 
then almost instantaneously re-emits it at the same, or a 
slightly longer wavelength. I t  can be distinguished from phos- 
phorescence, wherein the emission process continues over an 
appreciable span of time and at a much longer wavelength. 
Many natural organic materials exhibit some fluorescence, as do 
numerous synthetic ones. Fluorescent penetrants, however, com- 
monly fluoresce whole orders of magnitude more brightly 
than most natural products. 

Electronic Absorption 

Fluorescent penetrants differ from other products because they 
contain one or more fluorescent dyes, compounds that have 
molecular structures especially suited for the production of 
fluorescencz. A necessary, if not sufficient, condition that a 
fluorescing molecule must fulfill is that it absorb electromag- 
netic radiation within a rather specific wavelength range. This 
range lies between 150 mp and perhaps 1000 mp. It  is called 
the electronic absorption range because absorption of photons 
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within the energy range leads to changes in the electronic con- 
figurations of molecules. Absorption of radiation in the infrared 
ranges leads not to electronic changes but rather to changes in 
the vibrational energy of specific atoms within the molecule. 
Infrared radiation therefore is absorbed by specific atoms and 
atom groupings within a molecule, rather than by electrons, 
hence its usefulness in chemical analysis. Absorption of the 
high-energy photons in the short wavelength part of the spec- 
trum leads to complete removal of electrons, rupture of 
chemical bonds and breakdown of the molecule itself. 
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Figure 1. Absorption spectra of benzene and some homologs. 

Ordinary dyestuffs show strong absorption in the electronic 
range, hence their vivid colours. While several types of chemical 
struciures exhibit pronounced elecLronic absorption bands, the 
commonest dyes (both fluorescent and visible) are based on 
benzene rings or structures that closely resemble benzene rings. 
Benzene itself has several absorption bands in the far ultra- 
violet 240 to 2 7 0 - m ~  range. Since none occur within the visible 
part of the spectrum, it is colourless but many compounds con- 
taining one or more benzene rings, connected in certain ways, 
are highly coloured visibly, that is, they contain absorption bands 
in the visible part of the spectrum. 

Figure 1 shows the absorption spectra of a homologous 
scries of hydrocarbon compounds built up from benzene rings. 
Benzene, naphthalene and anthracene absorb only in the ultra- 
violet, while naphthacene and higher homologs have absorption 
bands within the visible region. 

The units employed in Figure 1 are uszd throughout this 
paper. Since other units exist and have wide usage, those used 
here are explained: The abscissa is in wavelength units, milli- 
microns. One millimicron is equal to 10 A units. Millimicrons 
are used to keep the numbers smaller. Other spectral units in 
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common use are frequency and wavenumber (the reciprocal of 
wavelength). These units are used where energy relationships 
are important, as frequency of light radiation is directly pro- 
portional to its energy. We are concerned with light quantity 
rather than energy. 

The ordinate is in units of “e”, the molecular extinction 
coefficient. This is a molecular property, unique for each type 
of molecule and it has a continuous range of values throughout 
the absorption band of the molecule. The peak value of “e” is 
called “emaX”, although many have multiple absorption peaks, 
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Figure 2 .  The absorption spectrum of phenanthrene, plotted with a variety of 
co-ordinate systems (Jaffe and Orchin, p. 12).  

as can be seen in Figure 1. The value “e” itself is one of 
several definable absorption coefficients. Specifically, it is the 
one obtained from the Beer-Lambert law, when exponentials 
to the base 10 are used. The value “e” is also frequently plotted 
as log “e”. When the material under study is unknown, its 
molecular concentration cannot be plotted and no value can be 
calculated for “e”. In this case, ordinary transmission or optical 
density units must be used. Figure 2 shows the absorption 
spectrum of phenanthrene presented in several different ways. 
Note that most plots show a complicated fine structure in the 
300 to 350-niw range, while the “e” plot does not. For our 
purposes, these absorption peaks are too weak to be of any 
interest, and we lose nothing by choosing a coordinate system 
that suppresses them. For other purposes, such as elucidating 
molecular structures and electronic configurations and trapsi- 
tions, this weak, fine structure is important, and researchers 
wou!d choose the log “e” type of presentation. 

It has been mentioned that electronic absorption is accom- 
panied by changes in the electronic configuration of the mole- 
cule in question, not just one or two electrons, but whole 
connected groups of them. In the benzenoid compounds these 
are referred to as T (pi) electrons, and most of the electronic 
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changes in compounds of interest to us, involve changes in 
their distribution within the dye molecules. The wavelength at 
which absorption occurs is of course related to the energy dif- 
ference between the excited electronic state of the molecule 
and the original ground state. 

In an approximate way, the energy levels associated with 
some of the absorption peaks in benzene are illustrated in 
Figure 3. The two highest levels correspond to absorption in 
the far ultraviolet, beyond the range shown in Figure 1. The 
'LI, band in reality is more complex than shown in this simple 
diagram, having at least eight observable peaks in Figure 1. 
The difference is due to the number of simplifying assumptions 
that are inherent in the energy-level diagram. 

In the low-pressure gaseous phase, the absorption spectrum 
of a compound contains many lines, each characteristic of a 
specific electronic change, which occurs at an invariant energy. 
If the compound is again examined in a more condensed phase, 
it is seen that these sharp lines begin to spread out, and even- 
tually fuse into broad bands. Figure 4 shows this .phenomenon 
for benzene. Originally, the electronic processes are unperturbed, 
and only electrons are disturbed when radiation is absorbed. 
At a higher pressure, collisions between molecules begin to 
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Figure 4. Benzene absorption spectra in liquid and vapour states (Gillam and 
Stern, p. 15). 

interfere with the absorption process. Some change of molecular 
shape occurs on impact, which has a slight transitory effect on 
electron distribution. The narrow energy band for each transion 
becomes broadened b6cause the molecules are no longer all 
exactly identical, and the spectral lines become blurred. In  the 
liquid phase, these individual fine lines have by this process 
become smeared into a very few large bands, as molecular col- 
lisions became frequent. 

Fluorescence 
Under ideal conditions, a molecule that absorbs radiation can 
re-emit it at exactly the same wavelength. This has been ob- 
served for a number of simple compounds in the vapour state 
at very low pressures, and is called resonance radiation. More 
generally though, there is some energy loss and fluorescence 
occurs at slightly lower energy, that is, at a slightly longer 
wavelength. This happens because changes in the electronic 
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Figure 6. Generalized energy level diagram for a typical molecule. 

distribution within the molecule can force changes in the shape 
of the molecule. Some of the exciting energy is used up in this 
process, and not quite so much energy is available for re- 
emission. 

Figure 5 shows the configurational changes of a few mole- 
cules that have been elevated into some higher excited states. 
Rigid molecules, like phenol, undergo some dimensional change, 
but flexible molecules change their shape as well. 

Some of the over-all energy relationships are summarized 
by the energy-level diagram for a typical molecule, shown in 
Figure 6. Excitation is normally to a higher energy level, say 
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S, due to the high energy of a 365-mp photon. Various pro- 
cesses of internal conversion use up some of this energy, 
dropping the level to SI. Once a molecule has absorbed this 
energy, and is elevated to an excited electronic state, it tends to 
lose it rapidly, normally within 10-a to 10.' seconds. The sim- 
plest mechanism of energy loss is by re-emission, that is, fluo- 
rescence. Obviously, fluorescence is not the only mechanism, as 
very many compounds, including nearly all dyes, do not fluo- 
resce at all, and many that do, fluoresce with very low in- 
tensity. When the molecule returns to the ground state, s, to G, 
fluorescence can occur, if alternative paths are not available. 

Several deactivation processes must compete with fluo- 
rescence. Some have been identified. One is called internal 
conversion. This process is quite rapid, and involves the con- 
version of electronic energy into vibrational energy of the atoms 
within the molecule, that is into heat. It is the favoured process 
when the molecule is flexible, as most linear molecules are. 
When the molecule is rigid, as many benzenoid compounds are, 
because of their interlocking ring structure, internal conversion 
is strongly hindered. 

Another process is called external conversion, the transfer 
of energy, as heat, to surrounding molecules by collision. Any- 
thing that slows down the collision rate with the environment 
tends to diminish the extent of external conversion. For this 
reason fluorescent solutions are brighter at lower temperatures, 
or when the viscosity has greatly increased. A great many other- 
wise non-fluorescent dyes, such as auramine fluoresce only in 
solid solution, as in a hardened resin or plastic, as collision rate 
is low and molecular rigidity is forced. 

Still another competing process is dissociation, wherein the 
absorption energy is large enough to destroy the molecule. This 
is the dominant mode of deactivation in molecules whose ab- 
sorption bands lie in the highly energetic or ultraviolet portion 
of the spectrum. Dyes normally used in fluorescent penetrants, 
are chosen with absorption maxima around the 365-rnp output 
of the filtered black light. At this relatively lower energy level, 
dissociation is not a dominant process. However, some avail- 
able fluorescent dyes are fairly unstable to 365-mp radiation, 
fade rapidly and are seldom used. Nearly all known dyes show 
some sensitivity to ordinary black light, but not to a degree 
that interferes with normal penetrant inspection. 

A much rarer deactivation process is a combination of 
internal conversion to a lower meta-stable excited state followed 
by slow re-emission at a much increased wavelength. This is 
known as phosphorescence. Figure 7 lists a number of organic 
compounds that exhibit phosphorescence. Figure 8 shows the 
energy-level diagram of Figure 5, with the inclusion of some 
alternative energy levels called triplet states, in opposition to 
the normal singlet states. Triplet states differ from singlets in 
that they represent different types of electronic configurations. 
To a first approximation, transitions between singlet and triplet 
states are forbidden. However, a few molecules, those in Figure 
7 being examples, can undergo these transitions because of 
their peculiar configuration. When this happens, a molecule can 
drop to a lower T state and be trapped there long enough to 
emit phosphorescence, if a radiationless transition to the ground 
state does not occur. Occasionally collisions can lift a molecule 
from the T state back up to the S state, whence it can fluoresce. 
This is known as slow fluorescence. 

Chemical compounds that show the most fluorescence are 
those whose structure reduces the probability of these several 
competing deactivation processes. These compounds are rigid, 
highly stable chemically, and selected to have useful absorption 
peaks in the near ultraviolet region. Other criteria must be met 
before they can be used in fluorescent penetrants. First they 
must be fairly soluble in ordinary solvents, and must not absorb 
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Compound 

Wavelength 
of 

phosphores- 
onic 
band 
mP 

a-Fluoronaphthalene.. .......... ....................... 476.7 1 . 5  

a-Bromonaphthalene ......................................... 483 0.018 
a-Iodonaphthalene ............................................. 526 0.0025 
8-Chloronaphthalene .......................................... 476 0.47 
8-Bromonaphthalene .......................................... 473.8 0.021 
.-Iodonaphthalene .............................................. 475.2 0.0025 
Benzene ............................................................... 340 7 .0  
Toluene 347 8 . 8  
Phenol ................................................................. 350 2.9 
Aniline ............................................................... 373 4.7 
Benzoic acid ......................................................... 368 2.5 
Acetophenone .................................................... 384.5 0.008 
Naphthalene.. 470 2 . 6  
a-Aminonaphthalene ........................................ 526 1.5 
a-Nitronaphthalene. ........................................ 521 0.049 

alene 502 0.11 
.............................................. 505 2 .5  

Coronene ............................................................ 525 9 . 4  
Triphenylene.. ..................................................... 420 15.9 
Tetraphenylmethane ........................................... 350 5 .4  
Tetraphenyllead ................................................. 420 0.01 

a-Chloronaphthalene.. .......... ....................... 483 0.30 

................................................................ 

.................................................... 

..................................... 

Figure 7. lifetime of phosphorescence in several compounds (Jaffe, p. 549). 

1'' 

1' 

T 

Figure 8. Energy level diagram showing phosphorescence (Jaffe and Orchin, 
p. 547). 

light in spectral locations where it can interfere with 
fluorescence. 

I n  addition, such compounds must have a high quantum 
yield of fluorescence. Quantum yield is of vital importance in a 
fluorescent dye. It can be defined as the fraction of excited 
molecules that fluoresce, or else as the ratio of photons of 
exciting light to photons of fluorescent light. Ideally it has a 
value of unity. Practically, because of competing deactivation 
processes, it is typically much less than one for even the best 
fluorescent dyes. Fluorescent efficiency, a related term, is the 
energy efficiency of the process. Even with a quantum yield of 
unity, fluorescence efficiency will be less than one, because the 
emitted photon has less energy (longer wavelength) than the 
exciting one. We are not concerned with energy as much as 
with quantity of light-number of photons-and prefer to deal 
with quantum yield. Fluorescent brightness of a penetrant is 
directly proportional to quantum yield. 

The close correspondence of absorption and fluorescent 
spectra of a fluorescent substance shows up in combined plots, 
such as in Figure 9. In this figure, absorption is plotted in "e" 
units while fluorescence is plotted in arbitrary units (based on 

......... ....... ..... . .  ..... ........ -~ ...... .... - ........... 



current readings from a photomultiplier tube) chosen to give 
the same range of peak heights. I t  is quite common for the two 
spectra to be nearly mirror images, and to be close enough to 
overlap slightly. In fact if the two spectra do not show this 
close symmetry, it is a good indication that an S 4 T transi- 
tion and phosphorescence are occurring. The fact that the 
typical dye's absorption and fluorescence peaks generally are 
quite close together causes problems that are discussed later. 

300 350 400 450 500 550 600 650mp 
Figure 9. Symmetry of absorption and fluorescence spectra. 

Fluorescence in Penetrants 

In  going from a general discussion of fluorescence to specific 
details of fluorescence in penetrants, it is important to consider 
the detailed physical properties of actually available fluorescent 
dyes. These are: 

1. Fluorescent colour-the spectral location of the fluor- 
escence band; 2. Fluorescent efficiency-brightness; 3. Absorp- 
tion-both intensity and spectral location; 4. Solvent behaviour- 
solvent effect on location and intensity of both absorption and 
emission; 5.  Stability-fastness toward heat and light. 

Commercially available fluorescent dyestuffs span the 
visible spectrum. This allows penetrants to be made in nearly 
any desired fluorescent colour. Since the human eye is still the 
most commonly used sensing device, most penetrants are 
designed to fluoresce as close as possible to the eyes' peak 
response. Figure 10 shows the spectral response of the eye. It 
is sharply peaked, and colours that are distant from yellow are 
seen with much diminished sensitivity. For instance, a pene- 
trant that fluoresces a pure blue, peaking at, say, 430mp will 
seem only around 1 per cent as bright as one fluorescing a pure 
yellow of the same absolute intensity. Results like this place 
a severe penalty on penetrants of extreme colours, red ones as 
well as blue ones. Red fluorescent penetrants exist, but find 
their major use where a contrasting red colour is required and 
sensitivity demands are low. 

There is a seeming exception to the rule that fluorescent 
penetrants should be as close to yellow as possible. Under very 

dim lighting conditions, the spectral sensitivity of the eye shifts 
its peak value from 5.55 mp toward a limit of 510 mp, in the 
blue-green part of the spectrum. This is known as the Purkinje 
effect, and is illustrated in Figure 11. Since fluorescent pene- 
trant inspection takes place in darkened areas, it seems plausible 
that high-sensitivity penetrants should be made to fluoresce 
somewhere in this spectral region. This suggestion has been 
made quite often. Inspection of the existing data on the Pur- 
kinje effect shows that it does not begin to occur at all until 
brightness levels have sunk to 3 x 10" millilamberts or lower, 
then shifts downward continuously with decreasing illumination 
to the limit at levels just above pitch darkness, lod milli- 
lamberts. Ambient visible light measurements made in a variety 
of inspection booths-at the point where inspection occurs-has 
invariably shown light levels of 10" millilamberts or more. At 
these levels the Purkinje effect has just barely begun to operate, 
and can be safely ignored. Most penetrants already show fluor- 
escence peaks slightly below 555 mw anyway. Even if inspection 
takes place in a light-tight room, visible light always is present, 
being emitted from (a)  Fluorescent penetrant stain on the sur- 
roundings, including the inspector's hands and clothing; 
(b) Fluorescence from inspector's clothing, particularly white 
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~ a v e l e n q i h  m p  
Figure 10. Visibility curve for normal eye. 

400 500 600 700 
Wavelenq-th mp 

Figure 11. Visibility curve for normal eye under lower levels of illumination. 
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shirts, coveralls and lab coats; (c) Fluorescent background on 
surfaces being inspected; (d) Visible blue and red light emitted 
from the filtered black light itself; (e) The indications them- 
selves. 

The term fluorescent efficiency refers to the efficiency of 
the fluorescent dye in converting absorbed black light to visible 
light. This can be expressed in several ways-the previously 
defined quantum yield being the simplest. While some fluor- 
agents at high dilution and low temperatures exhibit yields close 
to 1.0, most practical systems exhibit yields of no more than 
0.1 at room temperature. Since quantum yield is directly related 
to brightness, it is important. 
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Figure 12. Spectra of cascading dye in various solvents. 

Quantum yield has been shown to depend on the dye 
structure, but beyond this it is influenced by the medium in 
which the dye is dissolved. Figure 12 shows the fluorescent 
spectra for a blue fluorescent dye dissolved in five different 
solvents. The 20-to-1 range in fluorescent brightness shows that 
proper solvent selection is of extreme importance if fluoresence 
is to be maximized. Quantum yield is often effected by the 
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Figure 13. Concentration quenching of fluoral 5 G A  dye in naphtha. 

concentration of a fluorescent dye. Typically it decreases with 
increasing dye concentration. Figure 13 shows some typical 
brightness losses that occur as dye concentration increases. This 
phenomenon is called concentration quenching. I t  limits the 
fluorescent performance that can be built into a penetrant by 
the brute force method of adding more and more dye. 
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Before a fluorescent penetrant can fluoresce, it must first 
absorb the exciting radiation. The fluoragents used in pene- 
trants each have their unique absorption spectra, as illustrated 
in Figure 14. While the location and shape of these peaks are 

Figure 14. Absorption spectra of several penetrant dyes in dimethyl formamide. 
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Figure 15. Absorption spectra of cascading dye in various solvents. 

molecular properties of the dyes, there is some modifying effect 
due to the solvent. Figure 15 shows the absorption peaks of 
the same blue dye shown in Figure 12 dissolved in the same 
solvents. The effect is not as pronounced on absorption as on 
fluorescence, but it is still substantial. 

The location and intensity of a fluorescent’s absorption 
peak is extremely important, for the reasons developed below. 

When monochromatic light is transmitted through a layer 
of light absorbing material, it is found that layers of the same 
thickness absorb the same fraction of incident light. Math- 
ematically, this can be expressed as: 

where d l  is the decrease in intensity of light originally of bright- 
ness Io  on passing through a layer of thickness dl. The constant 
k is a proportionality factor. Integrating, this gives us: 

I t  = I ,  e-k1, 
where k is now called the absorption coefficient. Changing 
from natural logarithm to Briggsian logarithms gives : 

I t  = I o  x lo-””, where e’ is called the extinction co- 
efficient. This is the mathematical expression of Lambert’s Law. 

Researchers working with light absorbing solutions are 
commonly more interested in concentrations of coloured solu- 
tions than in their thickness. I t  was also found that changes 
in light transmission fractions were also proportional to changes 
in the concentration of the absorbing species in solution, so 
that an equation very similar to Lambert’s Law can be written 

dI = -kIodl 



concerning concentration. This is known as Beer's law. Com- 
bining these two results in the Beer-Lambert law, the funda- 
mental equation of spectrophotometry, 

I t  = I o  x lo-'"' where c is concentration of the absorbing 
species, and e is the molar extinction coefficient. 

While the amount of light transmitted through a solution 
is important for many purposes, we are more concerned with 
the amount of light that is absorbed. This is what leads to 
fluorescence. 

The Beer-Lambert law of absorption states that 
It = I o  x lo-""', 

where It is the fraction of the total incident light, I o ,  transmitted 
through a dye solution t cm thick, and having a molar con- 
centration of c .  The molecular extinction coefficient e is wave- 
length dependent. 

In fluorescent penetrant applications we are more interested 
in the amount of light a dab of penetrant absorbs, since it 
absorbed light that leads to fluorescence. 

Since I o  = I ,  + I t ,  I ,  = I o  - I t  

and 
I, = I o  (l-lo-ect). 

From this equation, we can compute the fluorescent bright- 
ness of a layer of penetrant t cm thick which has a concentra- 
tion of c of a dye having a molar extinction coefficient (for the 
absorbed monochromatic light) of value e.  

The apparent fluorescence F of a penetrant solution is 
proportional to the amount of absorbed light, I, ,  and the 
quantum yield of the dye, Q ,  so that, 

F = kSQI,, where S is a factor covering the spectral sensi- 
tivity of the detector and k is a constant geometric factor that 
is determined by the fraction of the total emitted light actually 
entering the detector. Combining the two equations gives 

a fundamental equation that describes apparent fluorescent 
brightness in terms of measurable quantities. 

Let us examine this in some detail. Whenever the value of 
ect is three or greater, F = kSQIo within 0.1 %. In  this range, 
fluorescent brightness of a penetrant film is directly proportional 
to the intensity of the exciting light and the quantum yield of 
the dye. It also depends on the colour of the fluorescence, 
whether or not it matches the peak sensitivity of the detector. 
As ect decreases below three, the apparent brightness of the 
film can only decrease. Thus, for maximum fluorescent bright- 
ness, the ect value of a fluorescent penetrant solution should 
be kept close to three. 

F = kSQZo (l- lO-ect),  

What factors tend to decrease the value of ect? 
When the penetrant is viewed in a very thin layer, as in 

an extremely fine indication, t is small. Figure 16 shows photo- 
graphs of four equally dilute fluorescent dye solutions, under 

Figure 16. Uranine dye solutions a t  the same concentrations, diminishing thickness. 
Illuminated from above, viewed from side. 

Figure 17. Same as Figure 16, but viewed from above. 

black light. Observe that each is a different thickness, and that 
the band of fluorescence (where absorption also is taking 
place) is the same thickness. In the last two, the liquid layer is 
thinner than this, and not all the incident light is absorbed. 

Figure 17 shows a top view of these four samples. It can 
be seen that the brightness is dependent on the thickness, once 
ect, (here determined by varying t alone) decreases below 
three. In normal penetrant solutions c is very much higher, and 
the range of phenomena, here magnified, occurs within a very 
small range. Unless e and/or c are large, then F is going to be 
low for fine indications, making them more difficult, if not 
impossible to see. When the dye concentration c is made large, 
it can offset the effect of small penetrant film thickness. Thus 
penetrants with large dye contents are capable of significant 
brightness even in very thin films, but c cannot be made in- 
definitely larger. Ultimately there is a limit to how much dye 
can be dissolved into a penetrant, but before this limit is 
reached, the quantum yield, Q ,  of the system is going to 
decrease, which itself will diminish fluorescent brightness. 

The other alternative for maximizing ect is to maximize e.  
Since this is a molecular property, it can be maximized only 
by selecting an appropriate fluorescent dye, one having an 
e max in the desired spectral region, usually at 365 mw. Small 
changes in solvent composition can change the location of the 
absorption peak, allowing it to approach more closely the ideal 
wavelength, but such effects are small, and do not allow just 
any dye to be matched. 

For instance, a penetrant in use in the early 1950s, ZL-lA, 
contained a yellow fluorescent dye of good brightness and colour. 
Its e man occurred at a wavelength of 430 mcL in the blue. Ex- 
cited with black light, 365 mp, where e was only 4 of its peak 
value, it was incapable of giving maximum sensitivity. Working 
only with this dye, there were only a limited number of ways 
available to improve such a dye solution: (a )  We could use it 
only in relatively insensitive formulations, that were to be used 
on large cracks only (giving thick indications, large t ) ;  (b)  We 
could increase c, by raising the dye concentration as far as pos- 
sible until Q started dropping; (c) we could increase e by using 
blue exciting light that peaked around 430 mp, the absorption 
peak of the dye. This method has been offered commercially, but 
suffers from two disadvantages. First, the blue light interferes 
with the visibility of the fine green-yellow indications. Yellow 
goggles are required to mask the blue light and restore the light- 
dark contrast of the indications. Second, the light source, a blue 
filtered incandescent bulb, contains only a small fraction of suit- 
able blue light, and I. is always rather low-hence F too; (d)  We 
could use a dye that has a high e value for black light. Unfortu- 
nately, since most dyes have fluorescent emission peaks not too 
far from their absorption peaks, most, if not all, such dyes 
fluoresce somewhere in the blue, where eye sensitivity is low; 
(e) Even if ect is low F can be brought to a usable value for any 
penetrants by using intense illumination, by raising Io an order 
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of magnitude or more about its normal values. This has been 
demonstrated effectively in our laboratory, where Io can be 
increased lox or more, although sheer mechanical, optical and 
electrical complications militate against its common use as a 
means of improving fluorescent penetrant brightness and sensi- 
tivity. 

By the middle 1950s fluorescent penetrants had been de- 
veloped as far towards maximum F as the limitations just out- 
lined would permit. This was not far enough, as inspection needs 
at  the time were beginning to demand larger values of ect while 
the smaller cracks being sought were shrinking the value of t .  
I n  the absence of a bright fluorescent yellow dye having a high 
value of e at 365 mu, it seemed that little more could be done. 
At this point fluorescent dye cascading was discovered, and 
higher sensitivities instantly became available. 

The cascading process employs two fluorescent dyes in a 
penetrant, one having peak absorbance at 365 mu, and showing 
blue fluorescence, around 430 to 450 mp, the second having 
peak absorbance around 430 to 450 mp and a fluorescence peak 
around 530 to 540 mp. 

Essentially the original exciting energy is transferred to 
blue light which is absorbed on the spot by the other dye to be 
re-emitted as yellow. When properly done, none of the inter- 
mediate blue fluorescence shows, the fluorescence remains as 
yellow as if the blue dye is absent, but brighter. 

Proper cascading demands a quite delicate operation of 
dye selection and blending. I n  fact it is easily possible to make 
fluorescent penetrants of diminished brightness. Such a result 
occurs because both dyes compete for the available black light. 
Since the blue fluoragent is much more absorptive of 365 mu 
radiation, it gets the lion’s share; I, is low for the yellow fluor- 
agent and its fluorescence is dim. If the blue fluorescence from 
the blue, or cascading fluoragent does not match that of the yel- 
low, or  cascaded fluoragent, it will not be absorbed, meaning a 
lot of blue fluorescence will be evident, with not much yellow. 
The result is a washed-out blue-green colour of low visual bright- 
ness. Only when the dyes are precisely matched in spectral 
characteristics does true cascading occur. 

As seen in Figures 9 and 11, the choice of solvent has some 
influence on the fluorescent properties of the dyes. At the present 
level of technology, fluorescent penetrants are confined by the 
inflexible spectral limits that are imposed on them, the filtered 
mercury arc with its invariant 365 exciting radiation, and the 
human eye, with its invariant 555 mu peak response. Operating 
between such fixed boundaries, the small adjustments that can be 
made on absorption and emission peaks of fluorescent dye com- 
binations by solvent changes make solvent selection a critical part 
of the art of penetrant formulation. 

A final property of fluorescent dyes is their fastness. Like 
ordinary dyes, fluoragents can be faded by black light exposure. 
This is primarily a chemical problem, and is not subject to the 
simple and rigorous physical controls that the other fluorescent 
properties respond to. 

Developers and Fluorescence 

The preceding portion of this paper has been concerned with 
fluorescence of fluoragent solutions, penetrants themselves, as 
seen in bulk or in thin layers. Penetrants however are not profit- 
ably observed in this manner. Almost always they are observed 
in indications, where they exist within a developer matrix. This, 
oddly enough, can change both the colour and brightness of a 
penetrant from its “pure” values. The combination of penetrant- 
plus-developer is commonly much brighter than penetrant alone, 
and is frequently a different colour as well. Work is proceeding in 
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our laboratory that attempts to explain this behaviour and even- 
tually place it under control. 

Evidence is accumulating that verifies the development 
mechanism brought out by Thomas. Light scattering is at the 
heart of it, scattering that ensures complete utilization of the 
ultraviolet radiation incident upon an indication and complete 
emission of fluorescence. Brightness values several times higher 
than those of the original penetrant result. 

Several types of developers exist. While their chief functions 
are to bring penetrant up out of voids and spread it out on the 
surface, they also boost maximum fluorescence, each type exert- 
ing its own influence on colour and brightness. 

The simplest development step is to use no developer at  all. 
Easily visible indications will occur in the absence of developer 
if these conditions are all fulfilled. First the defects must be 
large, so that penetrant seepage from voids occurs in fairly thick 
layers. Second, the dye concentration must be very high. Third, 
the penetrant must have a low surface tension, so that it seeps 
out easily. The first two conditions maximize ect, the third re- 
lates to surface properties. Such a development scheme looks 
good on large cracks, 0.001 in. or so across but fails utterly for 
fine cracks a few microns wide. Here t is small, and ect is SO 
small that F of the indication is below the threshold of visibility. 
Therefore developers must be used for high sensitivity inspec- 
tion of fine defects. 

Dry developers are the simplest chemically, containing par- 
ticles of simple chemical composition that are completely in- 
soluble in and unreactive with fluorescent penetrants. While in- 
creasing indication brightness via the scattering process, they 
exert little influence on the colour of the penetrant in the indica- 
tion. Made properly, of completely colourless powders, they ab- 
sorb no radiant energy from the indication. 

Wet developers, by contrast, have quite complicated com- 
positions. Besides the necessary developing powders, they con- 
tain wetting agents, corrosion inhibitors and suspending agents. 
Some of these ingredients may be coloured, in which case they 
absorb light to the detriment of the indications’ true colour and 
brilliance. Other constituents may dissolve into the penetrant that 
occupies the indication; as already noted, even small changes in 
penetrant solvent can alter fluorescence greatly. Since penetrants 
are normally made with optimum solvent constitution, the un- 
wanted accidental inclusion of developer constituents can only 
hurt fluorescence, fluorescence may be reduced, or colour may be 
changed from the best eye-response values. 

Solvent-based developers more often contain penetrant- 
soluble constituents (aside from the volatile-bulk solvent, which 
soon evaporates from the indications), and, much oftener than 
wet developers, they tend to cause penetrant indications to 
fluoresce a bluish colour. Some colour interference may be due 
to unmeasurable refraction and scattering processes that occur in 
the ultraviolet, between penetrant and particles. Even though 
solvent developers tend to blue indications, they function with 
high sensitivity, because their solvent action brings up more 
penetrant from the defects and spreads it wider than do capil- 
lary processes unaided by solvents. 

Lacquer-based developers, though known for nearly three 
decades, have recently been receiving publicity. Their primary 
advantage, aside from providing a removable and fairly perma- 
nent record of an indication, is to offer a means of controlling 
the spread of an indication. Most developers create indications 
that are very much wider than the crack itself. A width magnifi- 
cation of IOOX is not unusual. By careful application of a lac- 
quer developer, this spreading can be limited to 5 or l o x ,  which 
allows a high resolving ability for tight networks of fine cracks. 
Of course, this does not give indications of high visibility (a 



lopwide fluorescent line is much less visible than a 100b-wide 
line), but it does fulfill an occasional need that other developers 
do not. 

Based on materials, resins and plasticizers that dissolve in 
typical penetrants (and thus alter fluorescent brightness and 
colour), lacquer developers tend to form blue indications rather 
than yellow ones, even more than ordinary solvent developers. 
As blue indications are not remarkably visible, and since many 
lacquers have at least a faint bluish-white fluorescence anyway, 
lacquer developers still cannot be used to maximum advantage. 

In  fluorescent enhancement, lacquer developers suffer yet 
another disadvantage. Because the ultimate resin particles are 
very much finer than ordinary developer particles (and very 
much smaller than the wavelength of light) they scatter light 
inefficiently, and fail to show the fluorescent enhancement af- 
forded by the other types of developers. Brightness can be 
increased by including scattering particles in the lacquer, but 
this tends to lower resolution and makes removal after inspec- 
tion more difficult. 

I t  cannot be said that any of these types of developer is 
superior, since each has its specialized use. The main idea to be 
emphasized is that each has some important effects on the ap- 
pearance, size, brightness and color of indications, and must be 
considered a significant factor in the over-all fluorescent inspec- 
tion process. 

Discussion 

Q. DANIEL POLANSKY, Silver Spring, Md., U.S.A.: 
When cracks are said to be detected of a size 12 to 15 microns, 

how does one differentiate between cracks and surface finish? 
A. The difference between an irregularity in surface finish and a 
crack is functional. A crack is relatively deep, compared to its width, 
and acts to concentrate stress at its tip. Normal surface irregularities 
are usually too broad to have this effect and are not normally con- 
sidered to be cracks or defects. Occasionally, a particular deep and 
sharp machining mark will cause a failure by concentrating stresses 
at its tip. Such a mark could be considered a crack, certainly it would 
be considered a defect. 

Conclusions 
While the fundamental aspects of fluorescence are still incom- 
pletely understood, there is enough known about it to insure 
that penetrants will continue to be improved in the future as 
in the past. The large number of variables affecting fluorescence 
alone opens up many avenues to improvement. New dyes, with 
higher molar extinction coefficients and/or quantum yields may 
be discovered. New solvents may be found to improve bright- 
ness or eye-response matching. Different light sources may turn 
up, which will change the cascading balance or eliminate its 
need. Even variables having little to do with fluorescence can 
contribute a penetrant that fills the crack more fully, or washes 
out less completely, or spreads out of the crack more 
thoroughly, can yield bigger indications. The list is so long 
that it is hard to know where to start. 
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Penetrants tend to fill any type of surface-open voids, cracks, 
pits, scratches, even screw threads. The selectivity of the penetrant for 
cracks and other sharp discontinuities arises during the removal step. 
It is very difficult to keep a residual trace of penetrant in a surface 
scratch say 0.005” wide by 0.005” deep during cleaning. If this dis- 
continuity is 0.001’‘ wide by 0.005” deep it is more difficult to 
remove it all, and the penetrant is much more apt to detect it as a 
defect. 

As a result, penetrants tend to indicate those surface imperfec- 
tions that are most apt to weaken the part and to overlook those that 
do not. 

Nondestructive Replica Methods for Surface 
Examination 

D. SCOTT and A. 1. SMITH, U.K. 

ABSTRACT: To examine microscopically and assess selected surface areas of 
large unwieldy test specimens, or to examine periodically the surfaces of large 
machine components in situ, replica techniques may be used to advantage. Plastic 
replicas may be made quickly and, to aid microscopic examination and allow 
investigation by interferometry, a highly reflecting surface can be produced by 
metal coating the replica in vacuo. For the examination of curved surfaces of 
small radius, pliable replicas made of softened cellulose acetate sheet are 
useful, as they can be flattened to facilitate focussing of the microscope. Stylus 
methods of surface assessment may be applied to replicas. 

Electron microscopy i s  required to reveal the initiation of failure, and suitable 
replicas may b e  taken from large, in situ components. Surfaces that ore too rough 
to be examined satisfactorily by optical microscopy con be examined by the 
electron microscope. Fracture surfaces and worn surfaces may be nondestruc- 
tively replicated for electron microfractography. 

The preparation, use, and advantages of different replica techniques are 
described, with illustrations of their use in various fields. 

Introduction 

For inspection purposes, quality control, and the examination 
of failed service components and test specimens, nondestructive 
methods of surface examination are preferred to methods that 

may cause damage and obliterate information which may be 
recorded by the use of other techniques of examination. Modern 
laboratories have to use all available investigational techniques, 
as specific information from each enables comprehensive data 
to be acquired. 

Surface topography can greatly influence the frictional, 
wear and mechanical behaviour of engineering components, so 
the starting point in any inspection or investigation should be 
the examination and assessment of the original surfaces in- 
volved, to enable changes that are necessitated by service use 
or test conditions, to be determined from the used components. 
Many techniques are available to examine the topography of 
surfaces, but optical methods allow the specimen to be inves- 
tigated without destroying it or subjecting it to strain or wear. 
However, in many instances, due to size or inaccessibility, it is 
not possible to carry out a direct microscopic examination of 
a surface, and replica methods may be used to advantage. 
Stylus methods provide an immediate numerical characterization 
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Figure 1. Replica and talysurf trace of the surface of a steel rail. A. (X6) Metal-coated plastic replica from the surface of a steel rail. B. (H=20X; 
V=lOOOX) Talysurf trace of smoother surface area of replica. C. (H = 20X; V = 1000K) Talysurf trace o f  rougher surface of replica. 
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of a surface such as ‘centre line average’ but they are subject 
to the uncertainty of the extent of surface damage done by the 
stylus itself. Thus for the assessment of the surfaces of soft 
materials damage can be avoided by carrying out the stylus 
measurement of surface replicas. Also, surfaces inaccessible to 
the stylus, such as the inner surfaces of small-diameter ball 
races or surfaces of components or specimens too unwieldy to 
be accommodated on the measuring instrument, may be assessed 
by stylus measurement of replicas. 

Assessment by Optical and Stylus Methods 

It  is essential that replicas for assessment or examination of 
surfaces must be faithful reproductions of the surfaces from 
which they are taken. A large variety of materials and tech- 
niques can be applied to the replication of solid surfaces (1-5). 
What may be a satisfactory method for one solid surface may 
not give the best results on another, so that the method of 
replication must be selected from several possibilities. Plastic 
replicas such as those made from prepared kits (Scott-Bader, 
Crystal Field Kit) have been successfully employed for the 
examination and assessment of all types of surfaces. They may 
be made of the surface of large components in situ by isolating 
the area required with plasticine to form a reservoir for the 
plastic. On solidification, to aid microscopic examination and 
allow investigation by optical interferometry, a highly reflecting 
surface may be produced on the plastic replica by coating in 
vacuo with a film of aluminum. The periodic inspection of 
rails and locomotive driving wheels has been carried out by 
this method, to study surface changes due to different operating 
conditions and environment, and how they influence surface 
texture, frictional and wear behaviour. Figure 1 shows a photo- 
micrograph of the metal-coated plastic replica from the surface 
of a rail at the exit of a station where some slipping of the 
locomotive wheels appeared to occur. Talysurf traces were 
easily obtained from the replicas. 

Surface replicas have been successfully used to follow the 
running-in, the initiation and development of scuffing and the 
mechanism of rippling of heavily loaded hypoid gears without 
interrupting the testing procedure. Figure 2(A)  shows a photo- 
micrograph of the replica of the surface of a tooth of a hypoid 
gear, at a stage in the test when the noise level was beginning 
to rise. The use of interferometry, Figure 2 ( B ) ,  shows that the 
run-in, apparently smoothed surface was actually rippled. 

For the assessment of curved surfaces of small radius, 
pliable replicas are useful as they may be easily flattened to 
facilitate focussing of the microscope and measurement by 
stylus or optical interferometry (6). Suitable replicas can be 
quickly made by firmly pressing softened, thin acetate sheet on 
to the surface. Acetate sheet 0.005 in. thick, moistened on one 
side with acetone, has been found to be successful for this 
purpose. These replicas can be examined by transmitted light 
or with reflected light, with or without a vacuum-deposited 
metallic coating to improve reflectivity. Coated, they are 
suitable for interferometry. Figure 2(C) shows a replica from 
a scored rippled tooth of a hypoid gear. Except by replica 
methods microscopic examination of the inaccessible, curved 
tooth surface would be difficult without destruction of the 
pinion by time-absorbing sectioning procedure. Figure 2( D) , 
a talysurf trace across the replica, shows that small ripples are 
superimposed on the larger ripples of the surface. 

Replicas for Electron Microscopic Examination 

The finer topographical features of surfaces are beyond the 
resolving power of the optical microscope, and electron micro- 
scopy is a powerful laboratory technique required for surface 

examination. Also, the initial stages of many surface phe- 
nomena, such as wear, corrosion, and fatigue, which affect the 
useful life of machine elements occur on a very small scale 
and the electron microscope, with its enhanced magnification, 
can reveal fine-scale surface features of interest in the elucida- 
tion of such failure mechanisms. 

The conventional electron microscope is a transmission 
instrument, and replicas suitable for transmission electron 
microscopy must meet exacting requirements. Besides being a 
faithful reproduction of the surface contour, the replica must 
possess sufficient contrast to permit ready interpretation of the 
surface features. It must be structureless so that any structure 
seen will be that of the specimen surface from which the replica 
was taken. I t  must be durable to withstand necessary handling 
and the strain and heating that accompany bombardment by 
the electron beam. The choice of replica material depends upon 
the nature of the specimen and the information required from 
it. Formvar replicas made from a 1 per cent solution of formvar 
(polyvinyl formvar) in chloroform have been found to satis- 
factorily replicate metal surfaces (7). When they are backed 
with a thick collodion film it is possible to remove thin formvar 
films of high contrast from metal surfaces without tearing and 
without any evidence of strain in the formvar. The specimen 
surface is flooded with formvar and then held vertically so 
that the excess solution drains off. When the chloroform has 
evaporated, a plastic film remains on the surface. The backing 
film is formed in a similar manner with a 2-per-cent solution of 
collodion in amyl acetate. A dry stripping method with adhesive 
tape, upon which supporting grids have been suitably placed, 
eliminates any wetting of the surface, contamination or cor- 
rosion involved in wet stripping procedure with water, from 
the specimen surface. Replicas may be shadowed with a heavy 
metal to improve contrast and to enhance the observation of 
fine detail. The adhesive tape and collodion backing are 
removed with amyl acetate. Single-stage formvar replicas may 
be somewhat difficult to interpret correctly as they are negative 
replicas, the valleys on the metal surfaces appearing as hills 
and vice versa. Photographic reverse printing of negatives of 
electron micrographs can facilitate interpretation (7). 

Various two-stage replica techniques have been developed 
and the high-resolution carbon replica technique ( 8 , 9 )  has been 
found to be particularly effective in producing positive replicas. 
Carbon replicas are obtained by evaporating carbon on to the 
surface of a negative formvar replica by passing a heavy current 
through two pointed carbon rods lightly held together in a 
vacuum and then dissolving away the formvar. This leaves a 
carbon film which conforms exactly to the original surface and 
shows the irregularities in their true perspective. Not requiring 
to be stripped from a surface, the carbon replica can be made 
thin to allow better intensity of illumination and contrast. Also, 
carbon is much stronger than plastic materials, it is structureless 
and unaffected by the electron beam. 

The true nature of various types of industrial surface 
finishes can be revealed by electron microscopic examination of 
carbon replicas. A typical finely ground workshop finish, about 
7 micro-inches C.L.A., on a hardened steel gear is shown in 
Figure 3 (A) .  The electron microscope shows the flowed uneven 
nature of the surface and thus dispels erroneous ideas about the 
smoothness of surfaces produced by this means. Running-in of 
such a gear produces a smoother, more highly reflecting surface, 
Figure 3 (B) . It is evident that the improved surface finish is due 
to plastic deformation of surface asperities. Initiation of surface 
damage, leading to scuffing and pitting failure of gears, can be 
followed by using carbon replicas taken from selected areas of 
gear teeth in situ without dismantling the test set-up, Figure 
3(C)  and (D). 
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Figure 2. Metal-coated thick plastic and thin pliable replicas. A. (X60) Optical micrograph of a metal-coated plastic replica from a gear tooth, showing 
scoring. 8. (X60) Interference micrograph of same area showing rippling. C. (X100) Metal-coated pliable replica from scored, rippled surface of a hypoid 
gear tooth. D. (V=2OOOX; H=200X) Talysurf trace showing profile of a large ripple and smaller associated ripples. 
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Figure 3. (Xl0,OOO) Electron micrographs from shadowed, two-stage positive carbon replicas. A. Finely ground surface of a gear tooth. B. Run-in surface Of 

a gear tooth. C. Initiation of scuffing type failure of a gear. D. Initiation of pitting type failure of a gear. E. Diamond polished surface. F. Initiation of cor- 
rosion on the surface of o steel ball-bearing. 
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Figure 4. Electron micrographs of two-stage positive carbon replicas of surfaces. A. (X6000)  Cell structure of a human tooth revealed by  etching with lactic 
acid (milk). 9. ( X 6 0 0 0 )  Smoothed surface of a human tooth after brushing with a less abrasive type tooth paste; cell structure still visible. C. (X6000)  Cell 
structure of a tooth almost removed by brushing with a more abrasive type of  tooth paste. D. (Xl5,OOO) Initial stage of fretting damage on the surface of 
a titanium implant. 
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An improved, more uniform, mirror finish by optical 
standards and better than 1 micro-inch C.L.A. by stylus method 
can be obtained by diamond polishing. However, electron micro- 
scopic examination of a carbon replica still reveals the fine 
polishing marks of the &micron diamond, Figure 3(A).  By 
optical methods and stylus assessment, this surface is com- 
parable with the run-in surface, Figure 3(B),  but the examina- 
tion of replicas at higher degrees of resolution shows important 
differences. 

Use of electron microscopy in the examination of replicas 
from the bearing surfaces of races and rolling elements of ad- 
vanced aero-engines, has revealed that what appeared to be 
staining by lubricant was the initiation of surface attack and 
corrosion traced to lubricant deterioration at elevated tempera- 
ture, Figure 3(F). The abrasive action of different tooth pastes 
on the cleaning of human teeth has been revealed by electron 
microscopic examination of replicas from teeth, Figure 4. A 
cell structure is revealed by lactic acid (from milk) attack, Figure 
4(A). Strongly abrasive tooth paste removes the etched surface 
but a less abrasive one smooths the surface with less removal of 
material, the cell outline still being visible, Figure 4(B) and 
( C )  , Electron microscopic examination of replicas from titanium 
implants which had given trouble in a human knee joint showed 
the presence of fretting action, Figure 4(D), fine debris being 
the cause of biological reaction and pain in the joint. 

Besides showing surface details, replicas can embed and 
remove debris, contaminant particles, corrosion and lubricant 
reaction products from surfaces. Besides revealing the size and 
shape of such products, use of the electron microscope selected- 
area diffraction fac es can determine the structure of such 
particles and provide an indication of their source and the pro- 
cess of formation. Such information is useful in failure investi- 
gation. 

Examination of Rough Surfaces 
The application of optical microscopy to the examination of 
rough surfaces may offer some advantage over visual examina- 
tion but is limited by the poor vertical resolution or depth of 
focus of optical instruments. The great depth of focus of 
electron microscopy, however, allows the examination of replicas 
of surfaces too rough for optical methods. Two-stage carbon 
replicas have proved useful for studying the rate at which cut- 
ting tools wear, one of the most important factors in machin- 
ing from an economic point of view. Examination of craters or 
wear on the top surface of the tool in progressive stages of 
development, in different tool materials, under various cutting 
conditions has provided fine-scale information of use in con- 
firming the mechanism of formation. The different appearance 
and wear rate of different constituents in a worn, mixed carbide, 
cobalt cemented tool tip, Figure 5(A), has indicated the advan- 
tage of such a tool over straight tungsten carbide, Figure 5(B). 
Titanium carbide particles appear to suffer less damage and wear 
than tungsten carbide particles. 

Examination of Fracture Surfaces 
The topography and characteristic markings of fracture surfaces 
are indicative of the mechanism of fracture which operated dur- 
ing the initiation of failure and crack propagation, thus the study 
of fracture surfaces, i.e. fractography (lo), is useful in failure 
investigation. Owing to the low depth of focus of the optical 
microscope, interpretation of some fracture surfaces may be 
difficult. The microscopic topography and its relation to the 
causes and basic mechanism of fracture may be conveniently 
studied by electron microfractography (1 1, 12), using nondestruc- 
tive replica methods. Replicas may be taken from selected areas 
of the fracture surfaces of large unwieldy engineering compo- 
nents. 
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Fine formvar replicas which form the first stage for positive 
carbon replicas of smooth surfaces may be difficult to remove 
without tearing from fracture surfaces, and nondestructive rough 
replica techniques such as the plastic/ carbon replica technique 
have been developed (13). The first step is to obtain a thick, 
strong plastic replica of the surface. Acetate sheet, softened by 
acetone, can be pressed or clamped on to the fracture surface. 
When hard, it can easily be removed mechanically from the sur- 
face without damage. A thin film of carbon is evaporated on to 
the plastic replica, and the latter is then dissolved away in ace- 
tone leaving a thin positive carbon replica to be collected for 
examination, with or without metal shadowing to improve con- 
trast. If the carbon is evaporated from a platinum/carbon rod 
at an acute angle to the surface of the plastic replica, replication 
and shadowing are effected simultaneously (14). An alternative 
method, sometimes more suitable for very large specimens, is to 
cast perspex on to the surface and cure it in situ to form the 
initial plastic replica. 

Figure 6(A) shows a typical electron microfractograph of 
plastic or ductile fracture caused by the formation and coales- 
cence of micro voids leaving concave depressions or ‘dimples’ on 
both fracture surfaces. Figure 6(B) shows ‘river markings’ typi- 
cal of cleavage-type brittle fracture. Intergranular fracture may 
occur by the separation of crystals from each other along the 
grain boundaries; Figure 6(C) shows an example of intergranu- 
lar fracture of a ball-bearing indicative of hydrogen embrittle- 
ment, due to environmental effects, being a contributory cause of 
failure. Electron microfractography can reveal striations or crack 
front arrest lines, characteristic of fatigue fracture, by proges- 
sion of a crack under cyclic load, Figure 6(D) .  

Conclusions 
Replica techniques are available for the nondestructive examina- 
tion and assessment of surfaces. For large, unwieldy specimens 
and inaccessible or curved surfaces they offer, in some instances, 
the only convenient method of examination. They are most use- 
ful for periodic, in situ, surface examination. The replica tech- 
nique used depends upon the nature of the specimen and the 
information required from it. Plastic replicas may be made 
quickly and metal coating improves reflectivity and aids micro- 
scopic examination and interferometry. Pliable replicas facili- 
tate the examination of curved surfaces, and positive carbon 
replicas allow the surface irregularities to be observed in their 
true perspective. Rough surfaces may be conveniently replicated 
for examination by electron microscopy. Stylus methods of sur- 
face assessment may be applied to replicas. 
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Improved Resolution New tron Radiography 

B. L. BLANKS, D. A. GARRET .and R. A. MORRIS, USA 

ABSTRACT: Experiments in neutron radiography have demonstrated the feasi- 
bility of producing radiographs with image resolution comparable to that pro- 
duced with x or radiation. Neutron collimation and imaging experiments by 
members of the Nondestructive Testing and Reactor Groups of the Los Alamos 
Scientific laboratory are described in relation to the general problem of image 
unsharpness. Theoretical and experimental analyses of a neutron beam emergent 
from a simple collimating system are presented. Emphasis is placed on the angular 
divergence of the primary neutron beam and the resultant intensity pattern 
produced in the image plane. The theoretical analysis i s  shown to be  basically 
correct for simple collimators and, in a qualitative manner, is applied to the more 
complex collimating systems employed in production neutron radiography. The 
results of  production applications of neutron radiography at the Los Alamos 
Scientific laboratory are described and include the detection of an O-ring in a 
nitrogen valve, the inspection of metallic-encapsulated high explosive components, 
and the detection of the boundary between different isotopic uranium compounds 

Introduction 

Recent experiments in neutron radiography confirm the feasi- 
bility of producing neutron radiographs with image resolution 
comparable to that of conventional x- and y-ray radiographs. 
The results of neutron collimation experiments conducted by 
members of the Nondestructive Testing and Reactor Groups 
of the Los Alamos Scientific Laboratory are described in rela- 
tion to the general problem of image unsharpness. Experi- 
mentally verified theoretical data for a single-slit neutron 
collimating system are presented. These data are applied to 
minimize source size as a partial cause of image unsharpness. 
Production applications of neutron radiography at the Los 
Alamos Scientific Laboratory are described. 

The Neutron Source 

The neutron source, because of its relatively large size, is the 
most significant factor contributing to image unsharpness. Image 
unsharpness is geometrical in character and is described by the 
equation 

U, = b ( S / a )  (1) 

where U, is the image unsharpness, S is the maximum source 
dimension, b is the object-to-film distance, and a is the source- 
to-object distance. 

Of the three factors used to define U,, the term b is not 
influenced by the neutron source. If the quantity b is factored 
from both sides of equation ( I ) ,  the term S/a  can be used to 
characterize the source resolution capability for a given object- 
to-film geometry as follows: 

The term ( S / a )  is used in this paper as a measure of image 
unsharpness for a given object-to-image plane geometry. 

The neutrons scattered by the object and the nondirec- 
tional scatter of the induced decay products in the imaging 
system contribute roughly similar amounts to image unsharp- 
ness, as do the corresponding components encountered in 
X-radiographic systems. However, the relative S / a  value be- 
tween neutron and X-ray systems differs markedly. Typical S / a  
values for industrial X-ray machines vary from 5.2 x IO" to 
4.1 X IO-', whereas the ratio for the uncollimated neutron 
source employed in these experiments was approximately 
5 x lo-*. 
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Theory of Neutron Collimation 

The requisite collimating system for neutron radiographic 
applications must produce a neutron beam possessing uniform 
flux and minimum angular divergence of the incident beam in 
the object plane. The magnitude of the S / a  ratio of a neutron 
beam can be reduced by placing a Soller (1) slit in the beam. 
The original source area is divided into an approximately equal 
area of individual sources. Each source possesses a smaller 
S / a  ratio than that of the original source by virtue of the 
reduction in the value of S. 

The analysis of experimental data obtained from a two- 
dimensionally collimated beam would be difficult and laborious. 
For this reason, the experimental data obtained from a neutron 
beam transmitted through a simple, one-dimensional, single-slit 
collimator were first analyzed. The results of the analysis were 
applied in a qualitative manner to the more complex two- 
dimensional system. 
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Figure 1. Multi-slit collimating system. 

The Geometrical Beam 
As a first approximation to a practical two-dimensional neutron 
collimator, the one-dimensional parallel plate system illustrated 
in Figure 1 can be employed. The collimator is assumed to 
possess totally absorbing and nonreflecting walls. This type of 
collimator produces an easily analyzed beam for which the neu- 
tron intensity at points in the imaging plane can be accurately 
predicted. 

The parallel-plate collimating system is assumed to possess 
the following physical dimensions: collimator length, L; plate 
thickness; TI;  plate spacing T,; collimator-to-image plane distance, 
D ;  and collimator height, h. The pretransmission neutron flux/ 
unit solid angle (2) is I, n/cm'/sec/sr. Assume that x is the 
coordinate in the image plane measured from the origin midway 
between the collimator plates in a direction normal to the neu- 
tron beam direction. The distance x is the coordinate for a single 
slit. 

If 1x1 G T J 2 ,  the total neutron flux at the image plane due 
to transmission through a single slit is 

(2) 



Equation (2) represents a statement that the neutron flux at 
any point in the image plane is proportional to the total solid 
angle subtended by the source at point x .  As the angles involved 
are small, the spherical surface of the solid angle is approxi- 
mated by a plane surface. 

If lxl>T2/2,  the point at x in the image plane "views" a 
smaller source from the single slit. The magnitude of the neutron 
intensity as point x is given by 

(3) [ 2 D ( D + O 2  
Equations ( 2 )  and ( 3 )  represent the basic functions em- 

ployed to calculate the neutron intensity pattern at an image 
plane produced by a perfectly absorbing and non-reflecting col- 
limator having small angular divergence. Equation ( 3 )  indicates 
that the single-slit pattern width increases with the collimator-to- 
image plane distance, D. If the collimator consists of an array 
of more than one slit, individual single-slit patterns superim- 
pose, producing a periodic intensity pattern as a function of 

1 Tz ( 2 0  + L )  - ~ L x  
I2 = HI0 
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Figure 2. Theoretical and experimental response functions as a function of 
distance x. 

distances x and D. The intensity pattern will possess a spatial 
period of T I  + T,. The theoretical intensity pattern for a single- 
slit system is illustrated in Figure 2. The pattern from a multi- 
slit collimator disappears completely for particular values of D .  
The maximum relative difference in neutron intensity in the 
imaging plane, R ,  is shown in Figure 3 as a function of the D I L  
ratio for various ratios, TJT,.  An expression for this function 
is given by 

R = [:],ax (4) 

where AZ is the maximum variation in intensity in the image 
plane, and Z is the maximum image plane intensity. 

The function R is periodic, decreasing from a value of one 
at D = 0 to zero for a particular value of D .  As D is increased, 
the value of R alternately increases to some maximum value, less 
than one, and decreases to zero at a larger value of D .  The ratio 
T J L  is the largest value of the ratio S / a  that can be attained 
for a particular collimating system. As the collimator-to-image 
plane distance is increased from zero, the S / a  ratio decreases 
linearly from T , / L  to some minimum value. The minimum value 
depends upon the plate thickness, TI. As the distance D is 
increased further, the S / a  ratio again increases to T J L  and de- 
creases to a minimum value. The neutron flux remains relatively 
constant with increasing collimator-to-image plane distance. 
Results of experimentally verified calculations indicate that the 
system resolution can be increased by increasing the value of 
D.  Small loss in flux results with increasing D,  since Z=F( 1 / D )  
for such a system (1) (4). 
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Perturbations Zntroduced by Wall Scattering 
Neutron scattering from the collimator walls consists of (a) total 
reflection, and (b) regular isotropic or incoherent scattering. Both 
can increase the effective angular width of the beam, degrading 
the maximum resolution attainable. 

Total reflection of a neutron beam incident upon a surface 
at near grazing incidence reflects the beam into the complemen- 
tary solid angle with no loss in intensity. The magnitude of the 
solid angle for which total reflection takes place is a function of 
the maximum neutron energy. The critical angle is the largest 
angle for which a neutron beam of a given energy is reflected. 

The same neutron beam is scattered in every direction with 
equal intensity by the process of isotropic scattering; Le., the 
scattered neutron intensity is constant over 4 T steradians. 

The critical angle for total reflection of a 2A incident neu- 
tron on a phosphor bronze plate is 2.55 X 10." radians. 
The ratio of the totally reflected angles to the isotropically scat- 
tered angles is 2.55 X 10"/4* or 2.03 X This indicates that 
the totally reflected intensity is larger than the isotropically scat- 
tered beam by a factor of 10'. These calculations are based on 
the valid assumptions that: 

(a)  the incident neutron intensity is equal for both types 
of scattering, and (b)  the collimator restricts the angular diver- 
gence of the incident intensity for both types of scattering to 
the same order of magnitude. 

Isotropic scattering was ignored as a possible perturbation 
because of its relatively low magnitude, and only those perturba- 
tions contributed by total wall reflection were considered in 
the theoretical analysis. 

The reflection from a single surface was analyzed and the 
results applied to the array of collimator surfaces. The surface 
employed was considered mathematically as a plane mirror 
which reflected all monoenergetic neutrons incident at an angle 
less than the critical angle, O,, to the surface plane. The incident 
neutron spectrum was assumed to possess a Maxwellian dis- 
tribution and was divided into small energy increments. Each 
increment was considered as a monoenergetic neutron beam, 
and the individual energy increments were then reflected from 
the plates. 

The application of the scattering perturbation to the geo- 
metrical beam is illustrated by the light solid lifie of Figure 

Perturbations Produced by Collimator Wall Penetration 
Significant perturbations of the geometrical beam pattern are 
caused by neutron penetration of the collimator walls. This 
perturbation increases the apparent collimator aperture spacing. 
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Equations derived by Lillegraven (3)  for Y-ray penetration 
of collimator walls were applied to a single-slit neutron colli- 
mating system having the following properties: 

(a )  plate material, phosphor bronze; (b)  collimator length, 
48 in. (121.9 cm);  (c )  plate spacing 0.375 in. (0.953 cm);  
(d)  collimator-to-image plane distance, 6 in. (15.2 cm). 

The results of the calculations indicated an apparent in- 
crease in collimator plate spacing of 0.03 in. (0.08 cm), or 
approximately 10 % . 
The Theoretical Collimator Response Curve 
The theoretical response curve for a single-slit neutron colli- 
mating system is illustrated by the dark and light solid lines in 
Figure 2. The illustration presents the curves obtained from the 
geometrical beam and the perturbations introduced by critical 
angle scattering from the collimator walls. The theoretical curve 
does not take cognizance of the contribution by collimator-wall 
transmission since this effect was eliminated in the experimental 
analysis. I t  should be noted that this perturbation does exist in 
practical collimating system configurations. 

Experimental Procedures-Neutron Collimating Systems 

The neutron source utilized for the experimental portions of 
these investigations was the north thermal column of the Los 
Alamos Homogeneous Reactor (SUPO Model). This reactor 
is a water-moderated, graphite-reflected research reactor capable 
of producing a maximum neutron flux at the beam port of 
approximately 20 x lo' n/cmZ/sec. The reactor components 
are illustrated in the sectional diagram of Figure 4. 

Y4 in. (1.9Olcm1BORON CARBIDE SHIELD 
4 8 l n . F - 8 l n - j  

(121.92r.m 1 (20.32r.m 1 

Figure 4. Sectional diagram, Lor Alamos Homogeneous Reactor (SUPO model). 

The collimated neutron beam pattern was recorded 
utilizing a 0.0003-in. (0.0008-cm) thick gadolinium imaging 
foil* in conjunction with Types AA and M Kodak Industrial 
X-Ray film. To obtain the highest resolution possible, the fol- 
lowing measures were taken: 

(a )  The bakelite panels of rigid film cassettes were re- 
placed by 0.125-in. (0.3 18-cm) thick reactor grade aluminum 
to reduce scattering, and (b) the radiographic films were posi- 
tioned in a front film geometry; Le., the film was placed in 
contact with, and on, the object side of the imaging foil. 

Total Reflection Intensity-Single-Slit Collimation 
The single-slit collimating system illustrated in Figure Sa was 
used to determine the totally reflected neutron intensity as a 
function of position in the imaging plane. The collimator walls 
were fabricated from phosphor bronze plates to the following 
dimensions: collimator length, 48 in. (121.9 cm);  plate spacing, 

*On loan from H. Berger, Argonne National Laboratory. 
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0.375 in. (0.953 cm);  and plate height, 3 in. (7.62 cm). Cad- 
mium shields, opaque to thermal neutron transmission, were 
placed at the collimator ends and at intermediate points along 
the collimator walls. This measure eliminated neutron scatter 
from the reactor port walls. Placement of the shields allowed 
the perturbation introduced by neutron transmission through 
the collimator walls to be ignored and defined the geometrical 
beam in the absence of the removable phosphor bronze walls. 

Experiments were conducted to determine the magnitude 
of film darkening produced at the image plane as a result of 
direct exposure to the neutron beam and by decay products 
resulting from neutron activation of the caclmium shields. No 
significant contribution from either factor was observed for 
collimator-to-image plane distances equal to or greater than 
6 in. (15.2 cm). 

a 

FILM 
rnOLDER 

HYPODERMIC 

Figure 5. (a) Single-slit collimating system. (b) Tube collimating system. 

To determine the geometrical beam pattern and the scat- 
tering contribution resulting from the collimator walls, expo- 
sures were made without and with the phosphor bronze walls in 
position, respectively. The exposures were made on Kodak Type 
AA Industrial X-Ray film at a pretransmission neutron intensity 
of 1.2 x 10" n/cmz. The X-ray films were cut from the same film 
sheet to ensure that the emulsions had similar characteristics. 
The reactor was operated under constant flux conditions. Imag- 
ing system placement and exposure were effected by an electri- 
cally-driven, electronically-controlled transport system. Films 
from the two exposures were hand-developed simultaneously. 

The films were scanned with a Jarrell-Ash microdensitom- 
eter having a 0.0276 in. by 2.36 X IO-' in. (0.7-mm X 6- 
micron) slit at a scan speed of 0.098 in./min. (2.5 mm/min). 
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The densitometer data were converted to relative neutron inten- 
sity as a function of position x, in the image plane. The experi- 
mental data were normalized to the theoretical data and are 
illustrated by the circled points in Figure 2. The average film 
background was subtracted from the exposure density before the 
data were reduced to relative neutron intensity. 

Pretransmission Collimation (Tube System) 
The experimental verification of the single-slit collimation cal- 
culations indicated that these data could be applied in a qualita- 
tive way, to a two-dimensional tube or multi-slit system. A tube 
system is illustrated in Figure 5b. 

These experiments were designed to yield collimator pat- 
tern data as a function of collimator-to-image plane distance for 
a tube collimating system. The system was fabricated from a 
stacked rectangular array of stainless steel hypodermic tubing. 
The collimator produced a maximum S/a  ratio of 5.25 X lo'*, 
which is comparable to that of an average X-ray system. This 
S / a  ratio was effected with tubing of the following dimensions: 
outside diameter, 0.083 in. (0.21 1 cm); inside diameter, 0.063 in. 
(0.160 cm); and length 12.0 in. (30.5 cm). 

The exposures illustrated in Figure 6a through 6f show the 
experimental patterns obtained on Kodak Type M Industrial 
X-Ray film, as a function of collimator-to-image plane distance 

O= 2 in. (5.08cm) 

042 in. ( 30.5 cm) 

D = 24 in. (61.0 cm) 

D= 7.31 in. ( 18.67cm) 

Figure 6. Tube collimator beam pattern as a function of collimator-to-image plane 
distance. 

for a pretransmission neutron intensity of 2.9 X 10" n/cm'. 
Beam pattern disappearance with increasing collimator-to-image 
plane distance is apparent from these radiographs. 

Application of Neutron Radiography 
The application of neutron radiographic techniques to the s o h -  
tion of nondestructive testing laboratory problems has become a 
reality with the development of the tube collimation system at 
the Los Alamos Scientific Laboratory. Specifically, the technique 
has been applied to (a) the detection of hydrogenous seals in 
steel forgings, (b) the detection of voids in metallic encapsu- 
lated high-explosive components, and (c) the detection of iso- 
topic separation in plasma thermocouple fuel pins. 

The geometrical configurations employed for all applica- 
tions described in this paper were identical; i.e. (a) collimator- 
to-image plane distance, 30 in. (76.2 cm); (b) cellimator tube 
length, 12 in. (30.5 cm); (c) outside tube diameter, 0.083 in. 
(0.211 cm); (d) tube wall thickness, 0.010 in. (0.025 cm); and 
(e) object in contact with the cassette. A 0.0003 in.-(0.0008 cm) 
thick gadolinium imaging foil was employed in conjunction with 
Kodak Type M Industrial X-Ray film in a front-film geometry. 
(5 )  All films were exposed at an intensity of approximately 10'O 
n/cmz at the object plane. 

Experiments were conducted to determine the feasibility of 
detecting a neoprene O-ring in an explosively-actuated nitrogen 
valve. The valve housing was a forging fabricated from corro- 
sion resistant steel. The results of the application of y and neu- 
tron radiography, respectively, to the problem are illustrated in 
the left- and right-hand reproductions of Figure 7a. Iridium 
y-rays having an energy range from 137 to 651 keV and thermal 
neutrons at a moderator temperature of 330°K were employed 
in these investigations. The O-ring was present during the making 
of both radiographs; however, it was detected only in the neu- 
tron radiograph. 

The bridgewire of a Type SE-1 detonator was exploded 
on the application of a voltage, resulting in partial burnup of the 
adjacent explosive. The system was composed of two high- 
explosive components, PETN and tetryl. The left-hand radiogra- 
phic reproduction of Figure 7b shows the results of a 150-pkv 
X-radiographic examination of the detonator, and the right- 
hand reproduction, the result of a neutron radiographic expo- 
sure. The neutron radiograph clearly shows not only the void 
area adjacent to the bridgewire caused by partial PETN burnup, 
but also the boundary between the PETN and tetryl. A brass 
collar surrounding the high explosive masks any detail which 
might otherwise be observable in the high-explosive components 
in the X-ray radiograph. 

Plasma thermocouple fuel pins were fabricated from dif- 
ferent isotopic uranium compounds. The fuel pins were segre- 
gated into two regions, an upper region containing a T J  and a 
lower region containing a 215U compound. It was required to 
accurately define the boundary of separation between the two 
regions by a nondestructive technique. The left- and right-hand 
illustrations of Figure 7c are the results of a 150-pkv X-ray and 
neutron radiographic examination, respectively. It can be seen 
that the X-radiograph does detect some density change at the 
isotopic interface; the interface is, however, more apparent and 
better defined in the neutron radiograph. 

Conclusions 
The results derived from the single-slit collimator experiments 
verify the validity of theoretically .derived collimator response 
functions assuming that the wall transmission perturbations are 
negligible. The periodicity of the image plane intensity pattern 
as a function of collimator-to-image plane distance was con- 
firmed for the multi-slit collimating system. 
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Figure 7. (a) O-ring detection (explosively actuated nitrogen valve). (b) Partial 
burnup of PETN (type SE-1 detonator). (c) Boundary of isotropic separation (plasma 
thermocouple fuel pin). 

The single- and multi-slit collimation experiments led to 
the development of the tube collimator which has been applied 
to production neutron radiography at the Los Alamos Scientific 
Laboratory. The system, having an S / a  ratio of 5 x con- 
firmed the feasibility of producing neutron radiographs with 
image quality comparable to conventional X-ray radiographs. 

Discussion 

Q. Dr. J. P. BARTON, S.A.R., Centre #Etudes NuclCaires, Gre- 
noble, France: 

We have just heard a summary of ingenious methods to over- 
come the effect of masking lines cast by multi-channel Soller type 
collimators in neutron radiography. The problem of neutron beam 
collimation is certainly a very important aspect of neutron radio- 
graphy. I think therefore the idea of the divergent collimator should 
be mentioned here. This is a principle which seems to me to over- 
come the difficulties of the multi-channel collimator mentioned in 
this summary, and can have some additional advantages. 

Most neutron radiography has probably grown out of neutron 
beam physics, where it is necessary to extract a parallel beam from 
the broad source of the nuclear reactor core. Hence the Soller Slit 
Collimators. However, in the particular case of neutron radiography, 
it should be noted that a parallel beam is not a necessary require- 
ment. Thus for a normal beam tube of diameter ‘D’ and length ‘L’ 
the neutron divergence is given by D/L where ‘D’ is measured at the 
outlet end of the tube; but the unsharpness of a point in the object 
cast on the detector screen is given by D/L where now ‘D’ is 
measured at the neutron source end of the tube. Hence a multi-tube 
parallel collimator can be replaced by a single divergent collimator 
of inlet diameter ‘D’ equal to the diameter of a single tube in the 
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Experiments will be conducted to investigate the feasibility 
of posttransmission static collimation and bidirectional dynamic 
coilimation. 
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parallel collimator system. The outlet diameter ‘0’ of the divergent 
system may be large enough to radiograph sizable objects, as for the 
multi-channel system. If the lengths ‘L‘ of the two alternatives are 
also the same it will be seen that they provide the same exposure rate 

(a function of -) 
D2 

L Z  

and the same unsharpness 
D 

L 
(a function oi -). 

Overall distortion of the image for the divergent system can be 
exactly calculated, and will be negligible for normal values of 

0 - 
L‘ 

The system appears to overcome very simply the problems of the 
multi-channel collimators discussed in the paper on Improved 
Resolution Neutron Radiography in that: 
(1) There are no slats and therefore no mashing lines, and 
( 2 )  There is no problem of neutron critical reflection. In addition 

the collimator is comparatively cheap to manufacture, and the 



displacement of moderator at the source end is minimized, 
which can have an important effect on the available neutron flux. 
This divergent collimator idea for neutron radiography has been 
widely tested and used in France over the past 18 months and 
I feel we can recommend the system. It would be useful to 
record the comments of Mr. Morris on these alternatives. 

A. Dr. Barton’s comparison between a Soller and pinhole collimator 
as they are used in neutron radiography is certainly pertinent but a 
good detailed comparison must be made between the two before a 
final verdict can be issued. 

I disagree slightly with Dr. Barton that the exposure rate at the 
detector plane is the same for a pinhole and a Soller collimator. 
I contend that the exposure rate from a Soller collimator remains 
approximately constant as a function of distance between the object 
and collimator while for a pinhole collimator, the rate decreases as 
L2, where L is the distance of the object from the pinhole. This can 
be seen if the flux, I,], in the detector plane from one tube is given by: 

where K is an arbitrary constant, D is the tube diameter, L the tube 
length, and T the distance from the detector plane to the exit side of 
the collimator. As the object is moved away from the collimator 
(T increases), the flux from the one tube decreases as expected. How- 
ever, radiation from more tubes is added and imaged in the detector 
plane as T increases. The increase in flux due to the detector “seeing” 
more tubes is given approximately by calculating the increased area 
subtended at the collimator by the constant solid angle defined by: 

XD2 a=- 
4L2 

The number of tubes “seen” at any value of T is given by: 
N = Q (T + L)K’ (2) 

where K is another arbitrary constant. 
If the number of tubes “seen” by any point in the detector is 

multiDlied by the neutron flux incident upon the point from one tube, 
the result will be equal to the total neutron flux at the detector plane. 

(3) 

All of the terms on right side are constant. This shows in a qualitative 
fashion and with some approximations, that the flux from a Soller 
collimator is independent of the object-collimator distance. 

This analysis ignores the fact that the variation of N as a func- 
tion of T is in fact discontinuous. Between discrete steps in the N 
function, the total neutron flux on the detector will decrease accord- 
ing to the inverse square law. At each discontinuity in the N function, 
the total flux will increase to the original value. Without actually 
calculating the result, I would assume that the intensity function 
would exhibit a saw-tooth shape with an almost constant average level. 

This constant level of flux at the detector plane would exist out 
to the value of To where: 

fl(Ta+L)*=total beam area. 
For T larger than To, the flux would fall off inversely with the 

square of T. For the LASL collimator, Q z 1 . 9 6 ~  steradians, 
L=12 inches, and the beam is approximately 16 square inches. 

Solving the above equation for To gives: 
To=891 inches or 74.3 feet. 
There can be no doubt that the presence of a masking pattern 

in the detector plane is a detriment that must be overcome. How- 
ever, as I pointed out in the paper, these patterns are only signifi- 
cant when the detector is relatively close to the exit end of the 
collimator. As there is no significant loss in neutron flux as the 
detector is moved away from the collimator face, the pattern prob- 
lem can be easily eliminated. 

The existence of critical reflections from the walls of the tubes 
is only a problem when trying to calculate the exact effect they 
have on the image. In general, critical reflections can only increase 
the neutron flux in the detector plane without increasing the beam 
divergence. Critical angles are quite small depending on the tube 
material but are typically of the order of 0.1 degree. This is smaller 
than the divergence of the LASL collimator (0.3 degree) and so 
did not decrease the available resolution. 

Dr. Barton’s comments concerning the mechanical simplicity 
of the pinhole collimator are well taken and they certainly describe 
an advantage over the Soller collimator. However, I believe that 
there may be circumstances which require high resolution neutron 
radiography of relatively small objects, e.g., 4 to 6 inches when the 
neutron flux is relatively low (lo‘ to 10” n/cm/sec for which the 
Soller collimator would be more useful than the pinhole. The price 
the experimenter pays for using a Soller collimator (and a rela- 
tively constant flux at the detector plane) is constant resolution. 
The inherent resolution in the radiation source as measured by the 
ratio of the source size to the source-to-object distance also remains 
constant for the same reasons that the flux remains constant. For the 
pinhole collimator, the larger the source-to-object distance, the better 
the resolution but the flux decreases by the inverse square law. 
Q. ROY E. WYSNEWSKI, General Aniline & Film Corp., New 
York, USA: 

Have you investigated X-ray film other than those mentioned 
in your paper to improve (a) system resolution, (b) enhance radiation 
response? 
A. We have not investigated other films except to make trial radio- 
graphs with the extremely slow and fine-grained Type R film 
manufactured by Eastman Kodak. Again, the primary reason for 
restricting ourselves to one brand of film is the belief that basically, 
most industrial X-ray films are similar and the fact that Eastman 
Kodak films are readily available to us. 
Q. RONALD HALMSHAW, Ministry of Defence (UK) RARDE, 
Sevenoaks, England: 

I missed your statement of the material of the fine tube colli- 
mator-are they steel tubes? 
A. The tubes in the collimator we use for production purposes are 
steel hypodermic tubing. This material was chosen primarily for its 
availability and not for any particular advantage it has in its 
reactions with neutrons. 

Applications of Neutron Radiography Using a Pool Reactor 

WAYNE A. CARBIENER, USA 

ABSTRACT: The technique and apparatus used to obtain neutron radiographs of Introduction 
The increasing role of nuclear energy in the nation’s electrical 
power complex and a wide variety of other applications has 

to improve nuclear reactors. One of the primary areas of re- 

irradiated nuclear fuel specimens are described. The Battelle Research Reactor, 
a 2 Mw pool reactor, i s  used as a neutron source and all specimen handling and 
foil activation phases ore carried out completely underwater, thereby using the 
reactor as o biological shield. Radiographs of clad and encapsulated fuel somples 
have been obtained. These radioarophs have shown fuel pellet interfaces, crock- 

brought about a continuing research and effort 
- .  

ing, fuel relocation, and swelling. Representative radiographs are included. search has been the investigation of various reactor fuel mate- 
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rials. This continuing search for improved fuel has led to many 
extensive in-pile testing programs. Analyses of ' the tests have 
been limited owing to the destructive nature of the post- 
irradiation examination technique and the lack of knowledge 
about the timing of the observed effects. The desirability of 
nondestructive examination techniques has led to the application 
of neutron radiography to the reactor fuels research area. ( 1 )  

Neutron radiography is not confined to examination of 
radioactive materials but is valuable for other applications 
where X-ray and gamma radiography are limited (2, 3, 4, 5) .  
However, the application of neutron radiography to the exami- 
nation of irradiated materials has been the primary use of this 
tool at Battelle Memorial Institute, where a comprehensive 
nuclear fuels research program has been pursued for a number 
of years. 

We have obtained neutron radiographs of more than a 
hundred clad fuel specimens, ranging in length from 4 in. to 
10 ft, as well as several encapsulated samples. Many of these 
were obtained on a 1-2 day turnaround basis to meet test 
reactor startup requirements. Fission product activities up to 
60,000 curies have been handled successfully since our work 
in this area was initiated in early 1965. 

Method 

Owing to the highly radioactive nature of the samples and the 
underwater operations employed, the transfer method of neutron 
radiography has been used exclusively in our efforts. Berger (6)  
has demonstrated the applicability of a variety of high-neutron 
cross-section materials for use in this and in the direct-exposure 
method of neutron radiography. We have used 5-mil indium 
foil as the screen material and Type AA film in our work. 

Dr ive  Mofor 

- 
( -  

Pool Surface ( 'c: 

Figure 1. Neutron radiography apparatus. 
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The Battelle Research Reactor (BRR), a 2-Mw pool 
reactor, is used as the neutron source. A collimated beam of 
neutrons is obtained by immersing a IA-in. square, air filled, 
aluminum tube horizontally in the BRR pool about 6 ft above 
the floor. One end of the tube is positioned approximately 14 in. 
from the reactor core face at an oblique angle (Figure 1 ) . A 
thermal neutron beam intensity of 1.2 x lo* n/cm'/sec is 
available at the other end of the 12-ft-long collimator for radio- 
graphic applications with the reactor power at 2 Mw. The 
cadmium ratio for gold is about 6.5. 

Figure 2. Sample fixture. 

The exposure end of the collimator is equipped with three 
sets of V-shaped wheels to act as a guide for the sample fixture. 
The fixture (Figure 2) consists of a square can attached to a 
slotted plate. The V-shaped wheels run in the slots and position 
the fixture approximately 10 mils from the end of the colli- 
mating tube. The fixture is driven past the end of the collimator 
by a variable-speed gear motor mounted above the pool surface. 
In this manner the sample is scanned by the neutron beam, 
and a radiograph of specimens up to 12 in. long may be 
obtained. The fixture is fitted with purge lines so that after the 
samples are loaded underwater, the water remaining in the 
fixture is discharged by helium pressure. The samples and 
indium screens are both placed inside this fixture. The screen is 
backed by a cadmium sheet to reduce neutron backscatter. The 
internal arrangement of the fixture is shown in Figure 3 along 
with the arrangement used for capsule radiography. 
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In-pile test capsules are radiographed with lead-out hard- 
ware intact over reactor shutdown periods. The capsule is 
inserted in a close fitting tube (Figure 3 )  with the indium 
screen positioned behind the capsule in the water. The indium 
screen is removed in 12-in. lengths as the assembly is driven 
past the collimator. Scanning speeds used cover the range from 
0.7 to 2.2 in./min. depending on the specimen geometry and 
film density desired. Fuel samples up to 10 ft long have been 
examined in a manner similar to that used for capsules. 

c - 3  Neutrons 

Alumin 'urn - 

Air 

Clod Fuel Sample Fixture 1 ft  long 

' Capsule 

Indium Scr 

Cadmium 
Capsule Fixture 2 f t  long 

:reen 

een 

Figure 3. Radiography fixtures. 

Upon completion of the neutron activation of the indium 
screen, the screen is removed from the pool and allowed to 
decay in a cassette adjacent to standard X-ray film for approxi- 
mately three half-lives. The decay time is varied, however, to 
compensate for the foil activity in achieving the desired resultant 
film density. 

Results 
The neutron radiographs of irradiated specimens obtained to 
date have been valuable in evaluating fuel and capsule perform- 
ance. Figure 4 is an example of a capsule radiograph obtained 
prior to irradiation. Similar radiographs were obtained after 
each cycle of irradiation. The changes occurring during the test 
can be related to integrated neutron exposure by obtaining the 
specimen dimensional changes from the radiographs. Since the 
scanning technique used for radiography allows a 1: l  dimen- 
sional reproduction over the entire capsule or specimen area, 
these measurements can be reliably obtained. The capsule, in 
this case, was a double-walled, stainless-steel cylinder. 

Figure 4. In-pile irradiation capsule. 

Figure 5. Double-walled irradiation capsule. 

Figure 5 is another example of a fueled capsule which 
shows more internal fuel detail. This type of information re- 
lating to pellet interfaces, annular regions, cracks, and voids is 
indicative of that obtained from clad fuel samples which are 
not encapsulated. 

Figure 6 shows a radiograph of two enriched uranium step 
blocks along with a perforated cadmium strip to present a 
measure of the resolution which has been attained. The longer 
uranium piece has steps of 8 mils over its length, the minimum 
thickness being 12 mils. The cadmium strip is drilled with 20- 
and 25-mil holes at varying separations. The strip is 20 mils 
thick. The remaining uranium piece was drilled to show the 
capability of detecting small holes in fuel material. 

Conclusions 

This neutron radiographic technique utilizing a pool reactor 
has proved valuable for the nondestructive examination of 
irradiated materials with extremely high activities. The use of 
the reactor pool water as a biological shield precludes the neces- 
sity of fabricating costly additiona1 shielding and the water has 
not interfered with the radiographic process. Neutron radio- 
graphs obtained in this manner have shown fuel relocation, 
cracking, and swelling; and have also allowed the examination 
of capsule internals such as thermocouples, coolant levels, and 
sample positioning devices. 

This nondestructive examination method has been a valu- 
able tool for two applications. First, experimental capsules can 
be examined at intervals during a test to detect internal changes 
and develop radiation-effects information which can be related 
to integrated neutron exposure. This technique has also been 
of assistance in determining the advisability of continuing or 
terminating a test in view of safety and post-irradiation exam- 
ination requirements. 
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Figure 6 
Radiographic test-pieces. 

The second application of this technique has been the 
detailed examination of the clad fuel specimens upon com- 
pletion of a test as an aid in determining the more advantageous 
locations for obtaining post-irradiation destructive test samples. 

Currently underway are efforts to expand the application 
of neutron radiography to nondestructive examination of 
irradiated materials. As more experience is gained in the evalua- 
tion of radiographs, showing the internal changes taking place 
in the material, interim radiographs during a test will be more 
valuable in the analysis of the test results. 
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The Present Aspects of Neutron Radiography in Toshiba - 

TAMON INOUYE, SHINSUKE KAWASAKI, NOBUYOSHI 
WAKABAYASHI and KAZUYUKI OGAWA, JAPAN 

ABSTRACT: Two beam ports of the 100-kW Toshiba Training Reactor ore simply 
converted to two collimators for thermal neutron radiography having the neutron 
intensity of 2.5 X lo5 n /cm*-sec with o cadmium ratio of 3.5. Neutron radiographs 
are obtained by the image transfer method using on indium screen, and the direct 
method using o gadolinium screen which needs only 10 minutes to expose. One 
application of  the image transfer method is  to examine the nonirrodiated and the 
highly irradiated nuclear fuels which cannot be done with X-ray radiography. 
This method i s  satisfactorily free from 7-ray fogging. The cadmium shadowing 
method, using cadmium compound solution by which it is  possible to detect the 
hair cracks and a porous portion of the sample, suggests o number of application 
possibilities. Images obtained by thermal neutron radiography ore analyzed by  
the technique of Fourier analysis. The optical transfer functions related to the 
unporallelism of thermal neutron beams in the process of image transfer from an 
activated indium screen to on X-ray film are derived, and compared with experi- 
mental procedures using a cadmium-made Siemens-star. 

Introduction 

Thermal neutron radiography( 1 ) has been studied in connection 
with its possible application as a useful industrial testing tool, 
using two beam ports of the Toshiba Training Reactor. Good 
neutron radiographs are obtained by the image transfer and the 
direct method. One application of the image transfer method is 
to examine nuclear fuels, which cannot be done with conven- 
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Figure 1. Experimental arrangement for neutron radiography in Toshiba Training 
Reactor. 

tional X-ray radiography. An interesting method is the cadmium 
shadowing technique using a cadmium compound solution by 
which it is possible to detect the hair cracks and a porous por- 
tion of the sample. Images obtained are analyzed by means of 
the spectrum analyses of line spread functions. 



Experimental Procedure 

Collimated thermal neutron beams are obtained from two beam 
ports of the 100-kW Toshiba Training Reactor which were 
simply converted to two collimators as shown in Figure 1. One 
of them is constructed by pulling out the 100-mm' graphite rod 
in the centre of the thermal column and placing the collimator 
plug in front of it. The collimator is made by pouring paraffin 
into the stainless steel case. No cadmium is used, but a 50-mm- 
thick lead block is placed at the end of the thermal column as a 
v-ray shield. The divergence of the thermal neutron beams is 
tan 0=50 mm/3535 mm=0.014 and the neutron intensity at the 
collimator exit measured with indium foils is 2.5 x 1 0  n/cm'- 
sec. The neutron spectrum used for radiographs (cadmium ratio: 
3.5) is very close to that of the reactor core (3.0), therefore gra- 

Figure 2. Radiographs of  capsulated UOt fuels. (a) Taken with thermal neutrons. 
Irr. 50 min; Trans. 50 min with medium-speed Sokura-S X-ray film at 90 kW.  (b) 
Taken with X-rays a t  200kV. 

phite contributes greatly to the neutron collimation. Good neu- 
tron radiographs are obtained by the image-transfer method 
using a 0.5-mm-thick indium screen, and the direct method using 
a 0.3-mm-thick gadolinium screen. These methods require 50 
min. and 10 min. respectively to secure radiographs. However, 
the quality of radiographs secured by the image transfer method, 
being free from y-ray fogging, is better than that by the direct 
method. We have used the latter only for quick testing. 

Application to Nuclear Fuels 

Inspection of Nonirradiated Fuels 
Figure 2a shows the neutron radiograph of UO, fuels cap- 

sulated with stainless steel and zircalloy (centre). Figure 2b 
shows the X-ray radiograph (200 kV) of Figure 2a. The thermal 
neutrons seem to be superior to X-rays for the inspection of 
UO, fuels because of the high penetrating power for UO, 
Although it has the disadvantage of poor resolution, the neutron 
method can still detect about 5% of defects. 

Inspection of Highly Irradiated Fuels 
UO, pellets irradiated in GETR at 6 x 10'' n/cm'-sec for two 
months were inspected ( 2 ) .  During the irradiation, the pellets 
were supposed to have been heated to about 30OO0C in the 
centre and 2000°C near the circumference. These pellets were 
originally solid cylinders 12 mrn in diameter and 12 mm long. 
Owing to the high temperature irradiation these pellets became 
coalesced, and the middle portion of the pellets was observed 
to have become hollow. 

Inspection of Fuels by Shadowing Method 
The sample pellet is a solid cylinder 24 mm in diameter, 24 mm 
long with a density of 10.3. Through the centre of the pellet 
along the axis, a 2.5-mm-dia hole was made by an ultrasonic 
tool and a tungsten wire of the same diameter was inserted. 
The pellet was then heated by applying electric current to the 

Figure 3 
Radiographs of  irradiated UOz pel- 
lets. (a) Taken with thermal neutrons. 
Irr. 40 min; Trans 1 hr with medium- 
speed Sakura-S X-ray film a t  30 kW.  
(b) Taken with 15 Mev X-rays. (c) 
Radial variation of  microscopic 
structure. Magnification, X480; Etch- 
ing: conc. HnSOdl), conc. H202(3), 
and H20 (61. 8.r mm C 6 . t m m  
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wire for two or three hours at 2800°C; it was then left to cool. 
The heat-treated pellet was dipped in saturated aqueous solution 
of cadmium chloride for several seconds, then the excess solu- 
tion on the surface was wiped off, and the pellet was imme- 
diately radiographed. Figure 3a shows a concentric black ring 
which could not be observed with the X-ray radiograph as 
shown in Figure 3b. The cadmium salt is thought to have settled 
slightly in the part which has become porous. When the pellet 
was cut either axially or radially and observed with a micro- 
scope, structural differences were observed in the area cor- 
responding to the black ring. Figure 3c shows the micrographs 
of the pellet cut perpendicular to the axis. Numbers on Figure 
3c indicate the distances from the circumference to the centre 
hole. The part where the black ring appears can be seen in 
the insert marked 4.5 mm in Figure 3c. 

Application to Hydrogen-containing Substances 

The outstanding characteristics in the neutron radiographs of 
samples which contain some hydrogen can easily be seen when 
compared with X-ray radiographs. The defect in the structure 
of a lead-sheathed polyethylene cable cannot be observed in 
the X-ray (50-kV) radiograph, because the inner part of poly- 
ethylene sheathed with lead is perfectly black while the remain- 
ing part is transparent. In the neutron radiograph, on the other 
hand, the lead sheath is transparent and voids are seen dotted 
along the copper wire. The difference between the two methods 
can be also seen in the case of M-type high-frequency plug. 
X-ray and neutron radiography are complementary owing to 
the difference of absorption coefficient of the matter, and when 
the two methods are combined very useful radiographs are 
obtained; for example, Figures 4a and 4b show the images of 
a fuel-tank and gas lighter obtained by both X-ray and neutron 
radiography. Figure 4c shows the combination of the two 
radiographs. The over-all outline of the tank is clearly given 
by the X-ray image, while the positions and structures of the 
liquid pressurized gas, wick and packing are given by the 
neutron image as well as information on materials. 

a b 
Figure 4. Combined radiograph of gas lighter. 
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Image Analysis of Thermal Neutron Radiography 

Images obtained with thermal neutron radiography are analyzed 
by the technique of Fourier arialysis. This technique is applied 
to the image transfer method using a 0.5-mm-thick indium 
screen. The resolving power of images is influenced by the 
unparallelism of thermal neutron beams, the image transfer 
from an activated indium screen to an X-ray film, and the 
existence of substances that contain hydrogen between a sample 
and an indium screen. 

Optical Transfer Functions Related to the Unparallelism of 
Thermal Neutron Beams 
The resolving power Y ( 3 )  related to the unparallelism of 
thermal neutron beams is obtained as Y = 0.59 lines/mm 
from its optical transfer function using the value of tan 
0 = 0.014 which was calculated from the angle observed from 
the sample to the reactor core surface geometrically, and setting 
the length between the sample and the indium screen 
1 = 60 mm. On the other hand, according to the experimental 
procedure using a cadmium-made Siemens-star which is often 
used in optics, the resolving power which is indicated as the 
turning frequency from the positive to the negative value of 
the function H(Y) is obtained as Y = 0175 lines/mm. Therefore, 
the divergence of the thermal neutron beams is estimated as 
tan 0 = 0.011 which is about 30% lower than the value 
expected from the geometrical considerations. This fact in- 
dicates that the thermal neutron beam collimation is com- 
parably well carried out at the surface of the reactor core. 

Optical Transfer Functions in the Process of Image Transfer 
We set 1 = 60 mm in the above case to observe the inverted 
image of a Siemens-star, but this value is larger than usual. 
Two line-spread functions using smaller values such as 1 = 23 
mm and 9 mm show almost the same spread. Therefore, the 
optical transfer functions in the process of image transfer from 
a 0.5-mm-thick activated indium screen to a 0.25-mm-thick 
X-ray film. In this process, the resolving power of images is 
influenced by the screen thickness and the distance from the 
screen to the film. An activated latent image is got in the 
indium screen by means of exposing thermal neutron beams 
having the mean free path of about h = 1.3 mm. The distribu- 
tion of this image can be shown as exp(-z/h), where the 
z-axis is perpendicular to the x-direction, which is taken along 
the surface of an X-ray film. Therefore, the line-spread func- 
tion h ( x )  of p and y-rays at the surface of an X-ray film is 
given as follows. 

d a 

By Fourier transformation of h ( x ) ,  the optical transfer 
function in the process of image transfer can be obtained. 

2nlvl +-  
h 

This function always takes a plus value for every fre- 
quency Y, so the inverted image of a Siemens-star noticed by 
experimental procedure is not made in the process of image 
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Figure 5 
(a) Experimental arrangement of the 
processof image transfer between the 
indium screen and the X-ray film. 
Optical transfer functions of image 
transfer. (b) Optical transfer func- 
tions a t  1=9.0 mm. (c) Optical trans- 
fer functions a t  1=60 mm. 

Figure 6 
(a) line-spread functions a t  1=9 mm. 
(b) Optical transfer functions a t  1=9 
mm. (c) Optical transfer functions of 
acrylic acid resin of 9-mm thickness. 

transfer, but comes from the unparallelism of beams. Figure 
Sa shows these functions in the case of d = 0 and 0.1 mm 
using the fixed value of t = 0.5 mm, f = 0.25 mm. Figure 5b 
shows the product of two H(v) induced from the unparallelism 
and the process of image transfer in cases of I = 9 mm, 60 
mm, and experimental values are also shown. They indicate 
that the experimental H( Y) includes higher frequencies than 
the calculated one. This tendency is caused by ignoring the 
limited range of P-ray beams which take the value of 4 mm. 
p-ray beams with a wide-aperture angle are scattered in the 
process of passing through the indium screen, therefore col- 
limated p r a y  beams are obtained. 

Optical Transfer Functions Related to the Influence o f  Hydro- 
gen-containing Substances. 

Neutron images are influenced by substances containing hy- 
drogen, such as acrylic acid resin. This influence is analyzed by 
using the same technique described before. Figure 6a shows the 
line-spread functions induced from the radiograph of step-wise 
acrylic acid resin, and the optical transfer functions in this case 
are shown in Figure 6b. Figure 6c shows the optical transfer 
function of a 9-mm-thick acrylic acid resin induced from the 
comparison of the two functions with and without the acrylic 
acid resin. 
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Discussion 

Q. Dr. J. P. BARTON, S.A.R., Centre #Etudes NuclCaires, Gre- 
noble, France: 

In the summary on ‘The Present Aspects of Neutron Radiog- 
raphy in Toshiba, Japan’, a most interesting point was the relation- 
ship between observed and calculated collimation of a neutron beam. 
The divergence of the neutron beam was measured by a Seimens 
Star and Fourier Analyses method to be 30 per cent better than that 
calculated from the length and diameter of the beam tube. Two 
comments may be made on this. 

Firstly we note that the beam tube was not lined with cadmium 
or other neutron absorber. Our own experience indicates that in 
this case many neutrons diverge from the sides of the tube, and the 
actual beam collimation is very much inferior to that calculated 
from the tube length. For example with a paraffin wax block of 
moderator surrounding a source of 14 MeV neutrons a 5 cm diameter 
tube of length 75 cm unlined, produces only the same beam col- 
limator as a cadmium lined tube of length 25 cm. A difference of a 
factor of three. Thus we might expect the true neutron divergence 
in the Japanese case to be much larger than calculated. 

Secondly we might note that photographic measurements often 
indicate much better beam collimation than would be expected. For 
example in our conical collimator of inlet diameter 1.4 cm and 
length 187 cm we would expect an image blur of 600 1.1 for a separa- 
tion between object and image plane of 8 cm. In practice we can 
see in this case the separation of holes in cadmium down to 50 1.1, 
and plastic wires can be distinguished down to 200 1.1. Certainly this 
is not a true measurement of beam divergence, and the Seimens 
star method will be a more exact measurement. However, perhaps 
it is possible that both the calculated beam divergence (from the 
tube geometry) and the measured beam divergence (from the photo- 
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graphic method) are optimistic by about the same large factor, which 
would explain their agreement to within 30 per cent. This must, 
however, be very unlikely. Perhaps Mr. INOUE could comment 
on this question of possible errors in either the calculated or meas- 
ured beam divergence. 

A. In your first question, you have compared with the case of 
beam collimation of 14 MeV fast neutrons. When the source is the 
fast neutron emitter, then the contribution of thermalized neutrons 
from the sides of the tube will be important because a lot of 
thermalized neutrons diverge from the sides of collimator tube as 
you have mentioned in the comment. However, when the source is 
the emitter of thermalized neutrons, I do not think that the neu- 
trons from the side surface are dominant. In our case, the source 
is the core of the nuclear reactor of swimming pool type, so the 
neutrons are well thermalized even at the end surface of the neutron 
collimator. According to this reason, I do not think that neutrons 
that diverge from the sides of the collimator tube significantly affect 
the neutron beam collimation. 

For your second question, I cannot mention the most reasonable 
answer. One reason I can comment is the neutron intensity distri- 
bution at the end surface of the collimator tube. In our calculation, 
we have assumed that the neutron intensity distribution is constant 
on this ‘surface. However, this is not confirmed. If the distribution 
is somewhat concentrated at the centre position, then the neutron 
collimation will be better than in the case of the constant distribu- 
tion. In our case, the reactor core is very small, so it is not probable 
that the neutron intensity distribution is constant at the end surface 
of the collimator tube. This may be the reason of the discrepancy 
of thermal neutron beam collimations. 
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Technical Session 9/ Standardization-General 

Development of Radiographic Standards for Castings 

S. GOLDSPIEL, USA 

ABSTRACT: Standards are urgently needed for radiographic (NDT) evaluation 
of common alloy castings to safeguard against failures due to hidden defects. 
These standards must be realistic to maintain balance between safety and costs. 
With these as an ultimate objective, the paper describes aver five years of ASTM 
development work an Reference Radiographs, in which the U.S. Naval Applied 
Science laboratory has been cooperating under the sponsorship of the Bureau of 
Ships. In addition, a summary i s  given of the laboratory’s work designed to 
develop objective bases whereby suitable reference radiographs can be desig- 
nated as standards of acceptance for various types of castings. The discussion 
covers the following aspects: (a) development of steel, bronze and aluminum 
plote castings with defects of graded severity and most common radiographic 
indication types; (b) development of relationships between radiographic indica- 
tions and mechanical properties using full section thickness specimens from 3-in. 
plate castings; and (c) considerations involved in making quantity reproductions 
of reference radiographs. 

It i s  concluded that severity of radiographic indications can be used to assess 
performance of castings loaded in tension. However, radiography cannot be used 
alone to assess performance of castings loaded in bending (or flexure). In such 
cases, greater reliance must be placed on NDT methods which emphasize surface 
or near-surface discontinuities. It i s  also concluded that the new ASTM Reference 
Documents will adequately serve as radiographic standards far castings when 
various codifying activities prepare suitable implementing directives specifying 
acceptable severity levels for common types of discontinuity in various typical 
castings. In addition, the permanently stared plate castings developed far the 
ASTM Reference Radiograph documents can be used for production of new 
original radiographs far printing of future reissues; to make reference documents 
for new radiographic sources and techniques; and to prove capabilities of 
various other NDT methods for detection and assessment of internal flaws. 

Background 

The Navy Radiographic Standards for Steel Castings (1 ) pro- 
mulgated in 1942 and still in use, include a compilation of 
actual industry production radiographs. They represent graded 
severity levels of most common discontinuity types, produced 
from steel casting sections not exceeding 2 in. thick. However, 
they lack the following two features, which technology has since 
recognized important in standards that can be used effectively: 

a. Castings from which “standard” or “reference” radio- 
graphs are made should be available and stored for possible 
future reference, as for example in checking of improvements 
in sensitivity of detection which new radiographic sources, 
techniques and recording media may make possible at any 
particular time. 

b. Radiographs used as standards of acceptance should be 
related to deterioration of engineering properties with increased 
severity of various discontinuity types. 

ASTM Designation E71 (2 ) ,  employing illustrations of 
the Navy Radiographic Standards for Steel Castings, was first 
adopted in 1947 as a tentative standard and until recently 
;epresented the only widely accepted document for specifying 
radiographic quality of steel castings for all of industry, as well 
as the Navy. 
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With the increased use of heavy-walled steel castings, in- 
volving section thicknesses up to 12 in., the Bureau of Ships 
has decided to modernize the existing standards, which were 
based on relatively thin-walled castings. Accordingly, it spon- 
sored related project work at the Naval Applied Science Lab- 
oratory. Substantial funding on modernization of reference 
radiographs for common alloy castings including heavy-walled 
steel, high-strength Cu-base and related Ni-Cu alloys, tin 
bronzes and aluminum was started in 1962. For each alloy 
type, the intent was to include the largest section thicknesses in 
general use and simultaneous development of destructive test 
data to help in the establishment of more meaningful acceptance 
criteria. The work on the references was to be conducted, as 
much as possible, in cooperation with ASTM in order that com- 
pletion be expedited and results receive industry acceptance. 
Cooperation was effected through a Laboratory representative 
on various task groups, who was to assure that: 

a. The Navy’s point of view is adequately reflected in the 
related work of ASTM; b. the development of required refer- 
ences be expedited at reduced cost to the Navy; and that 
c. special needs of the Navy, not reflected in references pro- 
duced by ASTM, be supplemented by appropriate additional 
work at the Laboratory. 

The important “special need of the Navy” results from 
the difference in the concepts of “Reference Radiographs” and 
“Standard Radiographs”. “Reference Radiographs”, as the term 
is used by ASTM, are sets of illustrations of graded severities of 
various discontinuity types, which cover a wide range of casting 
quality levels practically attainable in production with current 
know-how, without recommendations as to acceptability to 
particular applications. It is in pursuit of this policy, that the 
E71-52 document was revised recently (E71-64) to exclude a 
table of suggested classifications of castings by severity levels 
of common discontinuity indications. It is to be noted that, 
though the various gradations are established on basis of 
engineering judgment of competent engineers and metallurgists 
with many years of radiography experience, they are not backed 
by objective data relating discontinuity indications to effect on 
engineering property deterioration. Selected “references” become 
“standards” of radiographic quality acceptance, or “Radio- 
graphic Standards”, when producer (vendor) and consumer 
(buyer) agree on using them as a basis of acceptance or re- 
jection in a particular contract. 

The Navy, as a large user of castings of radiographic 
quality, was first to develop and publish radiographic “stan- 
dards” of acceptance to assure maximum uniformity in design, 
procurement, quality control, inspection and related activities 
with respect to castings in its far-flung establishment involving 
people of varied training, experience and points of view. The 



Navy document, which was the basis of original ASTM E71 
document, though based on judgment unbacked by actual data, 
listed 5 classes of castings established by arbitrary values of 
more or less loosely defined factors of (1) section thickness, 
(2)  pressure (including temperature and superheat when steam 
is involved), (3)  service stress, and (4)  presence of impact 
and vibration. It has since been recognized that additional 
factors which must be considered in an over-all evaluation of 
radiographic quality in specific cases are: fatigue, exposure to 
penetrating radiation, accessibility for maintenance or replace- 
ment, and alloy type solidification characteristics. At best, how- 
ever, (even with all factors of use currently considered in 
determination of radiographic classification requirements for a 
particular application) the acceptance criteria are largely 
qualitative and subjective. 

Considerable improvement in the effective use of radio- 
graphy as a nondestructive testing method for castings might 
result from an evaluation of the relationship between radio- 
graphic indications and change of mechanical properties. Avail- 
ability of quantitative data, for example relating static tensile- 
test parameters and impact-bend to severity of radiographic 
indications, would be helpful in a more objective determination 
of standards of acceptance because such data could be used in 
conventional design calculations. While it is recognized that 
establishment of such relationships and their use is by no means 
easy, the trend in recent years has been to do so. Work of this 
type, but related to different materials or thickness ranges has 
been reported ( 3 ) ,  (4), ( 5 ) ,  but had to be extended to supply 
data for new alloys and especially for thicker sections of each. 

Scope of Paper 
This paper summarizes over five years of ASTM development 
work on Reference Radiographs, in which the Naval Applied 
Science Laboratory has been cooperating. In addition it dis- 
cusses the Laboratory’s related work on development of steel 
and bronze plate castings with defects of graded severity for 
most common radiographic indication types, development of 
relationships between radiographic indications and mechanical 
properties using full section thickness specimens from 3-in. 
plate castings; and considerations involved in making quantity 
reproductions of original selected reference radiographs. Finally, 
it outlines bases whereby suitable reference radiographs can be 
designated as standards of acceptance for various types of 
castings. 

How ASTM Reference Radiographs Are Developed 
Work on ASTM Reference Radiographs starts in Sub I1 of 
Committee E7, when a sufficient demand by producer and con- 
sumer interests demonstrates the need of new references. Con- 
siderations for establishing need for new references include 
(a)  alloy type and solidification peculiarities; (b) thickness 
ranges and their influence on solidification or radiographic 
appearance of defects; and (c) radiation sources and their 
sensitivity of defect detection. 

Upon approval of proposed work by the E7 Council, the 
chairman of Sub I1 appoints a Task Group chairman, who in 
turn establishes the Task Group personnel with equal repre- 
sentation of specialists in the field from producer and consumer 
interests. The Task Group, within general charge of the chair- 
man of Sub 11, decides on plans and conduct of its work 
autonomously. It agrees on the material to be produced for 
making the radiographs; thicknesses to represent ranges used by 
industry; representative discontinuity types and severity levels 
to be covered; dimensions of original radiographs; radiation 
sources to be employed for radiography; text material to accom- 
pany document; and method of original radiograph reproduction 
for ultimate quantity promulgation. 

47 
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The detail work is accomplished by splinter groups whose 
decisions are subject to frequent reviews by the entire Task 
Group. When the selection of radiographs has been approved 
unanimously by the entire Task Group, the document is pro- 
gressively subjected to ballot by Sub I1 and E7 membership. To 
provide bases for action on ballots, prototype albums of refer- 
ence radiographs are made available for viewing at local and 
national meetings. Recommendations for changes and criticisms 
accompanying negative ballots, at each stage, are resolved by 
Sub I1 with the aid of additional studies, as necessary, by the 
Task Group. The process is generally painstaking and time 
consuming. This can be illustrated by work on document E136, 
“Reference Radiographs for Steel Castings for 2 to 49 in. 
in Section Thickness.” The selection involved many castings and 
frequent retaking of radiographs; 11 task group meetings and 
5 Sub I1 meetings from March 1959 to June 1961, when the 
document was submitted for simultaneous balloting by Sub II 
and E7. The Administrative Committee on Standards of ASTM 
assigned the designation El 86-62 to the recommended refer- 
ences on 16 April 1962. The references became an ASTM 
document on 28 May 1962. Difficulties in making reproductions 
by photography for the published document required its with- 
drawal. The problem of making improved reproductions was 
turned back to the Task Group and Sub 11. As a result of 
special work, in which the Eastman Kodak Co. Research Lab- 
oratories assisted materially, a satisfactory method was evolved 
and a revised document E186-65 was issued almost 24 years 
later. This aspect is described later in the paper. 

Production of Plate Castings with Representative Radiographic 
Discontinuities 
Plates, 3 in. thick and 12 in. x 14 in. in area, cast of approx- 
imately 0.30 carbon steel by 6 cooperating companies of the 
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Table I 

Chemical Composition and Tensile Properties of Plate Castings 
(a) STEEL 

I Chemical composition 1 Mechanical properties 

Chemical composition 

Number of 

Mean 
fitandard deviation 
Minimum 
Maximum 
MILS-15083, 

Class B 

soecimens 

Mechanical properties 

Number of 

Mean 
Standard deviation 
Minimum 
Maximum 
MIL-B-21230A, 

Alloy #2 

specimens 

%Ni %A1 %Fe 

58 58 58 
2.4 7.5 3.2 
0.16 0.28 0.11 
2.1 7.0 3.1 
3.4 8.3 36 

1.5 7.0 2.0 
to to to. 

3.0 8.5 4.0 

+Minimum 

T. S. Yield % 
1000 Pt Elong 
psi 1000 in 2” BHN 

psi 
- _ _ ~ - - ~ -  

58 58 58 58 
97.0 44.2 33.2 167 

90.8 32.8 12.5 149 
110.7 51.6 42.5 207 

90.0* 40.0’ 200: - 

4.1 3.1 5.8 10.9 

49 
0.26 
0.03 
0.19 
0.32 

49 
0.58 
0.09 
0.42 
0.77 

49 
0.41 
0.09 
0.25 
0.65 

-0.60 
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%Mn 
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11.0 
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14.0 

0.28 

~ 
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Figure 1. Foundry rigging used to produce plate castings with representative radiographic discontinuity types in graded severities. 

Task Group (Blaw-Knox, Bonney-Floyd, Chapman Valve 
Mfg., Crane, General Electric and General Steel Industries Inc.) 
were used to develop the reference radiographs for the 2 to 
44411. steel castings (E186). All other plate castings for the 
selection of reference radiographs and destructive tests described 
in this paper were produced by or under the direction of the 
Naval Applied Science Laboratory. The following is a rCsum6 
of foundry procedures used to develop the various discon- 
tinuity types, which have been described in greater detail 
previously ( 6 ) ,  (7 ) .  

A .  Steel Plate Castings 
Plate castings, other than those provided for E186 by co- 
operating companies mentioned above, were made of a com- 
position complying with MIL-B-15083, Class B, Table 1 (a) .  
Typical rigging used in the foundry work is shown in Figures 
l ( a )  and ( b ) .  It should be noted that even with the use of 
planned procedures (outlined below), the yield of usable cast- 
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ings was relatively low because random variables associated 
with casting technology and foundry metallurgy introduce 
extraneous discontinuity types and otherwise interfere with 
quality desired in “standard” plate castings. The following is a 
brief description of how the various defect types were intro- 
duced : 

1. Gas Porosity-The total Si content of the heat was 
varied and deoxidation with AI eliminated. 

2 .  Inclusions-Silica aggregate was introduced into approx- 
imately the mid-section of the mold and held with fine mesh 
steel wire screens which dissolved into the mass of metal during 
pouring. 

3. Shrinkage-The three types of shrinkage included in the 
reference radiographs were produced by controlling the feeding 
and solidation gradients; e.g. using two risers, one at each plate 
end, while the plate length was varied; molds were poured with 
and without insulating pads placed, as deemed necessary, at bot- 



tom and sides of the plate portion of the molds. The three shrink- 
age indication types (i.e., linear, dendritic and worm hole) were 
obtained more or less by accident. 

4. Linear-The mold for castings with this discontinuity 
type made allowance for a longer plate than required for the 
finished length. It also had “ears” at corners at which tension 
was formed by resistance of restraining steel bars held between 
the ear portions of the mold. These plate castings were fed with 
two risers, one at each end. 

5. Inserts-Two types of this discontinuity, i.e. chills and 
chaplets were used in this work, and both were produced in an 
identical manner. Various gradations were achieved by changing 
the area and thickness of zircon-bentonite wash applied to the 
metal inserts. 

B .  High-strength Copper-base Alloy Plate Castings 
The alloy chosen for this work was a Mn-Ni-A1 bronze, com- 
plying with composition requirements of MIL-B2 1230A, Alloy 
No. 2, Table 1 (b)  because this material has a narrow solidifica- 
tion range and dross forming characteristics of most of the 
alloys of high-strength Cu-base and related alloy castings 
(though somewhat to an exaggerated extent). Briefly the 
methods used to develop plates with varying severities of the 
most common discontinuity types for the alloy were as follows: 

1. Gas Holes-For the I-in. plate castings, the metal was 
melted and degassed by bubbling dry nitrogen through it for 30 
to 40 minutes. Tapered plate castings, as shown in Figure l ( c ) ,  
were poured in air using bonded, dry sand molds. The molds 
were placed immediately after pouring in a chamber where 
vacuum of 26 in. of mercury was applied during solidification. 
It was learned later that without the use of vacuum, gas bubbles 
did not form at all, but that with vacuum and without degassing 
an excess amount of bubbles formed. The procedure followed 
for the 3-in. plate castings was similar, except that degassing 
lasted from 45 to 120 minutes and the molds were as shown in 
Figure 1 (d) .  

2. Inclusions-For the 1-in. plate castings, silica particles 
of various sizes and amounts were fastened with sodium silicate 
to the ends of superston pins which were pushed into the drag 
of the green sand molds. The pins and inclusions were fused 
into the castings during pouring. The casting proper was a 
tapered 1-in. plate as shown in Figure 1 (c ) .  The procedure for 
the 3-in. plates was similar, except that the silica particles were 
fastened with sodium silicate to a copper screen which was 
suspended in the centre of the mold cavity as shown in 
Figure 1 (e) .  

3. Dross-For 1-in. plate castings, the pattern used is 
shown in Figure l ( c ) .  Castings with a small amount of dross 
were made by removing the screen normally used from the 
rigging and increasing the gate area. The latter was accom- 
plished by increasing both the height and width of the gates. 
Medium amounts of dross were generated by introducing tur- 
bulence when clean metal was poured directly down the riser. 
The castings with large mounts of dross were made by pouring 
directly down the risers and allowing the floating dross in the 
ladle to stay with the metal stream. The procedure for the 3-in. 
plate castings was similar, except that the mold used was as 
shown in Figure 1 (e). 

4. Shrinkage, Feathery-For this discontinuity type, which 
applies only to the I-in. castings, the plates were made with a 
mold, as shown in Figure l ( f ) ,  with extensions varying from 
2 in. to 4 in. to obtain lower severity levels. The mold shown in 
Figure I (g)  with the plate having a 4’ taper, varying in length 
from 2 in. to 6 in., was used to produce minor severity levels 
of shrinkage. The casting mold shown in Figure l ( h )  with 
various appendages was used to produce intermediate levels of 

shrinkage. To produce the most severe grades of shrinkage, the 
mold was placed in a chamber and allowed to solidify under 
vacuum. The mold used for these castings is shown in 
Figure l ( c ) .  

5 .  Shrinkage, Linear and Spongy-The “spongy” shrink- 
age type could only be developed for the 3-in.-thick plates and 
is considered to be a variation of the feathery type discussed for 
the 1 -in.-plates. The difference in radiographic appearance be- 
tween the sponge and feathery shrinkage types is mainly due 
to mass effect in cooling and reduction in detail resulting from 
superimposition of thicker layers of metal between the discon- 
tinuity and radiographic film. Both linear and spongy shrinkage 
were produced in castings poured with molds shown in Figure 
1 ( i ) .  Generally, the more severe levels were found in longer 
castings. However, the occurrence of either type seemed to be 
random and unrelated to the controlled variables. 

C. Tin Bronze Plate Castings 
The alloy chosen for this work was composition “G”, MIL-M- 
16576(BUORD). Illustrations for sand inclusions, hot tear and 
inserts were retained from NAVSHIPS 250-537. The molds for 
the plates specially made for the new document were of green 
sand, rammed in tight flasks. Briefly, the methods used to pro- 
duce the various discontinuity types were as follows: 

1. Gas Holes-Gas holes were formed by mechanically 
entrapping gas in tapered plate castings of the type shown in 
Figure I ( c ) .  Gas holes were also formed from dissolved gas 
added to the metal by bubbling ammonia or wet nitrogen. 

2. Shrinkage, Linear and Feathery-Both types of shrink- 
age were found in castings with appendages shown in mold 
patterns, Figure l ( j ) .  Either type of shrinkage occurred at ran- 
dom and the severity seemed unrelated to the size of the 
appendage. 

New ASTM Reference Radiograph Documents for Steel and 
Bronze Castings 
The results of the work on new reference radiographs for 
castings over the past five years of Committee E7 Sub I1 are 
summarized in Table 2 which lists by document: (a )  designa- 
tions; (b) applications as to material, thickness range and radio- 
graphic source types; (c) plate castings used, by material, size, 
total numbers cast and number finally selected for the refer- 
ences; and (d)  reference document details, including discon- 
tinuity types, severity levels, film size and cognizant ASTM E7 
Sub I1 Task Group. For each document the developed plate 
castings have been stored for possible future use on reissues, 
new radiographic techniques and even for proving other NDT 
techniques. To conserve expense and time for making original 
plate castings, references for alloys other than steel emphasized 
discontinuity types which are peculiar to the particular alloy 
types, and refer back to steel documents for discontinuity types 
which are substantially unaffected by alloy type. 

Reproduction of Illustrations in Quantity from Prototype Album 
Originals 
As briefly noted previously, the problems in the development of 
reference radiographs for the 3-in.-thick steel plates were not 
over when the prototype albums were completed and accepted 
by ballot at various committee levels. Thus the promulgation of 
proposed document E l  86 required that illustrations for each 
of 40 selected 3-in. plate castings, each radiographed with three 
radiation sources, be reproduced in quantity. For an initial 
issue of 100 sets this entailed production of 12,000 films each 
of which had to retain the essential detail of the originals in- 
cluding contrast, sensitivity, H&D density and colour. The first 
approach followed the traditionally used method of reproduc- 
tion. This involved making of photographic intermediate trans- 

STANDARDIZATION-GENERAL 259 



DOCU- Application Plate castings used 

No. 

- 
E186 

E280 

E272 

E310 

Reference Document Details 

identifi- 
cation 

Material 

- 

Radiation 
sources 

Steel - 1  
Material 

S tee1 

~~ 

1 MEV 
X-Ray 
co-co 
10 TO 24 
MEV X-Ray 

10-24 MEV 

c o - c o  
X-Ray 

MIL-S-15083 
Class B 

MIL-S-15083 
Class B 

Thick- 
ness 

range 
(in.) 

2 T O  
4 t  

4 t  
TO 
12 

TO 
2 

2 
TO 
6 

TO 
4 

High-strengtl 
Copper-base 
and nickel- 

copper * 

Tin bronzes ** 

250 KVP 
X-Ray 

2-MEV 
X-Ray 

L50 KVP 
X-Ray 

MIL-B-21230A 
Alloy #2 

MIL-B-21230A 
Alloy #2 

MIL-M16576 
(Buord) 

Size 

"X 12"X 12" 

8" X 27" 
to 

" x 12" x 12" 
'0 18" X 27" 

"X 12"X 12" 

"X  12"x 12" 

vx 12"X 12" 

Total 
No. 

165 

96 

135 

170 

44 

Selected 
No. Discontinuity 

40 

35 

20 

25 

15 

Gas porosity 
Sand and Slag 

inclusions 
Shrinkage 
Linear 
Inserts 

Gas porosity 
Sand and slag 

inclusions 
Shrinkage 
Linear 
Inserts 

Gas porosity 
Inclusions, Sand 

and slag 
Inclusions, dross 
Shrinkage, 
feathery 

Gas porosity 
Inclusions, slag 
and sand 
Inclusions, dross 
Shrinkage, lineal 
Shrinkage, 
spongy 

Gas porosity 
Shrinkage 

1 

1 
3 
1 
2 

1 

1 
3 
1 
2 

1 

1 
1 

1 

1 

1 
1 
1 

1 

1 
2 

Severity 
levels 
per 
type 

5 

5 
5 
5 
5 

5 

5 
5 
2 
5 

5 

5 
5 

5 

5 

5 
5 
5 

5 

5 
5 

*For discontinuities not shown appropriate steel reference radiographs can be used. 
**For discontinuities not shown, either those retained from NAVSHIPS 250-537-1 or appropriate ones for steel castings can be used. 

parencies on commercial film by photographing original radio- 
graphs from a light by use of a long range focal lens or by 
contact printing by use of a conventional printing box. Both 
these methods, when closely monitored under radiographic lab- 
oratory conditions, gave fair results in the past although the 
reproductions were considerably grainy and lacked the colour of 
original radiographs. Under shop production conditions, dif- 
ficulties of control graininess gave nonuniform copies which, 
for the lower severity levels, became so bad at times that the 
relevant radiographic indications were illegible. Thus when the 
issues of document ASTM E186-62T first came out, complaints 
about their graininess was such as to cause their withdrawal 
until an improved method of reproduction was developed. The 
thickness of sections involved in the radiography of 3-in. steel 
plates for E186 and of the other documents, which by now 
were nearing completion (i.e. 6-in.-thick steel and 3-in-thick 
bronze plates, made the use of actual radiographs economically 
impractical. It may be noted that original radiographs were 
used for documents E192 and E155 which involves up to 
2-in.-thick sections of steel and aluminum, respectively. For  
heavy section thicknesses in the present instance, however, it 
was obvious that reproductions had to be made by a copying 
method. The Eastman Kodak Co. representative on Task Group 
A, which developed the E186 document, finally helped solve 
the problem with assistance of the company's research lab- 
oratory. Direct positive X-ray copying film, when properly 
exposed, yields reproductions which have almost identical con- 
trast compared to the originals over a considerable density 
range. Figure 2 shows, for example, data for copying a radio- 
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-L 

Film 
dimen- 
sions 

5" x 7" 

8"X 10" 

5" x 7" 

Cognizant 
task 

of 
ASTM 
COMM 

group 

E-7 

Figure 2. Direct X-ray film copies of steel step wedge radiograph. 



graph of a step wedge on M film by using three different ex- 
posures. Curves B and C give copies which faithfully reproduce 
the contrast of the original over the range of 1.00 to 2.2 within 
5 % ;  whereas curve A shows such poor results as to be entirely 
unusable. In  either case, however, the reproductions have a 
grain structure and colour which is comparable to those of 
original radiographs. However, they only reach a maximum den- 
sity of about 1.9, because of the reversible nature of the emul- 
sion. This density is considerably below the density of the original 
radiographs whose base and defects reach density values of 2 
and 3 or more respectively. To achieve the densities of the origi- 
nal radiographs in copies it was finally decided that the reversible 
X-ray film copies he combined with sheets of commercial film 
which have been exposed to a uniform density. The density of the 
added film (or neutral filters) is such as to build up the com- 
bination to that of the original. In practice the neutral filters are 
prepared in advance to different uniform densities by varying 
exposures, and selected for use with suitable X-ray reversible 
film copies. For curves B and C of Figure 2 for example, use 
of neutral filters of 0.38 and 0.58, respectively will build up the 
density of reversible X-ray copies of the original wedge radio- 
graph for a range of 1.0 to about 2.3 in terms of the original 
within about 5%. 

Estimation of Heavy-Walled Casting Tensile Properties 
From Radiographs 
Following is a brief summary of work to determine how static 
tensile strength properties correlate with severity level of repre- 
sentative radiographic discontinuities in full section specimens 
cut from 3-in. plate castings. 

Materials-The materials studied were Class B steel (MIL- 
S-15083) (6)  * and Mn-Ni-AI bronze (MIL-B-21230A, Alloy 
# 2 )  representing a high-strength, narrow solidification, copper- 
base-type alloy. 

Test Procedure-The tensile specimens were cut from plate 
castings accumulated during, and left over from, the selection 
of material for corresponding reference radiograph documents 
ASTM E186 and E272 for steel and high-strength bronze cast- 
ings, respectively. The gauge section of all specimens were radio- 
graphed in plan and side elevation and evaluated for radiographic 
type of discontinuity and severity level by use of corresponding 
ASTM tentative reference radiographs. With few exceptions, 
which were noted for purposes of interpretation of results for 

* Symbols in parentheses after discontinuity type are Code designa- 
tions used for brevity on reference radiographs, and report tables, figures 
and discussions. 

Table 3 

Statistical Correlation Data between tensile Properties and Severity of Representative Types of Radiographic Indications in 
3-in.-thick Steel and Mn-Ni-AI Bronze Plate Castings 

(The slope is the deterioration per grade of severity and is given by the equation Y = a-bX, where Y is the property, X the severity of indication and a 
the average value for substantially sound plates.) 

Discontinuity 

Gas porosity 
A 

Inclusions 
B 

Linear shrinkage 
Ca 

Dendritic shrinkage 
Cb 

Worm-hole shrinkage 
c c  

“Hot tears” 
D 

Chill inserts 
Ea 

Chaplet inserts 
Eb 

Gas porosity 
A 

Sand inclusions 
Ba 

Dross inclusions 
Bb 

Linear shrinkage 
Ca 

Spongy shrinkage 
Cd 

Tensile 
1000 psi 

Slope 

-3.28 

-0.03 

-8.11 

-8.11 

-7.60 

-8.06 

-2.58 

-4.93 

-4.07 

-0.06 

-3.85 

-3.62 

-3.58 

95% 
Tolerance 

limit 

k 5.2 

* 

& 6.2 

f 9.2 

f 5.4 

f 6.8 

k 5.2 

* 5.4 

* 6.4 

f 7.2 

k 9.0 

- + 8.4 

k10.1 

Yield 
1000 psi 

Slope 

-0.43 

-0.03 

-1.16 

-0.69 

- 1.43 

-1.23 

-0.08 

-0.61 

** 

** 

** 

** 
** 

95% 
Tolerance 

limit 

* 
* 

k2 .3  

k3 .0  

k2 .2  

k2 .0  

* 

k 1 . 9  

** 

** 

** 

** 

** 

’% Elongation 
4“ Gauge length 

Slope 

-3.65 

-1.36* 

-3.38 

- 1.22 

-3.46 

-4.40 

-2.59 

-3.26 

* 

* 

-1.20 

-1.10 

-0.93 

95% 
rolerance 

limit 

k5 .0  

* 

k4.8 

k 3 . 8  

k 5 . 6  

k 5 . 8  

k 4 . 3  

k 3 . 8  

* 

* 

k3.9 

k2 .6  

k3.0 

*No significant relationship indicate. 
**Data not taken. 
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Figure 3. Full thickness tensile specimen produced from 3-in.-thick plate castings 
with representative radiographic discontinuities. 

the effect, specimens chosen had no breakthroughs to the surf ace 
as determined by magnetic particle or penetrant inspection. 
The tensile specimen, shown in Figure 3 was designed to cope 
with limitations of original plate casting size and to assure that 
grips would not fail in tension, yield, or bearing prior to yielding 
of the gauge section. The cross-section of the specimens were 
3 x 2 in. and the gauge length was 4 in. The specimens were 
pulled in the annealed and as-cast conditions for the steel and 
bronze castings respectively. The discontinuity types considered 
were as follows: 

For steel For bronze 
Gas porosity Gas porosity 
Inclusions Sand inclusions 
Linear shrinkage Dross inclusions 
Dendritic shrinkage Linear shrinkage 
Wormhole shrinkage Spongy shrinkage 
“Hot tears” 
Chill inserts 
Chaplet inserts 

Test Data-For each specimen tested the following data 
were collected: radiographs of gauge section in plan and side 
elevation, photographs of fractures, percentage of principal alloy- 
ing elements, the BHN and destructive tensile data. The yield 
point, determined by the divider method, is shown only for 
steels. The per cent elongation was determined from the change 
of the original 4-in. gauge length. Figures 4 and 5 are illustrative 
of data sheets for porosity and dendritic shrinkage for steel; 
while Figure 6 is for specimens with spongy shrinkage in Mn- 
Ni-AI bronze castings, respectively. Table 3 summarizes results 
of statistical regression analysis correlating tensile properties 
with severity level of various radiographic discontinuity types. 
Linear regressions were found to apply in all but the following: 

For steel 
Tensile, yield point and elongation for inclusions 
Yield point for gas porosity 
Yield point for chill inserts 

Elongation for gas porosity 
Tensile and elongation for sand inclusions 

Typical graphs of the relationships, with 95% confidence 
limits where applicable, are shown in Figures 7 and 8 for steel 
and Figure 9 for bronze. 

Briefly, the results of this work can be summarized as 
follows: 
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For bronze 

RESULTS PLAN X - R A Y  SIDE X-RAY 

HEAT NO 17 X 3 8  

YIELD POINT 1000 PSI 32 2 
- % ELONGATION IN 4 16 0 

TENSILE STRENGTH 1000 PSI 6 3  0 

J w 

w i 

BHN 147 
% CARBON 0 2 1  
% MANGANESE 0 5 3  
% SILICON 0 36 

HEAT NO 54 X 6 
TENSILE STRENGTH 1000 PSI 5fi  3 

YIELD POINT IO00 PSI 3 8  4 
% ELONGATION IN 4 10 5 * n 

i w 

w i 

BHN 140 
% CARBON 0 2 1  
% MANGANESE 0 74 
% SILICON 0 32 1 s  

HEAT NO 55 X A 
TENSILE STRENGTH 1000 PSI 44 I 

YIELD POINT IO00 PSI 32 O 
% ELONGATION IN 4”  9 0 

BHN 130 
% CARBON 0 2 1  
% MANGANESE 0 71 

% SILICON 0 33 

* .  

Figure 4. Representative steel casting tensile specimens with gas porosity, radio- 
graphic severity levels 1, 3 and 5. 

HEAT NO 615342 8 
ICNSILF SIIIENC. 

% El O N G A l  
YICI.0 f0 l i i l  

TEN 4s 2 
Y l  

Figure 5. Representative steel casting tensile specimens with dendritic shrinkage, 
radiographic severity levels 1, 3 and 5. 

Steel Castings 
1. Visual graduation of radiographic indications obtained 

for steel castings yields severity levels which give linear regres- 
sions with respect to ultimate strength for all types of defects, 
except inclusions. 2. The deterioration in ultimate tensile strength 
of steel in the annealed condition may be estimated from the 
severity of radiographic indications. The deterioration is most 



severe for linearly disposed discontinuities, such as shrinkage. 
3. The yield point is practically unrelated to the severity of 
radiographic indications studied here, except for the most severe 
levels of the linear type. 4. Elongation of cast steel is drastically 
affected by soundness and cleanliness. Where elongation is 
important in design, the quality level of steel castings is in- 
dicated by the required elongation. 5. While radiographs of 
castings should by no means be used to replace tensile testing, 
the engineering strength of particular portions may be assessed 
with a high degree of confidence by use of relationships 
described here. 

I. X&AT NO 

MEA 7 NO 

6/7-65 
73 3 
/ 2  O 

/ 6 3  
/258 
2 24 
765 
3 2 7  

669 54 
64 7 
90 

I’ 70 
/ 2  40 
221 
217 
3 32 

523-//A 
51 2 

9 8  

/59 
12 82 
2 37 
730 
3 /o 

Figure 6. Representative Mn-Ni-AI bronze casting tensile specimens with spongy 
shrinkage, radiographic severity levels 1, 3 and 5. 

Mn-Ni-AI Bronze Castings 
1. While fewer data were available for some curves of this 

material, the trends shown for steel are verified for this 
material. 2.  Slopes for most curves are somewhat smaller than 
for steel, possibly due to (a)  non equivalence of severity levels 
for the reference radiographs of the two materials; and (b) 
relatively lower notch sensitivity of bronze. The general. con- 
clusion from this portion of the paper is that radiography can 
be used to assess degradation of castings subjected to tensile 
loading. 

Estimate of Heavy-walled Casting Impact-bend Resistance 
from Radiographs 
This is a summary of work to determine how impact-bend re- 
sistance of castings is affected by the severity level of represen- 
tative radiographic discontinuities in full-section specimens cut 
from 3-in. plate castings. 

Materials-The materials studied were the same as for the 
tensile work, i.e. class B steel (MIL-S-15083) (6) and Mn-Ni- 
A1 bronze (MIL-B-21230A, Alloy No. 2) (5). 

MECHANICAL PROPERTY VS RADIOGRAPHIC INDICATION SEVERITY 
GAS POROSITY A INCLUSIONS B 

~. 
SEVERITY L E V E L  

Figure 7. Graph of tensile properties vs. severity level of radiographic indications 
of gas porosity and inclusions in steel castings. 

MECHANICAL PROPERT? VS RADIOGRAPHIC INDICATION SEVERITY 
DENDRITIC SHRINKAGE C-b 

I 

x 

LINEAR S H ~ N K A G E  C - 0  

1 

I I 
I I 

__ SEVERITY L E V E L  

Figure 8. Graph of tensile properties vs. severity level of radiographic indication 
of dendritic and linear shrinkage in steel castings. 

Test Specit?zen.r-Bars 3: in. wide by 12 in .  long were saw 
cut from 3-in. plate castings to include areas within their centres 
(in plan view) which resembled radiographic discontinuity types 
and severities shown in applicable ASTM reference radiographs. 
The rough edges produced by saw cutting were removed by 
light file dressing. The severity of the radiographic indications, 
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Figure 9. Graph of tensile properties vs. severity level of radiographic indications 
of spongy shrinkage in Mn-Ni-AI bronze castings. 

Figure 10. Experimental setup with specimen in position for "impact-bend" test. 

for each specimen, was assigned by comparing CO-60 gamma- 
graphs taken in plan and side elevation with illustrations of 
applicable reference documents. 

Method of Tesr-The specimens were tested as simply sup- 
ported beams at 10l-in. centres by dropping weights (in the 
form of hammers) from a height of 704 ft. Three hammers 
were used, i.e. 100, 40 and 29 Ib which gave, for the 75-ft 
drop-height used, applied energies per blow of 7050, 2820 and 
2010 f txlb,  respectively. Figure 10 is a sketch of the exper- 
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"IMPACT BEND" SPECIMENS 

SIDE VIEW PLAN VIEW 
RESULTS 

HEAT NO 255-3D 
DISCONTINUITY LINEAR SHRINKAGE 
SEVERITY LEVEL I 
'CUMULATIVE FT X LBS X IO00 4 4 2  
'ANGLE OF BEND 18 be 

BHN 134 
c 0 2 8  
MN 053 
SI 0 4 0  

HEAT NO 343-bA 
DISCONTINUITY LINEAR SHRINKAGE 
SFVFRITY LEVEL 4 LOW 1 I 
'CUMULATIVE FT X LBS X 1000 I8 9 

EN0 93"  

BHN 109 
c 0 2 0  
MN 0 3 4  

SI 036 

HEAT NO 302-48 

SEVERITY LEVEL 4 I 

Figure 11. Representative steel casting "impact-bend'' specimens with linear 
shrinkage, radiographic severity levels 1, 4 (low resistance) and A (good resist- 
ance). 

imental arrangement and shows a specimen in position for 
test on the Laboratory's guillotine impact machine. The max- 
imum attainable velocity is about 68 ft/sec. The "cumulative 
angle of bend" at failure was the parameter ultimately used for 
correlation with severity level of radiographic indication in the 
specimen tested. This was based on preliminary experiments 
which showed that the slope of cumulative angle of bend vs. 
cumulative applied energy for material for the same heat treat- 
ment is independent of weight used, provided the impact re- 
sults in plastic deformation of the specimen. In addition it was 
considered that the "total angle of bend" due to repetitive 
blows more closely reflects the capability of the material to 
undergo plastic deformation than the cumulative applied 
energy. Possible inaccuracies in the latter stem from variations 
in ( 1 )  departure from "free fall" conditions, due to contact of 
the hammer with guide rails; ( 2 )  shifts in point of impact 
between blows; and (3) losses due to elastic deformation. 

The data for actual work to correlate "impact-bend" 
strength with radiographic indications were obtained for about 
140 steel and 40 bronze specimens. Prior to start of tests a 
judgment was made on the probable energy which each speci- 
men would take before failure. Generally, initial blows were 
applied with the largest hammer, while blows toward the end 
of tests were made with the small hammer. This procedure was 
used in an attempt to permit as close an estimate as possible 
of the cumulative applied energy at failure from the last blow. 
The tests for various specimens were stopped and considered 
failures on three bases, as follows: (a)  fracture into two parts; 
(b) visible crack developed on surface; and (c) the angle of 
bend made further tests on the supports impossible. A data 
sheet was prepared for each specimen showing: copies of gauge 
section plan and side elevation radiographs and photographs 
of the fracture surfaces; and listing cumulative applied energy, 
angle of bend, chemical composition of major elements and 
BHN. The latter data were included for possible use in inter- 
pretation of results. The individual data were then integrated 
in tabular form by discontinuity and severity of radiographic 



Table 4 

Representative Data for Steel Casting Impact-bend Specimens with Various Radiographic Discontinuity Types 

Mn 

.72 

.66 

. 5 3  

Si BHN 

_ _ _ ~ -  
.23 126 

~~~ 

.60 147 

______ 
.43 128 3244  Ba 3 3 .6  

149-1 

255-3D 

343-6A 

Ba 3 58.4 

~ _ _ _ ~  
Ca 1 44.2 

Ca 4 18.9 
_ _ ~ _ _  

.45 

.53 

.34 

.49 138 

______ 
.40 134 

.36  109 
~~~ 

302-4B 

302-5B 

Ca 4 50.3 

~ ~ _ _  
Cb 2 44.2 

.42 

.42 

. 5 7  

.42 

.52 

.34 

.34 126 

~~~ 

.34 126 

~ _ _ _ _ _  
.25 132 

- _ _ _ ~  
.34 126 

_ _ _ _ ~  
.32 - 

~ ~ _ _  
.36 109 

2 

- 

22.6 

~~ 

0 .9  57X-lB 

302-3C 

116-2 

343-6B 

Cb 4 1 . 1  

-~~ 
CC 2 44.2 

--___ 
c c  5 11.6 

_ _ ~ ~  
CC 5 32.2 

- 12 

-__ 
6 -  

No. of blows 
hammer wt., lb 

Heat qualification 
Data 

Remarks 

C 
29 I 40 

100 

- I -  Yes .32 Major indications less than &" from tension 
surface. 

3 gas holes (2, It'' long and 1 ,  1%" long) 
extending to tension surface. 

Yes 

~ 

Yes 

.23 

__ 
.23 

- 3 .6  

__- 
1 6 .0  Fracture through major inclusion with porosity 

cluster near tension surface. 
- I -  

4 16.8 Yes .25 Dispersed inclusions and gas porosity are 
are mostly internal. 

-I- 

- / 12 Yes .28 Major indication terminates at tension surface. 

Yes .20 Centre line with gas at tension surface. 

- I  l 2  
3 125.0 Yes .26 Linear indications, are all internal in area 

subjected to low stress. 

Yes .26 Dendritic shrinkage all internal in area subject 
to low stress. 

1 1  - Yes .20 Major indication covers large surface area, 
terminating less than 2%'' from tension surface 

Major discontinuity mostly internal, terminates 
at compression surface. 

2 22.1 Yes 

~ 

Yes 

.26 

~ 

.24 -- I 3 .9  Gross shrinkage cavity terminates at  tension 
surface. Other stress raisers noted along 
tension fibre. 

Flaw at centre line, 1p6" above tension surface 
(closer to compression side). 

Yes 

~ 

.20 - ~ 14.4 

*A-Porosity ; Ba-Sand and slag inclusions; Ca-Linear shrinkage; Cb-Dendritic shrinkage; Cc-Worm-hole shrinkage 

indications with notations as to depth and extent of indication 
in relation to surfaces and pertinent observation on site of 
failure. Illustrative data for steel with linear shrinkage are 
shown in Figure 11. Representative tabular data for steel 
"impact-bend'' specimens are shown in Table 4. It lists, for 
steel castings, heat numbers, discontinuity types and severity 
levels of radiographs compared to ASTM document E l  86; 
cumulative applied energy in f t x l b  when the test was stopped, 
number of blows applied with various hammers, angle of bend 
of specimen from the horizontal when the test was stopped, 
whether the sample actually failed at end of tests, principal 
chemical composition of heat, Brinell hardness, and remarks 
about size and location of defects determined from fracture. 
Similar data were obtained for Mn-Ni-AI bronze castings (7) .  

The salient point apparent from a study of data of Table 4, 
is that "impact-bend" resistance does not vary consistently with 
severity level of radiographic discontinuity. In addition resist- 
ance to "impact-bend" depends more on the sharpness of the 
discontinuity and its location with respect to the tension fibre 
than on amount present. Reference to a few samples will illus- 
trate these points. For gas porosity (A) ,  the angle of bend 

varies little with severity level and is of the order of magnitude 
from 3.0 to 3.6". Specimen 612972-A1 (Table 4) had a major 
indication in the form of a narrow hole (inverted V) located 
at the tension surface and producing a high localized stress 
concentration. The fracture revealed that the failure occurred 
through this indication. Specimen 1 8 x 4  had three round gas 
holes, two about 12  in. long and one about 12  in. long, ex- 
tending practically up to the tension surface. The difference 
in results of tension tests, based on radiograph appearance, 
would have been greater. However, the two specimens were 
practically the same as far as "impact-bend'' behaviour is con- 
cerned. The effect of a stress concentration is the same regard- 
less of number and size of defects in the inside of the section. 

Specimens 255-3D, 343-6A and 302-4B, Figure 11, are 
illustrative of data for linear shrinkage (Ca).  Specimen 255-3D 
is of a relatively good radiographic quality (i.e. severity level 1 )  
but the major indication terminates close to the tension surface. 
It gave an angle at failure of 18.6'. Specimens 343-6A and 
302-4B (Figure 1 1 ) were evaluated as having linear shrinkage, 
each of severity level 4. The first mentioned specimen failed 
at 9.3", while the second one failed at 25". The reason in the 
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difference of the behaviour of the two specimens (the latter 
showing better performance than even the sample with severity 
level 1 shrinkage) may be found in observations on the flaw 
locations. Specimen 343-6A had mainly centre-line shrinkage 
and some gas near the tension surface. It is the latter defect 
that probably caused early failure. On the other hand specimen 
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40 
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- 
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0 

Figure 12. Graph of "angle of bend" at failure vs. cumulative applied energy 
for steel impact-bend specimens with representative radiographic discontinuities. 

302-4B contains linear shrinkage severity level 4, all of which 
is internal and hence producing relatively low stress at the 
tension surface. 

cn 
W 
w 
E 
W 
W 

Figure 13 shows plots of angle of bend (at failure) vs. 
severity level of radiographic indications in steel castings for 
porosity, sand and slag inclusions, linear shrinkage, dendritic 
shrinkage, worm-hole shrinkage, chill inserts and chaplet in- 
serts. Similar plots for bronze have been published previ- 
ously (7) .  Even a casual inspection of the plots shows that 
there is no correlation between the two variables. Of all dis- 
continuity types considered, gas porosity in steel castings appears 
to be most detrimental to the ability of the material to resist 
"impact-bend"* * energy. For all discontinuity types, location 
of the defect with respect to the tension surface is more important 
than the extent, as shown in plan radiographs evaluated with 
Reference Radiographs in a conventional manner. In short, this 
failure of radiography is mainly attributable to its failure to 
evaluate depth of defects, especially near the surface. 

Though negative, the important conclusion from the 
"impact-bend" work is that performance of castings in bending 
cannot be reliably assessed with radiography alone as it is 
usually used and interpreted. For flexural loading greater 
reliance must be placed on NDT methods, which evaluate 
surface and near sub-surface discontinuities. 

Need for Revised Radiograph Acceptance Criteria for Castings 

With the development of reference radiographs for castings, 
described here (and similar ones nearing completion for large 
sand castings of aluminum alloys) improvement in interpreta- 
tion of radiographs produced in nondestructive quality assurance 
tests for castings should be possible. The new references 
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Figure 13. Plots of "angle of bend" 
a t  failure vs. severity level of ra- 
diographic discontinuities in steel- 
casting impact bend specimens. 
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previously defined) i s .  cumulative applied energy for all steel * *  The term "impact-bend" has been deliberately placed in quotes 
casting specimens considered in the study and including various throughout the paper. This is because the velocity attained by weights 

in tests described is probably too low to characterize the loading as 
discontinuity types. It proves that a linear relationship exists true 6'impact", In  the light of studies of materials considered here and 
between the two variables at a correlation of 0.93. Hence, the of aluminum castings, it appears that the test merely reflects relationships 
total angle of bend can be used in attempts to establish correla- between radiographic indications and ductility. In retrospect it is 
tions of ympact-bendl* strength with severity level of radio- realized that similar results could have been obtained by the use of slow 

bending and that the failure is a function of the elongation the specimen 
graphic indications for castings. Similar relationships were is capable of undergoing during plastic deformation, as by 
obtained for the bronze casting specimens (7). stress raisers near the tension fibre of the specimen. 
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RADIOGRAPHS FOR C R I T I C A L  a QUALITY 

CASTINGS 

I 

VALVES 8 FITTINGS 
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I 3 OYER 225 PSI 

STEAM 

2 

(1 "  THICK 3 t500 PSI 
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PC117 
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Figure 14. Suggested flow-chort presentation of casting classifications based on MIL-STD-278A. 
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ACZ7 

STEERING 

consider the most common discontinuity types of alloys pro- 
duced in considerable volume, and cover severity levels for a 
quality range from the most critical to the most ordinary 
applications. They also cover thickness ranges commonly in use. 
Most effective utilization of these references requires, however, 
a closer look on acceptance criteria. The high quality attainable 
in castings demonstrated by the lower severity level reference 
radiographs points to the direction which the foundry industry 
may work for and users can specify when critical applications 
are involved. For practical purposes, as long as very high- 
quality castings are difficult to make consistently, and costly 
at any rate, acceptance criteria must be developed to assure 
adequate safety commensurate with specific applications. Such 
criteria can best be established when stresses in castings and 
various portions of larger castings are known. Data for various 
typical geometry castings, which are at present rather sparse, 
must be developed as rapidly as possible. In the meantime a 
pragmatic solution for establishing realistic acceptance criteria 
is to develop classifications for castings by various factors. 
These should include: the end use loading and consequence 
of failure, pressure, temperature, involvement of lethal or ex- 
plosive gases or liquids, alloy type, section thickness, etc. 
Figure 14 is a preliminary suggested flow chart presentation 
of possible classifications prepared by the writer on the basis 
of MIL-STD-278A. Such a classification (possibly revised for 
consistency, by deliberate collaborative work of designers, 

foundry technologists, metallurgists and NDT specialists) can 
provide a realistic basis for assignment of suitable severity 
levels for characteristic discontinuity types of applicable refer- 
ence radiograph documents by alloy type and section thickness. 
For a specific application the designation could be "called out" 
as suggested in Figure 15. This sketch suggests an additional 
step, which has not been followed to date and which may 
encounter resistance even in the future. It considers discon- 
tinuities as shrinkage and non-shrinkage types and provides for 
possible use of different severity levels for each. This can be 
justified by the realization, supported by some test work, that 
deterioration of tensile strength with severity level is not the 
same for the two discontinuity types and that linearly disposed 
types are generally more degrading. 

Admittedly, the task of developing clearcut classifications 
as suggested above is involved, especially since it must apply to 
old as well as new designs and to shelf items as well as castings 
produced for specific applications. To initiate the development 
of such a classification, several Sub I1 members and the chair- 
man are trying to evolve a suitable Task Group to work up a 
suggested classification for industrial use. 

Summary and Conclusions 

The reference radiograph documents described should ade- 
quately serve as radiographic standards for castings when various 
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Figure 15. Suggested form for designation of radiographic acceptance criteria 
for castings. 

codifying activities prepare suitable implementing directives 
specifying acceptable severity levels for common discontinuity 
types in various typical castings. In addition, the permanently 
stored plate castings developed for the new ASTM reference 
radiograph documents can be used for production of new 
original radiographs for printing future reissues; to make refer- 
ence documents for new radiographic sources and techniques; 
and to prove capabilities of various other NDT methods for 
detection and assessment of internal flaws. The direct X-ray 
copy-plus-neutral-filter-combination reproduction of radiographs 
developed during this work offers a new method for quantity 
reproduction of radiographs, where section thickness makes 

Discussion 

Q. J. D. LAVENDER, BSCRA, Sheffield, England: 

A. The steel specimens were tested in the annealed conditions 
(1700°F for two hours, followed by cooling in furnace); the bronze 
specimens were tested in the ‘as cast’ condition. These facts are 
noted in the text under “Test Procedure”. 
Q. Has any work been done on the effect of defects on fatigue 
strength? 
A. Not for the work reported in the subject paper. Some work is 
now in progress to determine how bronze castings, which have been 
rejected on basis of current radiographic acceptance criteria, behave 
under simulated service performance (including fatigue loading). 
Q. 
A. In the Proceedings of the 5th International Conference on 
NDT, subject to the conference’s management. 
Q. Is thcre, or has there been, any direct correlation between the 
use of these reference radiographs on castings, which subsequently 
failed in service? 

How were the castings heat-treated? 

Where and when will the paper be published? 
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originals impractical. Destructive tests demonstrate that severity 
of radiographic indications can be used to assess performance 
of castings loaded in tension. However, radiography cannot be 
used alone to assess performance of castings loaded in bending 
(or flexure). In such cases, greater reliance must be placed on 
NDT methods which emphasize detection and assessment of 
surface and near-surface discontinuities. 
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A. No, not in the author’s laboratory. However, when ultrasonic 
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The Development of Reference Radiographs for 
Steel Welds MIL-STD-779 

R. M. GUSTAFSON AND E. L. CRISCUOLO, USA 

ABSTRACT: A working group composed of representatives from each service of  
the US. Armed Forces has been engaged in developing a set of  reference radio- 
graphs for steel weldments in the range of  thickness from 0.030 in. to 5.0 in. 

Before starting work on this development, on analysis of most United States 
references and standards was mode. From this analysis the requirements for a 
new document that would satisfy most needs was obtained. In addition, o survey 
of  many facilities yielded useful information. The thicknesses of greotest interest 
were 0.030 in., 0.080 in. +"6 in., $ in., 2 in., 2 in. and 5 in. Original rodio- 
graphs for the references were desired. Illustration size, defect type and grades 
were established. Assignments were made to several government organizations 
to develop the references for o specific thickness ronge. The first volume has been 
completed for thicknesses of 0.030 in., 0.080 in. and & in. Other volumes are 
being developed. This work hos been coordinated with Committee E-7 of the 
American Society for Testing and Materials. 

Introduction 

The demands of the military services for high integrity and 
improved quality in welded structures and parts has led to in- 
creased emphasis on nondestructive testing and inspection of 
welds. While a number of techniques are employed by industry, 
Le., radiographic, ultrasonic, magnetic particle, penetrant and 
eddy-current, radiographic methods are probably the best 
established and are most generally specified for inspection of 
welds. 

In  1960, the Materials Division of the Bureau of Naval 
Weapons and the Materials Laboratory of Wright-Patterson 
Air Force Base, faced with the need for more realistically assess- 
ing the quality of steel welds in weapon systems, organized a 
committee from all the services to review the problem. 

The committee found that although there was a great 
deal of information available on inspection of steel welds there 
was: ( I )  a definite lack of coordinated standards that could 
be used for assessing defects in welds, (2)  a lack of illus- 
trative material that could be used by inspectors to aid in 
recognizing defects, and (3)  a lack of information correlating 
weld quality with stress levels. 

Accordingly it was recommended that a program be estab- 
lished to develop a set of graded reference radiographs for 
steel welds that would cover a wide range of material thicknesses, 
and could be employed to establish the quality of weldments for 
use at different stress levels. It was also recommended that the 
document include illustrative drawings that would supplement 
the reference radiographs and be useful to inspectors in the 
recognition of weld defects. 

A project for accomplishing this work was established by 
the Department of Defense. As a first step a review was made 
of all known standards and specifications that related to the 
radiographic inspection of welds, with emphasis on steel welds. 
In addition, a questionnaire was sent to some 80 organizations 
seeking information on their specific needs in connection with 
radiographic inspection of welds. It was requested that they 
indicate the types of defects and the number of grades of each 
which they considered necessary for inclusion in a set of graded 
reference radiographs. Information was also requested on 
thicknesses of materials that should be covered, specific problems 
they had encountered, and any other information they deemed 
pertinent for the development of reference radiographs for 
steel welds. 

The response was gratifying and showed strong interest of 
industry in the project, and the desirability for the development 
of a fully coordinated set of reference radiographs that could be 
used by government and industry on a national basis. 

A number of documents used in connection with radiogra- 

NAVSHIPS Document 250-692-2-X-ray Standards for 
Production and Repair Welds-Amendment 1, Jan. 1962 
MIL-R-11468-Radiographic Inspection Soundness Re- 
quirements for Arc and Gas Welds in Steel-Department of 
the Army (Ordnance) 
Document ABMA-PD-R-27A-Standards for Aluminum 
Welds-Army Ballistics Missile Agency, August 1959 
Document API-1104-Standard for Field Welding of Pipe 
Lines-American Petroleum Institute No. 5L. 
In addition, proprietary specifications and standards used 

by a number of aerospace companies were also reviewed. 
On the basis of the above information, a program was 

formulated for a document that would include: 
1. A set of graded reference radiographs for steel welds 

that would: 
a. be applicable to all steel alloys ranging from 0.010 to 8 

in. in thickness; b. show various types of defects in different 
degrees of severity; c. be composed of original radiographs. 

2. A description of weld discontinuities and their radio- 
graphic appearance. 

3. A set of illustrative drawings that would supplement the 
reference radiographs. 

Based upon this survey, the thicknesses and the applicable 
range of thickness were selected, as shown in Table 1. 

phic inspection of welds were reviewed. These included: 

Table 1 
Applicable Thickness Range 

Master standard Metal thickness range 
thickness (in.) (in.) 

~~~ 

0.030 
0.080 
0.187 
0.315 
0.750 
2.0 
5.0 

~ 

Over 0.010 to and incl. 0.050 
Over 0.0500 to and incl. 0.125 
Over 0.125 to and incl. 0.250 
Over 0.250 to and incl. 0.500 
Over 0.500 to and incl. 1.0 
Over 1.0 to and incl. 3.0 
Over 3.0 

Table 2 lists the discontinuities to be illustrated in  the ref- 
erence radiographs. Included are eight types in five grades of 
progressively increasing severity, and single illustrations for 
seven types of ungraded discontinuities. 

The following guide lines were provided for the preparation 
of the illustrative drawings that were to supplement the set of 
reference radiographs. 

They would include a cross-sectional view of the weld, show 
the direction of radiation, position of film and location of the 
discontinuity. The drawings were to illustrate the appearance of 
the weld and the method most generally specified for the in- 
spection of welds. Figure 1 shows one of the drawings included 
in the document. 

After the broad outlines of the program had been formu- 
lated, it became apparent to the committee that the task was too 
large for any one laboratory or organization to accomplish. 

The Bureau of Naval Weapons, which had been designated 
by the Department of Defense as the preparing activity for the 
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Table 2 
Discontinuities Shown in Reference Radiographs 

Graded types No. of grades 

Fine scattered porosity* 
Coarse scattered porosity* 
Clustered porosity 
Linear porosity** 
Slag inclusions 
Tungsten inclusionst 
Lack of fusiontt 
Incomplete penetrationtt 

Ungraded Discontinuities-Single Illustration 
Transverse crack 
Longitudinal crack 
Crater crack 
Icicle 
Bum through 
Undercut 
Elongated porosity 

*For the 5-in. section no differentiation is made between fine and coarse 
porosity 

**Single illustration for .030 in. 
tSingle illustration for 2.0 in. 

ttSingle illustration for .030 in. and ,080 in. 

DIRECTION OF R A D I A T I O N  

Table 3 
Assignments for Preparation of Master Plates 

Activity Thickness (in.) 

U. S. Naval Ordnance Laboratory, 
White Oak, Silver Spring, Maryland .030 and .OS0 

Aeronautical Materials Laboratory, 
U. S. Naval Engineering Center, 
Philadelphia, Pennsylvania .187 and .375 

Warner-Robins Air Force Base, 
Macon, Georgia 
and 
Wright-Patterson Air Force Base, 
Dayton, Ohio .750 

U. S. Army Tank Automotive Center, 
Warren, Michigan 2.0 

U. S. Naval Applied Science Laboratory, 
Naval Base, New York 5.0 

To provide some degree of uniformity in the preparation 
of the master plates, the following guide lines were established: 

Material t o  be Used 
The base metal to be joined by fusion welding could be any type 
of steel. However, to permit the introduction of defects in 
varying degrees of severity, it was recommended that the steels 
be selected from those that had good weldability and in which 
the welding process could be readily controlled. The welding 
rods or  electrodes were to be similar in composition to the 
parent metal with slight modification permissible to conform 
to commercial practice. 

Weldments 

I L O C A T I O N  OF FILM I 

Figure 1. Sketch of weld cross-section and radiographic appearance. 

reference radiographs (MIL-STD-779), had assigned to the 
Navalt Ordnance Laboratory, White Oak, the primary task for 
preparation of this document. 

The major obstacle was the preparation of welds that woulil 
have the necessary defects. To expedite this phase of the proj- 
ect each service agreed to accept a part of the workload. Table 
3 lists the activities and their specific assignment. 
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The length of the weld desired for the radiographic standards 
could vary with the thickness of the plate being joined, The 
following lengths were recommended: 

Table 4 

Length of Welds-Master Test Plates 

Length for Minimum length 
radiographic of weld (in.) Plate thickness 

(in.) illustration (in.) 

0.030 
0.080 
0.187 
0.375 
0.750 
2.0 
5.0 

4 
4 
6 
6 

10 
10 
12 

The welds for plate thicknesses up to 0.375 in. were speci- 
fied to be single V-groove butt welds, with back-up strips 
removed. Welds for plate thicknesses over 0.375 in. were 
specified to be double-V-groove or double-U-groove butt welds. 
The groove face was to be machined on all samples. Dimensions 
of the joint were to be in accordance with MIL-STD-22A*. 

The method of welding was optional. However, it was KO 
be accomplished in such a manner as to induce each of the 
imperfections to the degree of severity required. Defects in- 
corporated into the weld were to be as natural as possible. 

* MIL-STD-22A. Welded-Joint Designs, 24 October 1956. 
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If devices or special welding techniques were employed to 
achieve a certain type of defect, the practice employed was to 
be noted in the written history to be submitted with each ap- 
proved master test plate. 

Master Test Plates 
The master test plates were to contain a section of weld that 
would illustrate each defect in the severity desired to be shown. 
To insure that the imperfections were present as desired, each 
activity was required to radiographically inspect the samples. 
Penetrameters were to be placed beside the weld and shimmed 
up to the height of the bead. It was recommended that the 
radiographs have an H & D density of 2 2 0.2. Density strips 
for comparison purposes were provided by the Naval Ordnance 
Laboratory. 

Shipment of Master Plates to NOL 
The radiographs used by the activities to screen the samples 
were submitted to the committee for review. If they were 
considered acceptable the master plates were then shipped to 
NOL for use in the preparation of the final reference radiographs. 

A complete history of the preparation of each master test 
plate was requested. This included data on welding technique, 
basic material, filler rods or electrodes, equipment and any 
other information that might be needed to duplicate the prepara- 
tion of the specific master plate. 

When the project is completed, the master plates and 
history of preparation are to remain in the custody of the Naval 
Ordnance Laboratory. 

Reference Radiographs 
The establishment of general requirements for weld flaws enabled 
us to proceed with the manufacture of weld plates. Since the 
need for the references for thin sections was most urgent, 
especially in the aerospace and missile industry, the 0.030-in. 
and 0.080-in. sections were the first to be developed. No special 
edge preparation was made for these but a removable backing 
and clamping plate was used. Weld lengths of 16-in. gave ample 
material from which to select a 2-in. segment for use in standard 
plates. The 0.187-in. and 0.375-in. plates were prepared with a 
single vee edge; a number of plates were made before a set 
could be selected. One thousand feet of weld for the 0.030-in. 
and 0.080-in. thicknesses was made using various techniques. 

The range of severity for the graded type discontinuities 
was selected so as to extend from that just discernible, and 
what could be expected in the best quality weld, to that evident 
of poor workmanship and commonly rejectable in commercial 
practice. The ungraded illustrations are included for educational 
purposes. It was also necessary to make the grades for each 
defect type and thickness compatible. 

After the final selection was made the welded plates were 
mounted together for ease in radiography. For example, all five 
grades of scattered porosity were mounted in a special holding 
fixture, as shown in Figure 2. This allowed the welds to be 
spaced so that they are centred in the paper masks. For the 
2-in.-long illustrations it was possible to place 10 weldments on 
each page. In order to make the radiographic densities of each 
weld approximately the same, thin shims were added to balance 
each weld image. It was then possible to make a single radio- 
graph for each page. This kept production costs down and 
allowed the use of original radiographs. 

Table 5 shows the radiographic technique for each section 
thickness. The density tolerance was carefully controlled so 
that each radiograph for a given defect type is identical. 

Figure 3 shows how each page is made up. The radiograph 
is sandwiched between a black paper mask on the back and a 

Table 5 
Radiographic Techniques 

Section thickness Tube voltage 
(in.) 

0.030 
0.080 
0.187* 
0.375* 
0.750* 
2.0* 
5.0* 

90 kv 
120 kv 
150 kv 
175 kv 
250 kv 

2 mv 
2 mv 

*Lead screens 

white front mask. The front mask contains information as to 
defect type, grade, thickness and identification. The surfaces of 
the masks (one side) and the radiograph (both sides) are coated 
with rubber cement and allowed to dry. They are then as- 
sembled with the image centred in the mask. The excess rub- 
ber cement is cleaned from the surfaces by means of a small 
paint roller. The finished pages are then assembled in a binder. 

Some of the defects covered by this document are illustrated 
in Figures 4, 5 and 6. As can be seen, Grade 1 has only a 
minor degree of scattered porosity while Grade 5 has a maxi- 
mum amount-usually much more than can be tolerated in the 
loosest specification. Some attempt has been made to keep 
grades compatible from one thickness range to another. The 
upper left hand corner shows an ASTM penetrameter which 
indicates the image quality of the radiograph. 

As mentioned previously, a second volume is almost com- 
plete and a third volume to cover the 5.0-in. thickness is being 
developed. As a result of this program the complete range of 
weld thicknesses will be covered. 

Volume I has been reviewed by Task Group F of the 
American Society for Testing and Materials, Committee E-7, 
Subcommittee 11. A number of recommendations made by the 
task group have been incorporated; for example, the clustered 
porosity illustrations were expanded from three to five. Only 
through close cooperation with ASTM and DOD committees 
were we able to achieve a realistic set of references. A compari- 
son of the references with existing standards indicates that this 
document covers the range needed. 

Summary 
The development of a complete set of reference radiographs 
for weld inspection has been accomplished only through the 
efforts of the various participating DOD agencies. By dividing 
the workload we were able to develop the reference radio- 
graphs in a reasonable time. 

Coordination with the ASTM task group was established 
early in the program and the inclusion of their comments al- 
lowed us to develop a document that is useful both to govern- 
iiient and to industry. Such other key organizations as the Air- 
craft Industries Association, the American Welding Society and 
the International Institute of Welding have been kept informed 
of the progress of this work. 

Volume I is complete and Volumes I1 and 111 are about 
90% ready. The military version of Volume I, MIL-STD-779, 
has been issued to a limited number of government facilities. 
We will look to ASTM to fill the needs of industry. The weld 
plates and technical assistance necessary will be made avail- 
able to them so that their version can be produced as quickly 
and as economically as possible. The primary intent of this 
document is for use as a reference to supplement weld specifi- 
cations. No mention is made of acceptability levels; this must 
be determined by a primary specification. 
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\ Nondestructive Testing Standardization 

C. C. BATES and C. CAMPKIN, UK 

ABSTRACT: The paper discusses the history and growth of standards and the 
establishment in the United Kingdom of the British Standards Institution as the 
national standards body. 

The events leading to the formation of the British National Committee for 
Nondestructive Testing and of a British Standard Institution Technical Committee 
specifically for NDT i.e. M.E.E. /169, are outlined. 

Data on standards existing prior to 1957 and those produced in the decade 
to 31st December, 1966, and the procedure for initiating and producing standards, 
are discussed. 

Reference i s  made to the 2nd International Conference on Nondestructive 
Testing, where a number of resolutions on international cooperation and stand- 
ardization were discussed, and the authors suggest that the time is  now appro- 
priate for the establishment of a Technical Committee for Nondestructive Testing 
of the International Standards Organization, and recommend to the national 
standards bodies that they pursue this objective. 

Introduction 
The objective of the authors in presenting this paper is firstly 
to record the progress in standardization in nondestructive testing 
during the past decade in the United Kingdom, and to provide 
information on the NDT standards issued by the British Stan- 
dards Institution; secondly to suggest the need for international 
coordination and standardization in NDT terminology, equip- 
ment and techniques, through the International Organization 
for Standardization (I.S.O.), by the establishment of a technical 
committee for nondestructive testing. 

Any discussion on standardization should start with the 
standardization of the technical words that have agreed mean- 
ings and definitions. Language itself is changing more than 
ever today, when the progress of science and the growth of 
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nations are making new demands on old words and definitions. 
Can we therefore commence with definitions of nondestructive 
testing and standards. 

An accepted definition of nondestructive testing is:- 
A knowledge and experience in methods of inspecting, 
examining and testing materials and components with- 
out detriment to their physical properties or their 
service performance. 

A basis of measurement; a criterion; an ectablished or 
accepted model; definite level of excel1ei:ce or dde- 
quacy required, aimed at, or possible. 

Standards are as old as recorded history with the Egyptian 
and Mesopotamian surveyors and architects mapping the fields 
and planning the temples, tombs and palaces. More than 5,000 
years ago, the cubit, a unit of length, had reached a standard 
which did not vary much more than one part in two hundred 
from the mean. The Romans, with their great civil engineering 
achievements, roads, aqueducts and buildings, had reliable 
standards of length, area and volume. Thus, from early days, 
mankind has found it necessary to establish standards, so that 
diverse groups of people can work together to a chosen end. 

Historical 
British National Standardization 
In  Great Britain the establishment in the year 1754 of the Royal 
Society of Arts, in 1760 of Lloyds Register of Shipping and in 

The Oxford Dictionary defines standards as:- 



1762 of The Royal Society, may be regarded as the first concerted 
steps towards engineering classification and standardization in 
this country. However, although Sir J. Whitworth established the 
Whitworth Screw Thread Standard in 1841 and there was con- 
siderable activity in the middle and latter half of the 19th cen- 
tury in the field of standards for boilers and similar pressure 
vessels, progress was slow. 

By the end of the 19th century the growth and expansion 
of engineering and the disadvantages arising from lack of na- 
tional standards led to an Engineering Standards Committee 
being set up in 1901, by the Institution of Civil Engineers, which 
was soon supported by a number of other engineering institu- 
tions. This committee later became the Engineering Standards 
Association, was granted a Royal Charter in 1929, and adopted 
the present name of British Standards Institution in 1931. 

Today the British Standards Institution is the national au- 
thority in the United Kingdom for the preparation and promul- 
gation of standards, covering five main fields:-- 

Methods of test; Terms, definitions and symbols; Standards 
for quality and performance; Standards for dimensions; and 
Codes of practice. 

Stated briefly, the principles observed in the preparation of 
British standards are:- 
(a)  that they shall be in accordance with the needs of industry 

and fulfil a generally recognized want; (b)  that the in- 
terests of both producer and consumer shall be considered; 
(c) that standards are subject to periodic review. 

Nondestructive Testing and British Standards Institution 
The British Standards Institution has produced standards con- 
cerned with mechanical testing and inspection for years, includ- 
ing a small number concerned with nondestructive testing, 
chiefly radiography. However, normally proposals for the 
preparation of standards are not initiated by the Institution 
itself. They must, under normal circumstances, come from an 
outside body, and in Great Britain two major agencies in estab- 
lishing the earlier nondestructive testing standards have been 
the British Welding Research Association and the Institute of 
Welding, both of which have sponsored a number of non- 
destructive testing standards. 

Although the Institute of Physics had in being a non- 
destructive testing group and the Institution of Engineering 
Inspection had an active interest in NDT it was only in 1954 
that nondestructive testing assumed a recognizable form as a 
body of knowledge and people, with the formation of the British 
Societies of Nondestructive Examination and Testing. With the 
establishment of recognized forums for nondestructive testing, 
and its increasing importance to industry in terms of safety and 
economics, so came a corporate and independent voice to call 
for standards and standardization in NDT. 

At the first International Conference on Nondestructive 
Testing, held in Brussels in 1955, Great Britain was represented 
by individual societies, there being no single British representa- 
tion. Prior to the second International Nondestructive Testing 
Conference, held in Chicago in 1957, a British National Com- 
mittee was formed under the aegis of the British National 
Committee for Materials and Testing, through which a sister 
body was set up, the British National Committee for NDT. 
From this beginning, the British National Committee now com- 
prises representatives of 24 engineering institutions or technical 
societies using or engaged in NDT, but does not itself directly 
undertake work on standards or other aspects of NDT. Its 
function is to guide and coordinate nondestructive testing in 
Great Britain and coordinate liaison in the international field. 

In September, 1962, at the request of the British National 
Committee, The Institution of Production Engineers and the 

Nondestructive Testing Society of Great Britain held a joint 
symposium on standardization in nondestructive testing at 
Harrogate. This symposium was supported by the British 
Standards Institution, whose associate director opened the pro- 
ceedings with a paper entitled ‘The Value of Standards’. 

The symposium consisted of three major sections:- 
(a )  The value of standards; (b)  A survey of existing 

The industries concerned covered:- 
(a) Aircraft; (b)  Petrochemical; (c)  Steel; (d)  Ship- 

building; (e) Transport. 
In an open forum at the conclusion, it was agreed by all 

that there was a need in sections of industry represented for 
further standardization in nondestructive testing in relation to 
the following:-- 

1. Standard methods of test, for those methods now coming 
into general use, viz: radiographic, ultrasonic and eddy cur- 
rent; 2. Standard specifications for such items of test equip- 
ment and ancillary apparatus that may be required in order to 
facilitate uniformity in testing; 3. Standards for quality levels, 
to be associated with the application of these methods of test 
to engineering materials and components (Ref. 1). 

Concurrently with these activities, B.S.I. Technical Com- 
mittee MEE/37 (Mechanical Testing of Metals) had re- 
constituted its Subcommittee MEEI 37/ 1 1 (Nondestructive 
Testing) as a result of a request from the Institution of Produc- 
tion Engineers to prepare a glossary of terms for nondestructive 
testing so that the use of standard terms and definitions could 
be encouraged. About the same time the Institute of Welding, 
which was preparing an institutional recommendation covering 
the types and use of reference blocks for checking ultrasonic 
equipment proposed a revision of B.S. 2704: 1956-Reference 
Blocks for routine checking of ultrasonic testing equipment. 

The Engineering Divisional Council agreed that a glossary 
of terms should be compiled, covering penetrant, magnetic, 
ultrasonic, radiographic and eddy-current methods, and a small 
working party was set up to prepare a revised standard for 
ultrasonic reference blocks. 

Meanwhile the Council of B.S.I., taking heed of the Har- 
rogate proposals, which were subsequently endorsed by the 
British National Committee, called representatives of industry 
and all other appropriate authorities to a meeting on 10th July, 
1963 of a new and over-all coordinating NDT Standards Com- 
mittee-MEE/ 169. 

Proposals for work and terms of reference were considered 
and tentatively agreed. Working panels were set up and the 
work started by MEE/ 371 1 1 was incorporated into MEE/ 169. 

At a second meeting of MEE/169 held later that year the 
original terms of reference and scope of work were further 
discussed. The original terms were to prepare British standards 
for nondestructive testing, viz: standards for quality levels to 
be associated with the application of standard testing methods 
to engineering materials and components. This, however, has 
proved too ambitious a project and the terms of reference were 
modified to exclude quality levels and now stand as follows:- 

To prepare British standards for the application of non- 
destructive testing tehniques to mechanical engineering mate- 
rials and components, relating to the sizes and types of imper- 
fections, but excluding quality levels, by means of :- 

(a)  Glossary of terms; (b)  Methods of test, covering 
penetrant, magnetic particle, radiographic, ultrasonic and eddy 
current flaw detection etc.; (c) Specifications for testing equip- 
ment and ancillary apparatus to facilitate uniformity in testing, 
taking into account international work in this field. 

standards; (c) what additional standards are needed; 
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Reference Title 
- 

B.S. 2783 : 1956 

B.S. 2600 : 1955 

Gamma-ray source capsules for radiography 

General recommendations for the radiographic examination of fusion welded 
joints in thickness of steel up to 2 inches 

B.S. 1443 : 1952 Sizes of X-ray intensifying screens for medical and industrial use, excludes X-ray Amendment P.D. 4558 May 1962 
films for crystallography 

Remarks 

Withdrawn, superseded by B.S. 3513 

Revised and reissued 1962 

B.S. 1380 : 

B.S. 1384 : 1947 

B.S. 2704 : 1956 

Method for determining the speed of sensitized photographic materials 

Measurements of photographic transmission density 

Reference blocks for routine checking of ultrasonic testing equipment 

Confirmed 1962 

Revised and enlarged. Reissued 1966 

Part I: 1962 Negative monochrome materia 
for use in daylight 

B.S. 2597 : 1955 

B.S. 661 : 1955 

B.S. 499 : 1952 

B.S. 233 : 1953 

Glossary of terms used in radiology 

Glossary of acoustical terms 

Glossary of terms (with symbols) relating to the welding and cutting of metals Initially issued 1933, revised 1939. 
Part I1 issued 1948, revised 1952. 
Revised and reissued in 3 parts, 1965. 

Glossary of terms used in illumination and photometry 

B.S. 1881 : 1952 1 Methods of testing concrete 1 Under revision 

B.S. 661 : 1955 

B.S. 499 : 1952 

I 

Glossaries and Terminology 

B.S. 2737 : 1956 I Terminology of internal defects in castings as revealed by radiography 

Glossary of acoustical terms 

Glossary of terms (with symbols) relating to the welding and cutting of metals Revised and reissued in 3 parts, 1965 

General recommendations for the radiographic examination of fusion welded butt 
joints in steel 

Covers 8 individual techniques for X an 
Gamma-ray examination, does not e: 
tablish radiographic standards of accel: 
tance (See Table 1) 

B.S. 233 : 1953 Glossary of terms used in illumination and photometry 

Reference 

B.S. 2600 : 1962 

B.S. 2910 : 1965 

B.S. 3451 : 1962 

*B.S. 3683 
Part I : 1963 
Part I1 : 1963 
Part 111 : 1964 
Part IV : 1965 
Part V : 1965 

Table 2 

Standards Published 1957-1966 Inclusive 

Title Remarks 

General recommendations for the radiographic examination of fusion welded 18 X-ray and Gamma-ray techniques usin 
circumferential butt joints in steel pipes three types of film 

Methods of testing fusion welds in aluminium and aluminium alloys, including 
radiography and dye and fluorescent penetrant methods 

Glossary of terms used in N.D.T 
Penetrant flaw detection 
Magnetic particle flaw detection 
Radiological flaw detection 
Ultrasonic flaw detection 
Eddy-current flaw detection 
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Gamma radiography exposure containers for industrial purposes and their source 
holders 

Glossary of terms used in nuclear science 

Glossary of terms used in high-vacuum technology 

Reference 

Metric units 

*B.S. 3889 
Part Ia : 1965 
Part IIa : 1965 
Part IIb : 1966 
Part IIIa : 1965 
Part IVa : 1965 

*B.S. 3923 
Part I : 1965 
Part I1 : 1965 
Part I11 : 1965 

*B.S. 2704 : 1966 

*B.S. 3971 : 1966 

*B.S. 4069 : 1966 

*B.S. 4080 : 1966 

B.S. 4094 : 
Part I : 1966 

B.S. 4097 : 1966 

Welding terms and symbols 
Terminology of, and abbreviations for, fusion welding imperfections as revealed 

by radiography 

Sizes of X-ray film and intensifying screens for medical and industrial use, 

Amendment P.D. 4588: May 1962 
other than dental X-ray films and X-ray films for crystallography 

Size of industrial X-ray film (including film for crystallography) 

Glossaries 
B.S. 3455 : 1962 

(See Table 1) 

(See Table 1) 

- 

B.S. 2591 : 1958 

3amma-radiography sealed sources 

Specification for direct-reading personal dosemeters for X and gamma radiation 

Terminology 
B.S. 499 : 1965 

Part 111 

(See Table 1) 

Radiography 
B.S. 1443 : 1952 

B.S. 3490 : 1962 
~ 

B.S. 3513 : 1962 

B.S. 3385 : 1961 
~ 

B.S. 3664 : 1963 

B.S. 3890 : 1965 

B.S. 4031 : 1966 

B.S. 3183 : 1964 

B.S. 3510 : 1962 

Table 2 (Cont’d) 

Title Remarks I 
Methods of N.D.T. of pipes and tubes 
Ultrasonic testing of ferrous pipes 
Eddy-current testing of ferrous pipes and tubes 
Eddy-current testing of non-ferrous tubes 
Penetrant testing of ferrous pipes and tubes 
Magnetic particle flaw detection, ferrous pipes and tubes 

Ultrasonic examination of welds 
Manual examination of circumferential butt welds in pipes 
Automatic examination of welded seams 
Manual examination of nozzle welds 

Calibration blocks and recommendations for their use in ultrasonic flaw detection1 (See also Table 1) 

Image quality indicators for radiography and recommendations for their use 1 
Magnetic inks and powders 

Methods for NDT of steel castings 

Data on shielding from ionizing radiation 
Shielding from gamma radiation Metric units 

Specification for film badges for personnel monitoring I 
General recommendations for the testing, calibration and processing of radiation 

monitoring films 

X-ray protective lead glasses 

X-ray lead-rubber protective aprons for personal use 

Symbols for denoting the actual or potential presence of ionizing radiation I 
*Denotes standard prepared by Committee MEEi169 
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In addition, to maintain close liaison with other B.S.I. 
Committees dealing with the application of nondestructive 
testing techniques, and where necessary to make recommenda- 
tions to these and other product-application committees regard- 
ing priorities of work. 

It is the intention that MEE/169 Committee should be 
conversant with all work on British standards concerned with 
NDT so as to assist communications and provide a liaison 
section for this work. 

Following the establishment of MEE/ 169 and the program 
of work, it was recognized by the Council of B.S.I. that one 
committee could not control and produce NDT standards for 
all spheres of industry and so further specialist industry com- 
mittees were set up namely:- 

Welding Industry WEE/- 
WEE/ 34 N.D.T. of Welding 

Aerospace Industry ACE/- 
ACE/ 56 Aircraft Applications and Quality Levels 

Nuclear Energy Industry NCE/- 
NCE/4 Radioisotopes 

Cement, Lime and Gypsum Products Industry CEB/- 
CEB/4 Concrete Tests 

Another group of committees is concerned with the 
application of NDT methods, and standards produced by these 
product committees can establish quality levels. A selected list 
of standards wherein NDT techniques or quality levels are 
specified is given in Table 4. It is realized by the authors that 
this list is in no way comprehensive but it does give an indica- 
tion of the breadth and depth of the product fields covered. 

Liaison between MEE/ 169 and other B.S.I. Committees 
is through the permanent B.S.I. Secretariat, by formal cross- 
representation and by personal contact between members of the 
various committees. 

Table 1 lists the British standards for NDT that were in 
existence in 1956. In Table 2 is a list of standards that have 
been published in the past decade, including the glossary and 
standards prepared and issued under the aegis of the MEE/ 169 
Committee. 

A list of other work in hand which it is hoped will result 
in the issue of British standards is given in Table 3. In the 
remarks column is also given a code numbering relating to 
the rate of progress. From a study of this table it will readily 
be seen that a wide spectrum of NDT standards will be avail- 
able for British industry in the course of time. 

British Standards Institution 

It will be readily appreciated that any national standard must 
not only appear to represent the views of the entire country 
concerned, it must in fact truly represent the cross-sectional 
views of that country. To instance the situation in Britain, the 
authors briefly list the structure and system of the British 
Standards Institution. 

The B.S.I. is an independent body supported by both 
government and British industry, and although it receives a 
government grant, a large proportion of its funds is received 
from firms and trade associations and by individual subscribing 
members. It also obtains a reasonable proportion of its income 
from the sale of the standards it produces. 

While its test house is not large, it does operate a control 
scheme for the constant checking of items that are covered by 
the Kite scheme of approval. Details of the Kite or certification 
marking system are given in the B.S.I. yearbook (2) as well 
as its close connections with the Standards Associates. 
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Control of B.S.I. is through its General Council (OC/-), 
upon which representatives of the various divisional councils, 
government departments and nitionahzed industries sit to lay 
down guidelines of policy, although the more day-to-day work 
is done through an Executive Committee (OC/ 5), consisting 
mainly of the chairmen of the various divisional councils. 

The divisional councils, of which there are five, represent 
the major industrial divisions of the country, namely:- 

Building divisional council (B / - )  
Chemical divisional council (C/ -) 
Engineering divisional council (E/-)  
Textile divisional council (T/ -) 
Codes of Practice (CP/-) 
On each of these divisional councils are the elected represen- 

tatives of the various industries standards committees, together 
with the nominated representatives of the major institutional 
bodies and government departments. The Engineering divisional 
council (E/  -), which probably concerns the nondestructive 
testing section of industry most, has representatives from the 
following industries standards committees:- 

Aerospace Mechanical engineering 
Agricultural machining Non-ferrous metals 

Automobile Petroleum equipment 
implements Nuclear energy 

Chemical engineering 
Cinematograph 
Colliery requisites 
Data processing 
Electrical 
Gas 
Illumination 
Instrument 
Iron and steel 

Refractory products 
Refrigeration 
Road engineering 
Solid fuel 
Surface coatings 

Telecommunication 
Welding 

(other than paints) 

Additionally, representatives of such diverse organizations 
as the Trade Union Congress, the National Physical Laboratory, 
Crown Agents for overseas governments, etc., sit on the 
Engineering divisional council. Under the divisional council 
operates, as has been mentioned above, an industry committee. 
To instance only one, the “Mechanical Engineering Industry 
(MEE/- )”  is composed of 48 representatives of the major 
institutions, trade organizations and governmental departments. 
Among these, to name a few, are, the Association of Consulting 
Engineers, Engineering Equipment Users Association, Machine 
Tool Trades Association, Radio Industry Council, etc. The 
particular industry council is the parent body for a number 
of individual technical committees under its direct control, e.g., 
MEE/ 169-Nondestructive Testing. 

The individual technical committee may set up subcom- 
mittees, Le., subcommittee MEE/ 169/ 1-Glossary of Terms, 
to produce standards direct, or it may set up panels, i.e. MEE/ 
169/-/5--NDT of Steel Castings, to draft standards for approval 
of the main committee or the subcommittee. 

Main or subcommittees may set up panels or working 
parties to deal with and consider a specific point. 

Each representative speaks for the section of industry he 
represents, rather than a particular firm or organization, and 
each committee or panel elects its own chairman and is serviced 
by a permanent officer of the B.S.I. Like most organizations, the 
committees have power to co-opt specific experts to offer advice 
and comment whenever the need arises. 

An engineering product involves, frequently, the producer 
of the basic material, the fabricator or constructor who does his 
work on it or with it, and the eventual user of the product. 
In some cases other interests exist. In  many cases, NDT 



Industry 
Committee 
concerned 

AGE I- 

ELE /- 

INST 1- 

MEE 1- 
(M EE / 1 69) 

WEE I- 
(WEEl34) 
WEE I- 
(WEEl31) 
WEE I- 
(WEEl34) 

Table 3 

Standards in Preparation 
- 

Title of standard or 
description of work 

Acceptance levels for the ultrasonic testing of light alloys 

X-ray equipment-cable terminations 
X-ray equipment-film cassettes 
X-ray equipment-intensifying screens 

Measurement of flow in open channels-radioactive isotopes 

NDT-Magnetic inks and powders 
NDT of steel castings 
NDT-Spec. penetrants, magnetic inks and powders 
NDT-Steel forgings 

Part 1-Ultrasonic flaw detection 
Part 2-Magnetic particle flaw detection 
Part 3-Penetrant flaw detection 

Part l(a)-Ultrasonic detection of laminations 
Part l(b)-Ultrasonic detection of inclusion clusters 

Methods for NDT of plate material 

Data on shielding from ionizing radiation 
Part 2-Shielding from X-radiation 

Magnetic particle testing of welds 

Testing fusion welds in copper and copper alloys (metric units) 

Ultrasonic examination of welds 
Part 1-Manual examination of fusion welded butt joints 
in ferritic steels (Revision B.S. 3923 Part 1) 

Key to progress stages: 1. Work authorized 
2. Drafting in hand 
3. Draft circulated for comment 

procedures and techniques are important to all these agencies 
and their collaboration in establishing accep!able and workable 
standards is clearly recognized. 

Decisions in committee are not as of right taken on a 
majority vote, rather is it a principle to get common agreement, 
and here the chairman plays a vital and constructive part. 
However, when serious points of contention arise, this may 
mean a compromise, or even lowering of a standard. This, 
fortunately, does not arise very often, but if and when it does, 
it can be referred to an advisory committee for a ruling. 

The system and structure of B.S.I. outlined above might 
seem complicated at first glance and even slow and cumbersome 
in operation. It is neither. Not only does the system work and 
work well, it can work fast. For instance, B.S.3971: 1966- 
Image Quality Indicators for Radiography and Recommendations 
for their Use-was initially discussed in committee in February 
1965 and ten months later was ready for printing. This period 
included time for circulation of a draft, for receipt of comments, 
for the study of those comments, editing by B.S.I. of the final 
draft and preparation for printing. 

British Standards are issued to and are available by most 
other national standards organizations, and are normally avail- 
able for reading at most British Embassy and major libraries 
overseas and at home. 

Producing a British Standard 
The preparation of a standard for N D T  is in no way unique, 
it follows common prescribed practices. The standard can be 

Progress 
stage as 

at 31.3.66 

4 
6 
2 

4 

4 
3 
4 

2 

3 

2 

3 

4. Comments under review 
5 .  Approved for submission to industry committee 
6 .  Approved for publication-with the printer 

drafted either by committee or panel in committee assembled, 
or by members agreeing to prepare sections which are then dis- 
cussed again by the assembled committee, or by the use of an 
existing industrial or governmental department standard act- 
ing as the draft for framework. 

However, before any draft is prepared, it must be proved 
to the permanent directorate of B.S.I. that there is a need for 
such a standard and that the subject is not already covered by 
an existing British standard. Requests for a new standard are 
not normally received from individuals, rather must the re- 
quest come from a trade association or engineering technical 
institution or society. 

Having convinced the directorate that the need for such a 
national standard is required, and having obtained the approval 
of the particular industry committee which gives broad guide 
terms of reference in the case of a new committee, the B.S.I. 
then approach all the appropriate trade and industrial bodies 
to send and appoint their representatives. 

At the first meeting this committee o r  panel examines its 
terms of reference, elects its chairman and decides how it 
might tackle the job of work. At the same time, a program or 
target date for the completion of the work or section of the 
work is invariably set. 

Industry Comment 
Although, as has already been mentioned, the committee is 
made up  of representatives from organizations rather than in- 
dividuals, it will be readily appreciated that any national stand- 
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Table 4 

Application or Product Standards (wherein reference is made to N.D.T.) 

Remarks Title Standard No., 

B.S. 487 : 1963 Part 11-Fusion welded steel air receivers 
Part 11-Receivers to Class 1 requirements 

B.S. 806 : 1954 Ferrous pipe and piping installations for, and in connection with land boilers 

B.S. 1113 : 1958 Section 5.  Radiography is called for in this section dealing with inspection 
and testing 

B.S. 1500 : 1958 Fusion welded pressure vessels for use in chemical, petroleum and allied 
industries 

Part I-Carbon and low-alloy steels. Sections 4 and 5 Manufacture, workmanship, inspection and 
testing refers to radiographic and ultrasonic 
methods 

Part 111-Aluminium. Refers to radiographic examination of welds 

B.S. 1515 : Fusion welded pressure vessels (advanced design and construction) for use in 
chemical, petroleum and allied industries 

Part I--1965-Carbon and ferritic alloy steels. Nondestructive tests (none except for weld 
imperfections as revealed by radiographs 
and pressure tests). 

Electrode boilers of riveted, seamless welding and cast iron construction for 
water heating and steam generating 

B.S. 1894 : 1952 

Steam receivers and separators 

Class 1 .  Metal-arc welding of steel pipeline and pipe assemblies for carrying 
fluids. Refers to B.S.2910 and includes acceptance levels. 

Test for use in improvement of welders, Part I 

B.S. 2070 : 1954 

B.S. 2633 : 1956 

B.S. 2645 

B.S. 2654 : 1961 Part 11-Site erection, inspection and testing 

Cylindrical land steam boilers of welded construction (other than water tube 
- 

boilers) 
- 

Piping systems for the petroleum industry. 
Refers to B.S. 2910 and gives acceptance levels 

Testing fusion welds in aluminium and aluminium alloys 

B.S. 2790 : 1956 

B.S. 3351 : 1961 

B.S. 3451 : 1962 
~ 

B.S. 3915 : 1965 Carbon and low-alloy pressure vessels for primary circuits of nuclear reactors. 
Refers to radiographic and ultrasonic examination, crack detection and leak 

detection methods 

B.S. 3636 : 1963 Methods of proving the gas tightness of vacuum or pressurized plant. 
Describes 17 methods of proving gas tightness 

Key; (R) Under revision 

The majority of the above standards relate to pressure vessels and welded items; somewhat unusual is:-B.S. 3197: 1960 Adze claw hammers, which specifies 
magnetic and hardness tests. 

(P) New standard or Part in course of preparation 

ard must not only be approved by indmtry at large, but also 
must be accepted and implemented by industry at large. Compul- 
sory use of standards does not apply in Britain, except where 
particular legislation exists, although there are times when we 
individually feel there are cases when compulsion is desirable. 
A s  Britain is a trading nation, it is left for individual firms to 
decide whether, in order to maintain and expand theii busi- 
ness, they should comply with Standards. 

To get industry’s comment and concurrence is therefore 
imperative. Thus, after the draft has been prepared by the 
committee and agreed, copies are circulated (free) to each trade 
association, institution or individual firm that might be in- 
terested and able to offer constructive comment. Sometimes 

280 TECHNICAL SESSION 9 

such a document has hundreds of copies circulated. In the case 
of B.S. 3971 1966-Image Quality Indicators already men- 
tioned, 611 copies were circulated for comment, and a reason- 
able issue will be 500-1,000 copies. 

The recipients are normally given six weeks in which to 
prepare and return their comments, amendments, criticisms. 
This period may have to be extended when overseas comment 
is invited. 

The permanent secretary, who in turn is an experienced 
and qualified individual in his own right, has then the formid- 
able task of collating these comments for the committee to 
consider. As an example, in the case of nondestructive testing 
of pipes and tubes (eddy-current testing of non-ferrous pipes 



. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . -. . . . . . .. . . . . . . . . . . . . . . . . 

personol sofety, 
school. office, 
and hospital 

equipment, pockaging 

INPUT 

I I1 19 23 7 
Industry Industry Industry Industry 

standards standards stondords stondards 

350 

OUTPUT 

1750 720 I80 

Scientific ond techni 
services of industry 
government, ond put 
outhorit ies 

Income from 11,OOC 
subscribing mem ber 

Government gront 

Sales of publications 

Certificotion mark f c  
and other services 

Technical and Drafting code 
sub-committees committees and I sub- committees 

Technical and 
sub- comm ittees 

100 
Technicol and 

sub- comm ittees 

I rechnicol ond 
Jb-committees 

600 
Technicol ond 

sub- committees 

Special comm 

British Standards Institution - Committee Structure. 

and tubes)-B.S. 3889, Part 2B, Document D65/9793,- 
thirty industrial comments were received, including one of two 
pages. 

The committee has to decide which comments are worthy 
of serious consideration and the draft is amended. In some 
cases, a second draft may be circulated to industry, but in 
most cases the document is submitted to the appropriate indus- 
try standards committee and the divisional council for approval. 
In many cases this approval can be done on a postal basis, but 
where a particular section of industry disapproves, or a particu- 
larly strong objection is put forth, the final draft can be dis- 
cussed in industry committee or divisional council. 

Thus it will be seen that the system not only ensures that 
the views of British Industry are fully considered, but also that 
standards receive industry’s blessing. 

On occasions it is found there is insufficient experience or 
factual information available to produce a satisfactory stand- 
ard, and investigations or research may be needed; for example, 
when dealing with “black light” for magnetic and penetrant 
flaw detection processes the requirement arises of specifying 
the “black light” intensity and a method of calibrating lamps. 
At the time of writing this paper there is no national centre for 
research in NDT to which such problems can be rcferred, and 
any work necessary has to be carried out by individual firms 
or research associations, etc., but there is a strong probability 
that such a centre will be established and operating by the time 
this paper is presented. 
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International Standards Organization 

The B.S.I. is the formal and official link with international 
standardization organizations and provides the secretariat for 
many of their committees in addition to appointing British 
delegates to the various committees, working groups or sub- 
committees. It is indeed regrettable to record that of the seven 
international organizations-comprising no less than 200 com- 
mittees-listed below there is not one committee whose primary 
function or term of reference is to coordinate or prepare inter- 
national NDT standards or recommendations. 

I.S.O. 

I.E.C. 

C.E.E. 

C.I.S.P.R. 

C.E.N. 

C.E.N.E.L. 

A.B.C. 

-International Standards Organisation ( 80 tech- 
nical Committees). (Ref. 3 ) .  

--International Electrotechnical Commission (60 
technical Committees). 

-International Commission on Rules for the 
approval of Electrical Equipment ( 18 Com- 
mittees). 

-International Special Committees on Radio In- 
terference (9  Working Groups). 

-European Standards Co-ordinating Committee 
(27 Technical Committees). 

-Committee for the Co-ordination of European 
Standards in the Electrical field. (Ref. 4 ) .  

-Conferences on the unification of standards 
(A.B.C.-America, Britain and Canada). 
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Country 

U.S.A. (A.S.T.M. 
India 
Canada 
Czechoslovakia 
Germany 
Hungary 

Poland 
Spain 
Russia 

I S 0  Documents 

Table 5 

A Selection of Some Other National Standards relating to N.D.T. 

Number 

E 138-63 
IS. 1182 
48-GP-2 
CSN-05-1305 
DINS41 11 
MSZ.43 10 
Parts 1-5 

M-69772 
UNE.14011 
GOST.7512-55 

44N244 
ISO(WEE)1473.X { 
ISO(WEE)1475.X 1 
44 N 246 
ISO(WEE)1475.X { 
44 N 245 I 

Title 

Wet magnetic particle inspection. 
General recommendations for radiographic examination of fusion welded joints. 
Spot radiography of butt welds in ferrous materials. 
Classification of weld defects on radiographs. 
X-ray and Gamma-ray testing of welds on metallic materials. 
Nondestructive testing methods. General. Including dye penetrant and magnetic particle methods; 

radiographs; types and symbols of weld defects; classification and estimation of weld defects by 
X-rays and Gamma-rays. 

Radiographic determination of weld faults. 
Grading of welds by X-rays. 
Methods of inspection of welded seams by X-rays and Gamma-rays. 

Recommended practice for radiographic inspection of fusion welded butt joints for steel pipes up to 

Recommended practice for radiographic inspection of fusion welded butt joints for steel plates up to 2 in. 

Radiographic image quality indicators. 

2-in. wall thickness. 

We must pay tribute to the work of the International Insti- 
tute of Welding which has produced standards that have formed 
the basis for I.S.O. recommendations. 

Furthermore, there might be a glimmer of hope in a recent 
announcement from B.S.I., Memorandum 66/248 17-19th Oc- 
tober, 1966, following recommendations made by representatives 
of the Ministry of Technology in Bergen in May 1966. 

( i)  EFTA Ministers should give strong encouragement to 
industries, departments and to standards bodies to pursue the 
objective of getting early agreement on standards in the 
European and, where appropriate, in the international standards 
organizations; (ii) the national standards bodies should be 
pressed to make the strongest efforts to secure full acceptance 
of the results of these agreements in national standards without 
deviation, and public purchasing departments should be urged 
to take full account of such standards. 

Not only were these recommendations submitted to and 
endorsed by the meeting in Bergen but they have been confirmed 
as part of B.S.I. policy and agreed by both the Ministry of 
Technology and the Confederation of British Industry. 

Additionally, the U.K. has announced the decision to 
“go metric” over the next decade, using the rationalized 
M.K.S.A. system as adopted by I.S.0.-that is, the S y s t h e  
Internationale (SI . ) ,  and British standards are now being 
produced using metric units. 

Future Requirements 

Nondestructive testing has a useful and important part to play in 
the economy of nations by assisting in the efficient use of 
materials and labour. This will only be achieved by a concerted 
effort and an understanding of the problems involved. Non- 
destructive testing engineers currently have four major tasks:- 
First. To establish national standards and international recom- 
mendations for N D T  instruments and equipments, and to 
define test procedures, including the scope and limitations of 
particular methods and techniques, so that designers, inspectors, 
and other personnel can confidently and correctly specify non- 
destructive testing. Second. To improve the ability to locate, 
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identify and describe imperfections so that materials can be 
classified or  graded, enabling specifications for quality levels 
to be applied when necessary. Third. To expand the present 
range of methods and their speed of operation to enable them 
to be integrated into automated and flow-line processes, and on 
stream and other inspection procedures. Fourth. To expand the 
field of materials evaluation and the correlation of physical 
properties with those measurable by nondestructive methods. 

Discussion 

Most people can appreciate the value of standards, but 
having an appreciation is much easier than actually producing 
effective standards. In  fact, the possession by a nation of an 
adequate number of reliable and realistic standards can be 
regarded as an index to the level of civilization and citizen- 
ship-for the production of standards of the right type and 
quality requires individuals and organizations who are prepared 
to devote considerable time and energy to a cooperative effort 
in producing documents that are useful nationally and ulti- 
mately internationally. 

The production and maintenance of standards then involves 
a considerable amount of expertise, diverse skills and organiza- 
tion. In some spheres of life, e.g. weights and measures, 
standards have existed for many years: in other fields, such as 
NDT, which is still young in terms of the engineering industries, 
standardization is proceeding alongside the growth of knowledge 
and experience. 

Inherent in this paper is the need for standards of quality 
or levels of acceptance. This is the field of standardization that 
is exceedingly difficult and in which most progress needs to be 
made. Unless some understanding is possible of the significance 
of imperfections or flaws, the establishment of levels of quality 
must remain a subjective judgment. NDT can assist in this 
difficult field in two ways. Firstly, by enabling sorting of mate- 
rials and components into grades or classes, say, A.B.C.D.E., 
etc.; the appropriate grade then being selected for the required 
duty by the responsible people concerned. Secondly, by measur- 
ing the extent and rate of growth of defects in plant and 



enabling an evaluation of their seriousness to be obtained. Those 
in the nondestructive testing field need to actively support all 
work being carried out in determining the significance of 
imperfections. 

Conclusions and Recommendations 

At the conclusion of the 2nd International Conference on N D T  
at Chicago in 1957, under the theme “Recommendations for 
Technical Development and Standardization”, seventeen points 
were offered for discussion, including detailed suggestions for 
international cooperation ( 5 ) .  In the decade since then, indi- 
vidual countries have made progress in standardization, as it is 
hoped has been illustrated in this paper for Great Britain, and 
it is the authors’ belief that the time is now appropriate for the 
establishment of international standardization. We therefore 
suggest that the International Standards Organization (I.S.O.) is 
the appropriate body and recommend to this conference that 
appropriate steps be taken to approach the I.S.O. for the estab- 
lishment of a technical committee for NDT. 

The authors would therefore like to propose to this meeting 
that: 

(a)  Now is the appropriate time for the establishment of 
an international committee to coordinate the preparation of 
international N D T  recommendations; (b)  I t  is agreed by all 
delegates that they will request (persuade, bring pressure to 
bear) their official national standards organization to recom- 
mend to the I.S.O. that I.S.O. does establish a separate Tech- 
nical Committee to deal with NDT. 
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Correlation of Conductivity to Mechanical Properties 
of Age-Hardenable Aluminum Alloys Using Eddy-Current Methods 

DAVID D. SELTZER, USA 

Introduction 

Age-hardenable aluminum alloys 7075, 2014, 2024, and 2219 
have been used in aircraft and aerospace applications based 
primarily on their strength-to-weight ratio. The strength and cor- 
rosion resistance characteristics of these alloys depend on close 
control of the time-temperature cycle during the solution heat 
treat and the subsequent aging of the material. The mechanical 
properties of these alloys specified in various materials specifica- 
tions are obtained by appropriately heat treating the material 
in accordance with specification MIL-H-6088 ( 1) .  

In areas of service applications, degradation of mechani- 
cal properties occur because of either an accidental fire or the 
exposure of parts or vehicles to elevated temperatures long 
enough to decrease the strength of the material. 

Degradation of mechanical properties may occur also by 
an unauthorized localized heating of machined parts prior to 
the straightening operation. Because control is lacking in this 
type of operation and also because there is the possibility of 
inducing residual stresses that may be detrimental in service, 
localized heating is prohibited in various specifications. 

Improper processing during heat treat will lower the 
mechanical properties and will decrease the corrosion resistance 
of the alloys; for example, slack quenching occurs when the 
material is not cooled rapidly enough in a quench medium after 
the solution heat-treat cycle. 

Degradation of mechanical properties can also result 
from improper aging. However, a controlled decrease in 

mechanical properties by precise overaging decreases the sus- 
ceptibility of the alloys to stress-corrosion. To  the designer a 
known and controlled loss in mechanical properties has value 
in certain applications and is better than risking catastrophic 
failure because of stress-corrosion. 

In the past, degradation of mechanical-physical properties 
was not truly assessable except in a limited way by destructive 
tensile tests and the nondestructive hardness tests. The correla- 
tion of hardness values to ultimate tensile strength has never 
been too accurate, and reliability in its use for many years has 
been dependent more on either over-design of the structure or 
the result of actual service loads that occurred below the antici- 
pated design load conditions. 

Extensive studies have been conducted by the Martin- 
Marietta Corporation in the correlation of electrical conduc- 
tivity to the mechanical properties of age-hardenable aluminum 
alloys using eddy-current methods (1 to 7 incl.). Studies on 
alloys 2014, 2024, and 7075 were directed primarily towards 
obtaining a correlation of conductivity, hardness, and ultimate 
tensile and yield strength. Results of these studies have been 
put into practical application, as in assessing accidental fire 
damage to aircraft structures, assessing slack-quenched condi- 
tions in aerospace hardware, and in assessing mechanical prop- 
erties of aerospace hardware after controlled overaging. 

The problem manifests itself in that, under conditions of 
severe overheating, identical values of conductivity can be 
ohtained that have different values of mechanical properties. 
However, supplemental hardness-test information and occa- 
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Figure 1. Conductivity and hardness vs. time a t  temperature on 7075-T6 aluminum alloy. 
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sional verification of the tensile strength will produce reliable 
results in establishing the mechanical properties without ex- 
tensive destructive testing. In addition, the conductivity of 
different alloy systems overlap; therefore, it is essential to 
identify the alloy. Extrapolation of values from one alloy to 
another or the use of values derived for fire degradation, for 
those involved in degradation of properties because of slack 
quenching or controlled overaging, will result in errors. 

Time and temperature are two of the critical parameters 
that produce the final physical characteristics. Knowing the 
metallurgical phenomena or transformation that occur in the 
alloys under various conditions, or understanding the methods 
used to arrive at the characteristics and recognizing the limita- 
tions of the eddy-current technique, are essential to the appro- 
priate use of conductivity measurements in evaluating the 
mechanical properties of the age-hardenable aluminum alloys. 

The correlative data, only parts of which are described 
in this paper, have permitted the continuously expanding use 
of the eddy-current instrument as a means of 1) verifying that 
proper process control in heat treat has been followed to obtain 
specified mechanical properties (ultimate and yield), 2) assess- 
ing the loss in mechanical properties owing to slack quenching 
or to overaging, 3 )  assessing the loss in mechanical properties 
owing to accidental fire or to exposure to temperatures detri- 
mental to mechanical properties of the material, and 4) veri- 
fying mechanical properties obtained under closely controlled 
conditions of overaging to minimize material susceptibility to 
stress-corrosion, and still maintain minimum specified mechani- 
cal properties. 
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Equipment 

Conductivity measurements in these studies were made with 
an FM-100 instrument that utilizes the principle of eddy cur- 
rents to measure the electrical conductivity of nonmagnetic 
alloys (2).  The instrument covers a range of conductivity from 
8 to 103 per cent IACS (International Annealed Copper Stand- 
ard). A probe acts as the leg of a Wheatstone bridge, and its 
impedance varies according to the conductivity of the material 
on which i t  is placed. When the probe is placed on a conductive 
material the bridge becomes unbalanced; the balance is re- 
stored by adjusting a capacitor that at the same time rotates a 
dial bearing conductivity figures. When the bridge has been 
balanced the conductivity reading on the dial is that of the 
material upon which the probe is placed. 

Test Procedure 

To obtain accurate measurements of conductivity, the instru- 
ment must be adjusted, calibrated, and used in accordance with 
instructions appearing in the instrument operation manual. 
Calibration is made using standards supplied with the instru- 
ment. The samples tested and the calibrating standards must 
be at the same temperature. The instrument probe should be 
applied to clean, fairly smooth, and flat areas. Anodic coatings 
and chemical films affect the accuracy. For materials ranging 
in conductivity from 28 to 40 per cent IACS, accurate readings 
are obtainable when the material thickness exceeds 0.040 in. 
The effects of specimen thickness, cladding, and lift-off adjust- 
ment in measurements of conductivity have been previously 
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Figure 2. Conductivity and hardness vs. time at temperature on 7075T6 aluminum alloy. 
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presented in a technical article (3). Parts curvature and edges 
also affect the accuracy of the conductivity reading. 

Discussion 

In this paper I describe several characteristic curves of mechani- 
cal-physical properties of age-hardenable aluminum alloys in 
which the alloy properties have been lowered or degraded by 
a number of heat treatments, e.g., controlled overaging, high 
temperature exposure, and slack quenching. It is my intent 
to describe briefly how these characteristic curves were obtained 
and to discuss primarily the value that may be derived from 
their use. For more detailed information on time-temperature 
effects, with respect to the characteristic curves derived, one 
may refer to the listed references. 

Investigations have revealed that the exposure of aluminum 
alloy 7075-T6 to high temperatures results in a rise in con- 
ductivity accompanied by a drop in hardness and strength. 
A number of test specimens were exposed to various times and 
temperatures of overaging and high-temperature degradation. 
Conductivity and hardnesses were determined immediately 
after the exposure. The specimens were placed in a deep freeze 
to prevent natural aging and were tested subsequently at room 
temperature to establish their mechanical properties. The results, 
shown in Figures 1 and 2, illustrate that a decreasing hardness 
is mirrored by an increasing conductivity for the alloy when 
exposed to temperatures of 325" up to 1100°F for increasing 
times of exposure. A sharp reversal in slope at the higher 
temperature is ascribed to solutioning of the alloying elements 

with a subsequent increase in hardness and a decrease in con- 
ductivity, possibly owing to the setting of a strain in the metal 
lattice. Subsequent aging after exposure at the higher tem- 
peratures will result in a significant increase in hardness, without 
a rise in conductivity, owing to precipitation of the alloying 
elements. Figure 1 shows that the conductivity is more respon- 
sive initially to metallurgical change than to the hardness test. 
Note that line YY' depicts a rise in conductivity at 325°F after 
1 hour, while for the same temperature, a drop in hardness 
occurs after 4 hours of exposure. These characteristic curves 
are described in other parts of this paper in their application 
to controlled overaging to minimize the material susceptibility 
to stress-corrosion. The initial application of the graphical data 
in Figures 1 and 2 was in the evaluation of fire damaged 
aircraft structures and in cases of improper aging of the alloy. 
Above 600°F a curve reversal occurs (shown in Figure 3) that 
depicts the relationship of conductivity to hardness. Note that 
for curves obtained on material exposure above 600"F, each 
specimen can have a hardness reading that corresponds to two 
different conductivities and that depends on the time and/or 
temperature of exposure. Also, in a short-time high-temperature 
exposure, the conductivity readings may be identical, although 
the hardness readings would be dissimilar. This can be seen 
by drawing a vertical line along hardness R ~ 5 0  and noting that 
it intersects the 1000°F curve at 34 per cent and again at 
39 per cent IACS. In a similar manner, a horizontal line along 
35 per cent IACS conductivity would intersect the lOOOOF 
curve at the approximate hardness of R ~ 8 6  and again at Rn45. 
Thus one would not know by either conductivity reading or 

STANDARDIZATION-GENERAL 285 



41 t 
4 0 .  

8 ss- 

I::: 
M. 

as 

SI 

as 

- 

- 
. 

I I 

Specification 

QQ-A-287 

90 80 10 80 60 40 so 
S,I * .  . I . *  . * I  . ' .  * I .  * * *  1 .  * *  I . . " . "  I I  

Rochell B Hardn.80 

Figure 3. Conductivity VI. Rockwell B hardness on 7075-T6 aluminum alloy. 

Tensile Yield Conductivity 
strength strength per cent 

minimum minimum IACS 

72,000 psi 62,000 psi 32 to 35 
(5062 Kg/cmz) (4360 Kg/cmz) 

hardness reading alone that the material either was undamaged 
or was severely damaged by a high-temperature exposure. In 
this case a hardness reading to supplement the conductivity 
reading should be taken occasionally. Hardnesses falling to the 
right of a vertical line through the point of maximum con- 
ductivity would substantiate that the conductivity is on the 
downward or reverse slope and would indicate, therefore, that 
the material properties have been appreciably lowered. No 
reversal occurs from 325" to 600°F and a conductivity reading 
alone can be used to substantiate the mechanical properties 
(ultimate and yield strength). 

In an extensive study by Chihoski, the resultant conduc- 
tivity-hardness relationship based on various times and tem- 
peratures of exposure for 7075-T6 material were projected into 
isometric form as shown in Figure 4 (4). Isometric projections 
permit establishing the possible times and temperatures of ex- 
posure when they are unknown, provided that the conductivity 
and hardness can be measured. These data were applied practi- 
cally when estimating time and temperatures of exposure in the 
case of jet-engine starts, with a noise suppressor attached, that 
retained excessive heat in the nacelles of the aircraft. 

The correlation of conductivity to the ultimate and yield 
strength of 7075-T6 aluminum alloy are shown in Figure 5. 
Generally a conductivity of 32 to 35 per cent IACS depicted 
by the grey area of the graph is the T-6 material within the 
specification. Vertical lines have been drawn to indicate the 
minimum specified properties. The degradation or loss in 
mechanical properties resulted from various high-temperature 
exposures at various times. All tensile tests were conducted at 
ambient after the exposure. As cited earlier, specimens were 
stored in a deep freeze to prevent natural aging. Note that the 
loss in strength is more severe for high-temperature short-time 
exposures of T-6 material than for low-temperature long-time 
exposure even when the conductivities of the material are the 
same. This may be clearly seen in Figure 7. 

The conductivity-ultimate tensile strength and the con- 
ductivity-yield strength of the various age-hardenable aluminum 
alloys are not identical. In contrast to 7075-T6 with a con- 
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Figure 4. Conductivity VI. hardness VI. temperature of exposure with exposure 
times marked by isochronous lines on the surface of the curve for exposures of 
7 0 7 5 T 6  aluminum alloy. 

ductivity of 32 to 35 per cent, the alloy 2014-T6 generally 
indicates a conductivity of less than 39 per cent IACS for 
specified minimum properties. Minimum properties of ultimate 
and yield and their corresponding conductivity for alloys 
7075-T6, 2014-T6, and 2024-T4 are shown in Table 1. 

The conductivity-ultimate tensile strength relationship at 
ambient temperature for 2014-T6 subjected to overaging and/or 
degradation of mechanical properties by exposure to various 

Table 1 
Properties of Aluminum 

AIIOJJS 7075-T6, 2014T6, 2024T4 

Alloy 

7075-T6 

2014T6 IQQ-A-255 164,000 psi 157,000 psi IIcss than 

I 39 
2024T4 IQQ-A-355 162,000 psi I lless than 

I I I I 34.5 

times and temperatures between 400' to 1100°F is shown in 
Figure 6. The area within A'B'B indicates material within 
specification; the area C'C'C (grey area) indicates material in 
the doubtful category of meeting the specification. The rise in 



Figure 5. Conductivity VI. yield and ultimate tensile strengths. 

Figure 6. Conductivity vs. UTS for 2014-T6 for all temperatures. 

conductivity of 201 4-T6 material exposed to temperatures 
between 400" and 800'F is gradual with no reversal ( 5 ) .  In 
temperature exposures between 800" and 1100°F the con- 
ductivity curves of 2014-T6 material indicate a reversal similar 
to the characteristic curves described previously for alloy 
7075-T6 (see Figures 3 and 15). 

Earlier in this paper it was indicated that the loss in 
strength is more severe for high-temperature short-time ex- 
posures of 7075-T6 material than for similar material exposed 

Figure 7. Conductivity vs. Rockwell B hordness on 7075-T6 aluminum alloy after 
exposure to various temperatures (OF)  and times. 

to low-temperature long-time exposure even though the con- 
ductivities are the same. The mechanical/physical parameters 
for 7075-T6 material within specification are depicted by the 
light grey area in Figure 7. The subsequent change in the 
hardness-conductivity parameters by controlled-overaging to the 
T-XX temper is depicted by the dark grey area. Note that 
temperatures higher than YY "F produce identical conductivities 
with a lowering of the hardness. A lowering of the hardness 
will also produce a decrease in the ultimate and yield strength. 
Material in the T-XX temper within the approximate parameters 
of hardness Re83-87 and conductivity 38.7 to 41.6 per cent 
IACS, obtained by controlled overaging of 7075-T6 material at 
YY"F for a known period of time, will produce an approximate 
1 5-per-cent loss in mechanical properties below specification. 
Material subjected to this controlled overaging lessens the pos- 
sibility of failures due to stress corrosion. 

Extensive testing needs to be done to establish the specifi- 
cation limit lines for conductivity and hardness related to a 
known probability of obtaining a specified ultimate and yield 
strength. Figure 8 shows a projection of possible limit lines for 
hardness and conductivity for the T-XX temper. To  establish 
these limit lines more accurately a statistical number of tests on 
T-XX material aged at YYOF for a specified time are necessary 
to establish the Gaussian distributions of hardness, conductivity, 
ultimate and yield strength. The Gaussian distributions derived 
would subsequently be placed as an overlay on Figures 9 and 
10. This would permit a more accurate definition of the speci- 
fication limits of conductivity and hardness. In addition the 
determination of a known probability of meeting specified 
tensile and yield strength will permit extensive acceptance 
testing of T-XX material based primarily on conductivity and 
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hardness. This would result in a lesser dependance on destruc- 
tive tensile testing which currently limits heat-treat lot accept- 
ance on the basis of limited sampling. 

Figures 11 and 12 show the characteristic curves of 
hardnesses and related conductivities of 7075-T6 based on 
various overaging temperatures for various time intervals. The 
characteristic curves may be used to project a development 
test program in establishing specific cycles of overaging or 
tempering with subsequent evaluation of material susceptibility 
to stress corrosion. For example, a series of vertical lines from 
the horizontal conductivity (38  per cent IACS) line intersecting 
each of the aging curves have been projected so that they also 
intersect with the corresponding hardness-aging curves. Note 
that for the identical conductivities (38 per cent IACS) the 
hardnesses are lowered and the scatter becomes greater as 
higher temperatures-shorter times are used in the overaging 
cycle. In Figure 11, approximately 30 hours of controlled 
overaging of 7075-T6 material at YYOF, depicted by the 
triangular symbol, produces an approximate hardness of R~87 
and a conductivity of 38 per cent IACS. This appears to be 
the near optimum compromise in which material susceptibility 
to stress corrosion and the loss in mechanical properties due to 
overaging are minimal. Figure 12 indicates that increasing the 
conductivity range from 38-40 per cent IACS, as indicated in 
Figure 11, to 40-42 per cent IACS will result in a lowering of 
the hardness. Therefore one would also expect an additional 
lowering of the ultimate and yield strength. 

For years the general practice has been to use the hardness 
test to evaluate the mechanical properties of fire damaged and 
overheated structural aluminum alloys. The error of this prac- 
tice can be seen in Figures 13 and 14 which illustrate the 

Figure 8. 7075-T6 aluminum allay overaged at YYOF for various time intervals. 
Gauge: .250-in. nominal. 
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Figure 9. T-XX temper. 

Figure 10. T-XX temper. 

Figure 11. Conductivity and hardness VI. time a t  temperature on 7 0 7 5 T 6  alu- 
minum alloy. 



Figure 12. Conductivity and hardness VI. time at temperature on 7075-T6 alu- 
minum allay. 

hardness relationship to ultimate and yield strength of 2014-T6 
aluminum alloy. In these figures the grey area within the lines 
AA’BB’ represent material within specification. Note however 
that the vertical lines AA’ and BB’ representing a hardness of 
R B ~  1 ,  the lowest hardness acceptable by specification, will result 
in acceptance of material that is 4000 psi below the specification 
limit of 64,000 psi tensile and 12,000 psi below the specification 
limit of 57,000 psi yield. The possibility of error can be mini- 
mized by obtaining a conductivity reading with values falling 
within the parameters depicted by the shaded area of Figures 
13 and 14 (5 ) .  

The correlation of conductivity to hardness of 2014-T6 
alloy tested at ambient after exposure to various elevated tem- 
peratures are depicted in Figures 15 and 16 ( 5 ) .  The areas 
within the lines AA’BB’ indicate material within the specification 
of 2014-T6 material. A conductivity above 39.5 per cent IACS 
is generally indicative of mechanical properties (ultimate and 
yield strength) below the minimum of the specification. As 
described earlier 2014-T6 alloy exposed to temperatures 800°F 
and above produce a reversal in the conductivity curve. Material 
suspected of reaching temperatures of 800°F and above require 
both a conductivity and hardness test to assist in the evaluation 
of the mechanical properties. 

Figure 13. UTS VS. hardness for 2014-T6 at all temperatures. Figure 14. Yield vs. hardness for 2014-T6 a t  all temperature. Figure 15. Conductivity VI. hardness 
for 2014-T6 a t  800’ and 1000°F. Figure 16. Conductivity VI. hardness for 2014-16 at 500’ and 700’F. 
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In  selected cases the loss in the mechanical properties due 
to slack quenching may be evaluated by establishing the strength- 
conductivity relationship as shown in Figure 17. In  this case 
the massive size, small entry and exit ports, and thick wall 
could produce a slack quenched condition on the inner wall of 
the helium storage bottle. To  simulate slack-quenched condi- 
tions, a number of lxlx8-in. 2014-T6 bars were solution- 
annealed and submitted to various time delays prior to quench- 
ing in water. The results are depicted by the characteristic 
curves for conductivity, ultimate and yield strength shown in 
Figure 17. Note that the vertical line AA’ through the three 
characteristic curves will permit material acceptance appreciably 
above the minimum specified mechanical properties. 

Conclusions 

It is concluded that: 1) A correlative relationship exists between 
the electrical conductivity, hardness, ultimate tensile and yield 
strength of aluminum alloys 7075-T6, 2014-T6, and 2024-T4; 
2)  Various characteristic curves for each of these alloys can be 
derived by using various times and temperatures to producc 
structural (metallurgical) changes; these changes directly affect 
the conductivity, hardness, ultimate tensile and yield strength; 
3) By means of characteristic curves (appropriately derived to 
represent actual conditions) the conductivity and hardness can 
be used to: 

( a )  Verify that proper process control in heat treatment 
has been adhered to and that material meets specified 
mechanical properties. 
Assess the loss in mechanical properties resulting from 
slack quenching or overaging. 
Assess the loss in mechanical properties resulting from 
accidental fire or exposure to temperatures detrimental 
to the mechanical properties of the material. 
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(d )  Verify specified mechanical properties obtained under 
closely controlled conditions of overaging to minimize 
material susceptibility to stress-corrosion. 
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ContrBles non destructifs de gaines d’elements combustibles 
prototypes de reacteurs a neutrons rapides 

J.-P. DUFAYET, A. SAMOEL ET 6. SPRIET, FRANCE. 

Introduction 

Les Ctudes des rCacteurs de la filikre B neutrons rapides 
sont dCsormais orientkes vers la rCalisation de grandes cen- 
trales dont la puissance serait de I’ordre de 1000 MWe. I1 a CtC 
dCcid6 que 1’Ctape intermkdiaire entre le rCacteur Rapsodie, rC- 
acteur de recherche, et les grands rkacteurs industriels serait un 
rCacteur d’une puissance de l’ordre de 250 MWe appelC PhCnix. 
Les problkmes que soulkve 1’CICment combustible de ce type de 
piles sont importants et nouveaux: ils trouvent leur origine dans 
les fortes puissances spCcifiques et les forts taux de combustion 
de cette filikre. Beaucoup d’incertitudes restent encore B lever 
avant de pouvoir fixer les limites des diffkrents matkriaux qui 
entrent dans la fabrication de 1’616ment combustible, et plus 
particulikrement de la gaine. 

Pour le gainage, il est prCvu d’utiliser l’acier inoxydable du 
type 316 dont la comptabilitC avec l’oxyde et avec le sodium 
est satisfaisante (d’autres nuances de remplacement sont 6gale- 
nient envisagees: alliages B base de nickel, alliages de vana- 
dium). Toutefois son emploi conduira vraisemblablement dans 
le cas de PhCnix B fixer la tempCrature maximale de la gaine 
aux environs de 700” C. Si l’on est amen6 B adopter une va- 
leur prudente du point chaud de la gaine, c’est d’ailleurs moins 
B cause des propriCtCs mCcaniques de I’acier B cette tempkra- 
ture qu’en raison de notre mauvaise connaissance de 1’Cvolution 
de ses propriCtCs sous irradiation. 

On espkre amCliorer cette connaissance gr2ce B un impor- 
tant programme d’irradiations. Des ClCments combustibles 
gain& d’acier inoxydable sont ou seront prochainement irradih 
dans diffCrents r6acteurs B neutrons rapides aussi bien &-an-  
gers (E.F.F.B.R., D.F.R.) que franqais (Rapsodie). Ces exp6- 
riences ont pour but de tester les solutions qui serviront de base 
i I’6!&uent combustible de PhCnix. 

Les conditions de travail de la gaine sont particulidre- 
ment sCvkres. La gaine est soumise B des contraintes thermi- 
ques, et B des contraintes mCcaniques dues au gonflement du  
Combustible et au dCgagenient des produits de fission. La durCe 
de vie de 1’CICment combustible dCpend essentiellement de la 
tenue de la gaine; c’est pourquoi un gros effort s’est port6 dans 
deux directions: 

-choix du matkriau de gainage en fonction de ses carac- 
tkristiques micaniques B chaud et de sa rksistance au 
A uage, 

-amClioration de la qualit6 de la gaine. 
Nous avons donc CtC amen& i dCvelopper des contrhles 

destructifs et non destructifs non seulement dans le but d’Cli- 

miner des gaines dkfectueuses, mais aussi de faire progresser 
les techniques de fabrication dans le sens de I’homogCnCitC des 
differents lots de tubes. Nous nous limiterons, dans cette com- 
munication, i dCcrire les mCthodes d’essais non destructifs qui 
ont et6 utilisCes pour contrhler des gaines destinCes B Ctre ir- 
radiCes dans des rkacteurs comme E.F.F.B.R., D.F.R., Rapso- 
die, EL 111 . . . Les contrbles ont 6th de plusieurs types: mktrolo- 
gie, courants de Foucault, ressuage fluorescent, essais sous 
pression interne. Les gaines sont constituCes de tubes lisses, sans 
soudure, en acier inoxydable 316 (X 18 M Aubert et Duval); 
les diamktres inttrieurs ont variC entre 5.20 mm et 6.25 mm, 
et les Cpaisseurs entre 0.35 mm et 0.45 nim (longueur maxi- 
male 1300 mm). Notre exp6rience actuelle se Iimite au  con- 
trAle d’environ un millier de tubes. 

MCtrologie 

A ppareillage 
On dispose d’un banc EAM adapt6 aux nkcessitks de cet exa- 
men. Ce banc permet l’enregistrement continu des diamktres 
intCrieurs et extkrieurs de tubes d’une longueur maximale de 
1.50 m; remarquons que, pour les diamgtres intkrieurs, il faut 
opCrer <<& la retourner, c’est-$-dire en mesurant sur 75 cm B 
partir de chaque embouchure. 

Cet appareil se compose principalement (figure 1 ) : 
-d’une gouttikre de guidage ou le tube est poussC B la 

vitesse de 0.5 cm/s par une  locomotive^ Clectrique; 
-d’une t&te de mesure transformant les variations de 

diamktre extkrieur en signaux 6lectriques par I’intermC- 
diaire d’une capacitC variable; 

-d’une t&te de mesure pour les diamktres intCrieurs Cqui- 
pCe d’un Diatest; 

-d’un tiroir amplificateur qui permet d’injecter des donnCes 
de chacune des t&tes de mesure dans un enregistreur 
potentio-m6trique B deux voies (un topeur repkre les 
distances). 

I1 y a possibilitC d’enregistrement simultanC soit du dia- 
mktre intCrieur et du diamktre extCrieur, soit de l’une de ces 
donnCes et de I’Cpaisseur (en faisant la diffkrence). La gamme 
de mesure est comprise entre 4 et 8 mm; on dispose pour les 
Ctalonnages d’un jeu de piges et de bagues calibries. La mCtro- 
logie se fait en continu suivant deux gCnCratrices B 90” l’une 
de I’autre; la figure 2 montre la mCtrologie d’un tube prCsen- 
tant des surkpaisseurs de l’ordre de I O U  B une extr6mitC. 
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Figure 1. Bonc de mCtrologie. a) w e  d’ensemble; b) tetes de mesure. 

Ginizratr ica I 1 Gsnkratr ice II 0 I .+ 

Figure 2 
Courbes d’enregistrement m6trolo- 
giquer. 

Discussion 

La mktrologie exige de skrieuses prkcautions pour obtenir une 
prCcision suptrieure B 5p sur le diamktre extkrieur; sur le 
diamktre inthrieur, la prCcision est voisine de .01 mm. Si les 
valeurs absolues ne sont connues qu’k 5~ prks, par contre il est 
facile d’obtenir le micron en valeur relative. En ce qui concerne 
les dimensions des tubes, nous atteignons les limites de I’appareil 
prCckdent pour la mesure du diamktre intkrieur sur une telle 
longueur. 

sa faible vitesse 
de dCfilement qui entraine des durCes d’examen trop impor- 
tantes quand le nombre de tubes dkpasse la centaine. Comme 
nous pensons, dans I’avenir, avoir B contraler plusieurs milliers 
de gaines A la fois, nous nous orientons vers une solution diff6- 
rente: mesure du diamktre extdrieur par jauges mCcaniques ou 
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Une autre faiblesse de I’appareil tient 
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pneumatiques, mesure directe de I’Cpaisseur par ultra-sons (me- 
thode de rksonance). De cette faqon, les problkmes posCs B la 
fois par la longueur de la gaine et par le debit d’examen se 
trouveront rksolus sans trop de difficult&. 

Contr8le par courants de Foucault 

A ppareillage 
Deux appareils diffkrents ont kt6 utilisCs: le CcDkfectographe 
Forstern (figure 3a) et un montage de laboratoire (figure 3b). 
Nous ne reviendrons pas sur la description du premier appareil 
qui est bien connu. Rappelons seulement ses deux caractkris- 
tiques principales: une sklection de phase qui permet d’Climiner 
certaines variations d’impkdance par un choix de I’axe de pro- 
jection, un dispositif de diffkrentiation qui favorise les impul- 
sions rapides aux dCpens des variations lentes. 



Figure 3. Apporeilr courantr de Foucault. a)  banc Forrter; b) banc de laboratoire. 

Le montage de laboratoire se compose essentiellement de 
deux bobines identiques encerclant le tube; elles sont plac6es 
c6te B c8te B une distance de 1 mm environ. Chaque bobine 
constitue B elle seule un circuit rksonant parallble (figure 4a), 
les oscillations &ant entretenues par une triode (oscillateur 
Hartley: figure 4b). Les dkfauts, en modifiant le cours des 
courants induits dans le tube, provoquent des variations d’im- 
p6dance de la bobine qui se r6percutent sur la fr6quence et 
l’amplitude des oscillations. 

Ce systeme pr6sente la particularit6 d’avoir un fort coeffi- 
cient d’inductance mutuelle entre les deux bobines; le couplage 
est tel que les deux oscillateurs oscillent sinusoidalement ?t la 
m&me fr6quence. Lorsqu’un d6faut apparait au droit de la 
premibre bobine, il perturbe non seulement le premier circuit, 
mais aussi le second par suite de couplage. 

En comparant les tensions Vgl et Vgz de chaque canal, 
on obtient une excellente sensibilit6 de d6tection. Cette tension 
V, varie comme l’amplitude dans la mesure oh les oscillations 
sont bien sinusoi’dales. On constate que le passage d’un dCfaut 

A P P A R E I L  L A G E  A COURANTS D E  FOUCAULT 

dans la premibre bobine diminue Vgl et augmente simultan6ment 
Vgz; la diffirence Vgl-Vgz subit donc des variations importantes. 
Par contre des mesures de fr6quence montrent que les variations 
de fr6quence de I’ensemble des deux oscillateurs coupl6s sont 
du mCme ordre de grandeur que celles d’un seul oscillateur. 
I1 y a donc intCr&t B prendre un signal proportionnel aux 
variations d’amplitude des oscillations. 

Le couplage se dose en ajustant la distance entre bobines. 
La sensibilith est maximale quand le coefficient de couplage est 
juste suffisant pour r6aliser un accrochage des oscillateurs; 
quand le couplage d6passe cette valeur, la stabilit6 de l’ensemble 
augmente mais la sensibilit6 diminue. Les conditions de couplage 
peuvent Ctre rCalis6es B volont6 pour des valeurs trbs diff6rentes 
de l’inductance mutuelle des deux bobines. 

Le montage s’avbre particulibrement adapt6 B la d6tection 
de d6fauts bien localis6s (inclusions, fissures) puisque Yon com- 
pare deux portions trbs voisines du tube; au contraire les vana- 
tions lentes dues h des changements dimensionnels (diambtre, 
Bpaisseur) sont absorb6es. Cet effet peut encore &tre accentu6 

PRlNClPE DE MONTAGE 

BOBINE 1 BOBINE 2 

OSCIL L ATEU OSCIL L ATEUR DEI 
CANAL1 1 , 1 , 1 C A N A L 2  

1 - 7 7  

ENREGISTREUR 

f=qgl 
I B A L A N C E  I enregistrement 

Figure 4. Courantr de Foucault-Banc de loborotoire. a)  principe de montage; b) rchCma de I’orcillateur. 
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Figure 5a 
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Figure 5 
Courber d’enregirtrement aux cou- 
rants de Foucault. a)  rignaux (talons 
au banc Forster; b) rignaux (talons au 
banc de laboratoire; c) enregistre- 
ment d’un tube presentant der sur- 
6pairseurr internes (banc Forrter); d) 
r n h e  tube ou banc de laboratoire. 

par l’emploi d’une diffkrentiation. La sensibilitk aux petits d6- 
fauts sera augmentte en reduisant la longueur des bobines, et 
en limitant le champ extkrieur. 

Discussion 
L‘appareil aForstern fonctionne avec une frCquence de 100 Kc 
tandis que le montage de laboratoire utilise une frCquence de 
I’ordre de 400 Kc. I1 s’ensuit que le premier mettra mieux en 
Cvidence les defauts de la surface intkrieure du tube, en par- 
ticulier les surkpaisseurs (figures 5c et 5d);  il permet d’autre 
part d’augmenter le dCbit du contr6le gr3ce B sa grande vitesse 
de defilement (de l’ordre de 50 cm/s) et B ses possibilitCs d’en- 
registrement rapide. Par contre le banc de laboratoire a l’avan- 
tage de presenter une meilleure sensibilit6 pour plusieurs motifs: 
choix de la frhquence, faible vitesse de defilement (voisine du 
cm/ s) limitant les perturbations apportCes par des vibrations 
Cventuelles, phCnomhe de couplage. 

Le rkglage des appareils se fait B I’aide de dCfauts Ctalons 
usinks sur un tube par Clectro-Crosion. Suivant les cas et la 
sCvCritC du contrele, on utilise des dCfauts de diffkrentes dimen- 
sions et de differentes natures : trous, rayures transversales ou 
longitudinales, externes ou internes. La taille de ces dkfauts 
artificiels est mesurCe directement sur des rCpliques. Les tubes 
sont alors classCs en catCgories, en prenant comme rkfkrence le 

sur6 
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Figure 6. D6faut aux courants de Foucault. a) courbe d’enregistrement; b) 
dbfaut correspondant x 75 .  

signal donnC par un d6faut Ctalon. Les figures 5a et 5b montrent 
psr exemple des signaux Ctalons correspondant B des dCfauts 
D, trou de diametre 230v, D2 trou de diamktre 1 8 0 ~ ~  Ds fente 
longitudinale (longueur 3 mm, largeur  OF, profondeur 2 5 ~ ) ,  
D4 fente transversale (longueur 2 mm, largeur   OF, profondeur 
comprise entre 25 et   OF), DS trou de diamkre 3201~. Le signal 
donnC par le dCfaut transversal ne se dCtache pas nettement du 
bruit de fond; viennent ensuite par ordre d’importance les 
signaux du dCfaut longitudinal, des trous de 1 8 0 ~  2 3 0 ~ ~  3 2 0 ~ .  

Les indications fournies par ces deux bancs (banc Forster 
et banc de laboratoire) sont assez complkmentaires et nous les 
employons dans une optique diffCrente. Tous les contrbles dC- 
butent par un examen B l’appareil NForsterB qui Climine rapide- 
ment les tubes ayant des dCfauts bien apparents, du type repro- 
duit sur la figure 5 bis. Le banc de laboratoire permet alors 
une recherche plus approfondie des dCfauts, ainsi que leur loca- 
lisation prCcise. Ce stade se rCv6le indispensable si Yon veut 
progresser dans l’identification des signaux, identification qui 
peut se faire par une Ctude micrographique (coupes successives 
dans la zone dkfectueuse), par une analyse de la forme du 
signal (les surkpaisseurs donnent en particulier des signaux trks 
caracthristiques) , par des mesures de dCphasage, d’amplitude, 
de frCquence . , . 

Mais il faut bien avouer que, souvent, le problkme reste 
entier, et c’est 11 la principale faiblesse de ce contrble. NCan- 
moins nous continuons ii dkvelopper le contrble par courants 
de Foucault en raison de sa sensibilitC, de son grand dCbit 
d’examen et de ses facilitCs d’automatisation. Notre objectif le 
plus immCdiat consiste B monter un banc ii tr&s forte vitesse de 
dCfilement (voisine du m/s)  utilisant le montage L bobines 
couplCes. Nous pourrons aborder sans arrikre-pensbe un contrhle 
de sCrie portant sur plusieurs milliers de tubes. 

Contr6le par ressuage fluorescent 

Ge‘nkralite‘s 
Le ressuage fluorescent est bas6 sur le principe des liquides 
pknktrants. Pour augmenter le contraste et la sensibiliti de la 
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mCthode, nous avons utili& un pCnCtrant fluorescent, non 
lavable B l’eau (Zyglo Pentrex ZL 2 2 ) .  Le p6nCtrant ne peut 
&tre CliminC directement; il faut avoir recours une &ape 
intermkdiaire qui est l’6mulsification. 

Les diffkrentes phases du traitement se rksument ainsi. La 
gaine, aprks un bain dans le pCnCtrant, est plongCe dans 1’Cmulsi- 
fiant (Zyglo Pentrex ZE 2)  puis lavCe. Le mClange pCnCtrant- 
Bmulsifiant est plus ou moins lavable suivant la concentration. 
En surface, le pourcentage de pCnCtrant est suffisamment faible 
pour que le lavage I’Climine totalement; par contre, dans les 
dBfauts, la concentration de penetrant est trop importante pour 
que le mClange soit lavable. Les opCrations suivantes consistent 
en un sCchage puis un dCveloppement B I’aide d’une poudre 
trhs fine qui ambne le pCnCtrant en surface. 

L‘observation de l’extkrieur des gaines ne pose pas de 
probl2mes particuliers; elle se fait en lumikre ultra-violette. 
Pour l’examen inthieur, nous employons un endoscope B vi- 
sion directe avec illuminateur sCparC (figure 7a) .  Un dispositif 
d’entrainement automatique diplace la gaine par rapport h 
l’illumination et permet ainsi une vision continue sur toute la 
longueur (figure 7b) ; pour diminuer la fatigue de l’observateur, 
nous disposons d’un systkme de tClCvision en circuit ferm6. 

Discussion 
Le ressuage fluorescent se rCv5le comme un outil complCmentaire 
trks utile. GrBce l’endoscope, il est possible d‘identifier cer- 
tains dCfauts internes sans dCtruire la gaine; des dCfauts qui 
avaient une importance inquiCtante aux courants de Foucault 
s’avkrent tout B fait inoffensifs: c’est le cas en particulier des 
surkpaisseurs. Ces surkpaisseurs sont trks visibles, m&me en 
lumihre ordinaire (figure 7c); elles se situent L 120’ I’une de 
l’autre dans un plan diamCtral. Pour cette raison, nous pen- 
sons qu’elles reproduisent des empreintes laissCes sur le man- 
drin au cows de I’usinage. 

En dehors du fait que le contrble se limite B un aspect 
superficiel, le ressuage prCsente quelques inconvknients ma- 
jeurs. En premier lieu, il fait appel uniquement au jugement 
personnel de l’observateur. L‘importance de la tache fluores- 
cente, et son intensitC, lui donnent des indications sur le dan- 
ger que peut prCsenter le dCfaut; la dCcision est prise en se 
basant sur I’expCrience qu’il a de cette mCthode. Ensuite le 
ressuage ne laisse aucune trace concrkte du contrhle; pour pal- 
lier cette dCfaillance, nous avons montC un magnetoscope qui 
enregistre I’image tC1CvisCe. Ce dCbut d’archivage est cependant 
loin d’Ctre parfait car le dCpouillement des renseignements con- 
sign& sur la bande magnktique ne peut se comparer B la lec- 
ture rapide et directe d’une courbe. 

Nous considCrons donc le ressuage comme une mCthode 
d’appoint, IimitCe ii des sCries de gaines ne dCpassant pas la 
centaine. MalgrC sa lenteur et sa difficult6 d’automatisation, ce 
contrble est particulihrement efficace et sensible quand il s’agit 
de tubes aux formes complexes (gaines ii ailette par exemple) 
qui se prstent assez mal ii d’autres essais non destructifs. 

Essais sous pression interne 

Conditions expe‘rimentales 
Aprks les contrales par mCtrologie, courants de Foucault et 
ressuage fluorescent, les gaines ont CtC testCes sous pression 
interne. La pression d’essai est dCfinie par la norme ASTM 450 

6 = contrainte exercBe sur la paroi du tube 

e = Bpaisseur du tube 

D = diamktre extbieur 
Nous avons utilis6 systkmatiquement comme valeur de 

rCfCrence une contrainte de I’ordre de 17 kg/mma. Ce contrble 
comporte trois Ctapes: 



ENDOSCOPE A ILLUMINATION ULTRA - VIOLETTE 

Lunette de visee Lampe U V 

I I  1300 

I Guide de lurnlere Gaine I 
(Quartz gaind d’inox) 

Figure 7 
Endoscope. a) sch6rna; b) banc de 
d6filernent; c) aspect des sur6pais- 
seurs internes. 

-une mktrologie avant mise en pression 
-essai en pression pendant 5 secondes 
-une mktrologie a p r b  mise en pression. 

Les mesures se font suivant deux gknkratrices B 90” l’une de 
l’autre & l’aide du banc dkcrit au paragraphe 11-1; nous nous 
sommes lirnitks B une mktrologie du diam&tre intkrieur et nous 
avons compark les enregistrements obtenus avant et aprks pres- 
sion. 

L‘essai est rkalisk sous pression d’huile A tempkrature 
ambiante. La pression est obtenue au moyen soit d’un vCrin 
hydraulique, soit d’un multiplicateur olCo-pneumatique. Des 
embouts avec joints toriques assurent l’ktanchkitk aux deux 
extrkmitCs du tube. La figure 8 montre un banc permettant la 
mise en pression simultanCe de huit tubes. 

Discussion 
Cet essai est non destructif, c’est-&-dire qu’il ne doit pas en- 
trainer de dkformations importantes emPCchant l’utilisation 
ultkrieure du tube. Dans les conditions choisies, l’augmenta- 
tion de diambre est en gknCral trks infkrieure ii 10~,  mais il y 
a la plupart du temps une deformation rksiduelle permanente 
dkcelable par une mktrologie soignCe (bien que la contrainte 
maximale dans le tube soit bien infCrieure B la limite Clastique 
B 0.2% de racier). 

Dans notre appriciation, nous tenons compte de I’allure 
de la dkformation (progressive ou brutale), des dkformations 
maximales et moyennes, de la longueur de la zone dCformCe, de 
la concordance de cette zone avec des dkfauts dkcelb aux 
autres contrbles. Cet essai sous pression interne peut rkvkler 
des dkfauts importants mais il n’a pas la sensibilitk des mC- 
thodes prCcCdentes. 11 a l’avantage de faire travailler le tube 
dans des conditions relativement proches de la rkalitC et de 
tester son comportement d’ensemble; il est d’autant plus reprk- 
sentatif qu’il est effectuk B une pression interne ClevCe mais la 
valeur de cette pression est limitCe par les dkformations qu’il 
est possible d’accepter. 

I1 n’y a pas de probBmes insurmontables dans I’extension 
de ce contrble A de grandes sines; la cadence des essais dCpend, 
pour la plus grande part, de la mitrologie. 

Conclusion 

Dans cette sCrie de contrbles, nous avons tout d’abord le souci 
de trier les tubes pour en retenir finalement les meilleurs. Le 
choix des critkres de sklection se fait arbitrairement: tolirances 
en mktrologie, amplitude du signal ktalon aux courants de 
Foucault, opinion personnelle de I’observateur au ressuage, 
dkformations maximales admissibles aux essais sous pression 
interne. Nous arrivons donc en fin de circuit B sCparer les tubes 
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en lots parfaitement homogbnes, repondant B des critbres bien 
dCfinis; plus les critbres sont sCvbres, plus I’homogCnCitC du 
lot est grande. 

Si nous pouvons classer les lots les uns par rapport aux 
autres en valeur relative, par contre une telle faqon de procCder 
ne nous autorise pas i porter un jugement sur la qualit6 d’une 
fabrication. Cette Ctape sera franchie B partir du moment oh 
il sera possible d’identifier sans hesitation tout dCfaut dCtectC. 
Dores et dCjjl, il nous a 6th possible de rCvCler la prCsence 
de dCfauts bien CaractCristiques, se prCsentant sous la forme 
de surkpaisseurs locales sur la paroi interne du tube. Aprbs avoir 
dCcelC l’origine de cette imperfection (dCfauts d’usinage des 
mandrins utilisCs lors de l’Ctirage), la mCthode de fabrication 
a CtC modifiCe en conskquence. 

Figure 8. Banc d’essois sous pression interne. 
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L‘accomplissement de cette &ape uidentificationn doit faire 
I’objet d’une recherche longue et minutieuse; cette recherche 
est actuellement en cours chez nous. Elle ne peut aboutir qu’en 
Clargissant le nombre de contr6les, aussi bien destructifs que 
non destructifs. Chaque type de contr6le a un domaine de 
sensibilitC bien spkcifique; les courants de Foucault sont sen- 
sibles aux variations locales de rCsistivitC et de permCabilit6 
(Ccrouissage, prCcipitCs magnCtiques . . . ), par contre les ultra- 
sons reagiront mieux ; des discontinuitCs de structure (fissures, 
trous . . . ). 

Pour augmenter notre source de renseignements, nous se- 
rons donc amen& dans I’avenir i developper le contr6le par 
ultra-sons, non pas comme une mCthode concurrente des cou- 
rants de Foucault mais comme une mCthode complCmentaire. 
D’autres indications nous sont apportCes par des examens micro- 
graphiques en coupes successives; ils ont l’avantage de rCvCler 
la nature du dCfaut detect6 et de relier directement le signal 
A un dkfaut visible. 

Une dernibre Ctape, et non la moindre, consiste B repondre 
B cette question: udans quelle mesure les zones difectueuses 
ont-elles une importance sur la tenue mCcanique de la gaine?a. 
I1 est bien Cvident qu’une surCpaisseur, dans le genre de celles 
qui ont CtC mises en Cvidence au cours de ces contr6les, ne 
prisente aucun danger; elle ne peut que g h e r  le remplissage 
du tube par les pastilles de combustible. Seuls des essais mCca- 
niques nous permettent de voir i que1 point les zones anormales 
correspondent B des zones de faiblesse rCelle du tube. C’est 
dans cet esprit que nous effectuons des essais h caractbre pure- 
ment technologique: traction, fluage sous pression interne, fa- 
tigue sous contrainte cyclique. 

En difinitive, il faut sans cesse crCer des mCthodes plus 
perfectionnCes de contr6les destructifs et non destructifs. A un 
stade prhliminaire, elles servent B classer et B normaliser les 
lots de tubes. UltCrieurement les renseignements tirCs de ces 
contrbles se rCvblent indispensables pour corriger Cventuelle- 
ment les gammes de fabrication, de faqon i assurer une pro- 
duction homogbne et reproductible. 
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ABSTRACT: High-temperature ultrasonic tests are required to measure and control 
materials early in processing. Illustrative examples at temperatures above 1000°K 
include thickness and temperature measurements in continuous casting of steel, 
and "pipe" detection to guide steel billet cropping. Laboratory studies up to 
2800'K have demonstrated the feasibility of applying ultrasonics to these non- 
destructive testing problems. Longitudinal and shear waves are momentarily 
coupled at  high pressure to bulk specimens. It i s  shown that shear waves offer 
some unique advantages over longitudinal waves, and that sometimes both 
waves are required to characterize a material ultrasonically. Techniques are 
described for measuring average temperature and temperature distribution 
within a solid along a chosen path by exploiting the temperature dependence 
of longitudinal wave velocity, shear wave velocity, and /or Poisson's ratio. In 
addition to the above nondestructive testing applications, high-temperature 
ultrasonic tests provide information on basic phydcal properties of solids. Using 
the Pana-Therm thin refractory wires have been ultrasonically tested beyond 
3000°K. Results are presented for Mo and-Re ,  

-_. 

Introduction 

At room temperature, ultrasonic testing of solids is now fairly 
common, both in nondestructive testing applications, and in 
the determination of elastic properties. At  elevated tempera- 
tures, however, particularly above - 1000°K, ultrasonic testing 
of solids is rather uncommon. There are two obvious reasons 
for this. First, the need for high-temperature measurements has 
not been generally recognized or established. Second, transducer 
materials and coupling techniques suitable for routine, auto- 
matic ultrasonic testing at high temperature, have not been 
available. 

The need for high-temperature NDT becomes more appar- 
ent if one accepts the argument that it is desirable to locate 
and evaluate defects or departures from specifications at their 
earliest occurrence, so that further work is not wasted on defec- 
tive material. In a high-temperature process this implies high 
temperature NDT. 

The need for high-temperature elastic properties data has 
become urgent this past decade, stimulated largely by the entry 
into and re-entry from space. Materials for rocket engines, heat 
shields, aerospace structures, and related experiments, must now 
perform reproducibly and maintain integrity at elevated tem- 
perature even up to their destruction temperatures. Tests have 
shown that ultrasonics can not only measure elastic properties 
up to the melting point, but also can provide information on 
other physical, metallurgical and chemical properties such as 
phase changes, recrystallization, carbiding, nitriding, etc. 

Having thus pointed up the need for high-temperature 
measurements, particularly ultrasonic measurements, there re- 
mains the task of choosing or developing the required sound 
generating, detecting and coupling means for problems of 
interest. To simplify this presentation, we group the measure- 
ment problems into two areas, according to whether the speci- 
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men is of (1)  bulk form (cross-sectional dimensions > 5 A),  or 
(2) thin wire form (dia < ~ / 1 0 ) .  

For testing bulk solids, the commonly used NDT trans- 
ducers are limited by Curie points substantially below 1000'K. 
Likewise the usual couplants would vaporize or ignite at elevated 
temperatures. By using high-pressure momentary dry contact, 
however, these limits have been avoided. Thus, MHz waves have 
been transmitted through bulk solids up to 2800'K, using no 
coupiant at all. Dry high-pressure momentary contact is effective 
for both longitudinal and shear waves at elevated temperature. 
Such tests on bulk solids so far have been conducted on a 
laboratory scale. Extending these tests to production line NDT 
of bulk metals up to their melting point appears feasible. We 
consider three applications for which, in the laboratory, the 
momentary contact technique has been shown feasible: (1)  
thickness, (2)  thermometry, and ( 3 )  defects such as "piping." 
Taking steel as an example, these three NDT problems are 
discussed in the temperature range -1000 to 1800'K. 

For .  specimens in wire form, where elastic and other 
properties are required up to the melting point, we have de- 
veloped a new instrument, the Pana-Therm. This instrument 
automatically measures transit time of longitudinal (extensional) 
and torsional shear waves in a specimen, from which sound 
velocity and related quantities are derived. Attenuation can also 
be measured as a function of temperature. 

Ultrasonic Testing of Bulk Solids 

Momentary Contact, High-pressure Coupling of 
Longitudinal and Shear Waves 

In the past five years, the authors have found that many bulk 
solids-metals, ceramics, graphites, plastics, composites--can be 
tested with momentary contact techniques, at elevated tempera- 
tures which in some cases range up to 2800'K (1) .  The brief 
contact, -0.1 second, is quite sufficient for ultrasonic pulses to 
interrogate the hot material, yet short enough that the specimen 
temperature is essentially unperturbed, and also short enough 
that the transducer is not overheated. Although ordinary coup- 
lants can survive very brief exposure to temperature above 
1000°K, we found that couplants are not necessary at all, if 
sufficient pressure is applied between transducer probe and 
specimen. For machined surfaces, pressures of -1000 psi suffice 
for longitudinal and shear waves. For rougher surfaces, high 
pressures are required: -10,000 to 30,000 psi or higher. On 
the other extreme, if both probe and specimen are optically flat 
and are brought together into optical contact, no further coup- 
ling pressure need be applied. By avoiding the usual fluid 



couplant, both longitudinal and shear waves can be momentarily 
pressure;coupled simultaneously across the same boundary. 

Details of these techniques and their application to elastic 
moduli determinations have been presented elsewhere ( 1 ) . 
Accordingly we describe three NDT applications : measurement 
of (1) thickness, (2) temperature, and (3) defects, in bulk 
steel between -1000°K and the melting point, -1800°K. 

Measurement of Thickness 
At room temperature, thickness is readily measured with ultra- 
sonic resonance or pulse techniques, provided the material 
(Le., its sound velocity), is known. At elevated temperature, 
however, owing to generally higher attenuation and rough 
surface conditions, pulse techniques are preferred. Unless sound 
velocity is known, steel thickness errors as large as 50% are 
possible, near the melting point. Through suitable measuring 
techniques, however, accuracies of 1 % are attainable. 

In steel processing above 1000"K, there are several situa- 
tions where thickness measurements are desired. Examples in- 
clude wall thickness of seamless extruded tubing (typical range, 
-0.3 to 5 cm, on tubing of O.D. 25 cm), and solid-skin 
thickness of continuous cast steel (typical range, -0.5 to 2.5 
cm, on emerging from mold, to -2.5 to 10 cm just before 
pinch (reducer) rolls or stirring coils). The continuous casting 
problem is discussed below, to illustrate the application of ultra- 
sonics up to the melting point of steel, to show some of the 
advantages of shear waves over longitudinal waves, and to 
indicate the measurement possibilities using both waves 
simultaneously. 

In continuous casting, molten metal passes from a ladle 
through a tundish, through a water-cooled copper mold, and 
then through various rolls. Details may be found in the litera- 
ture. 

The solidification front, or liquid/ solid interface, is not 
smooth, due to dendritic growth. T o  simplify calculations, how- 
ever, it is convenient initially to consider the interface smooth, 
corresponding to an abrupt acoustic impedance change. With 
this approximation, and using published data for density and 
sound velocity just above and just below the melting point, one 
can readily calculate that the amplitude reflection coefficient 
for longitudinal waves is about 10%. For shear waves, the 
reflection coefficient is 100%. because the molten metal cannot 

support a shear wave, and so exhibits a shear wave imped- 
ance value of zero. Theoretically, then, both longitudinal and 
shear waves can be reflected off the liquid/solid interface, but 
shear waves should provide ten times more sensitivity. 

To determine whether ultrasonic pulses could be reflected 
from a liquid steel/ solid steel interface under conditions simulat- 
ing the continuous casting process to some degree, thwfol- 
lowing experiment was conducted. Cylindrical steel specimens, 
-1 to 3 cm dia X 10 to 20 cm long were fitted with a water 
jacket (Figure 1) and a graphite sleeve (not shown) to contain 
the molten steel. A longitudinal or shear wave crystal, 0.5 to 3 
MHz, was bonded to the cooled end. The opposite end, which 
was surrounded by a graphite sleeve, was subjected to an elec- 
tric arc from a dc plasma torch operated at -60 kw in the 
transfer mode. With the arc established, one end of the speci- 
men was quickly heated to the melting point, and the curved 
molten interface advanced -1 to 1.5 cm into the specimen, 
With the arc extinguished, the molten layer solidified. Oscillo- 
grams were photographed every few seconds during these runs, 
and were simultaneously observed continuously on another 
oscilloscope. 

Results were that both longitudinal and shear waves were 
reflected at the liquid/solid interface. When the arc was first 
established, and the specimen heated up, but was not yet mol- 
ten, the transit time increased. Then, after about 5 seconds, as 
melting proceeded, transit time decreased, corresponding to a 
shorter solid path. From the measured decrease in transit time, 
the liquid depth was estimated, and confirmed by momentarily 
dipping a fused silica rod into the molten pool immediately 
after turning off the arc. A second confirmation was obtained 
by noting, after complete solidification, the obvious change in 
appearance near the specimen's end. The characteristic oscillo- 
gram sequence showed the transit time increasing (on heating, 
before melting), then decreasing (during melting), increasing 
again (on solidification), and finally decreasing somewhat (03 
cooling in the solid state), approaching the initial value except 
for lost material. (This dynamic pulse transit time behavior is 
somewhat similar to that observed in ultrasonic ablation 
studies) ( 2 ) .  

From these observations, it was concluded that both longi- 
tudinal and shear waves offer a feasible, practical approach to 
measuring the thickness of continuous cast steel. (Kurz and 
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Figure 1 
Some of the samples used in labora- 
tory study which demonstrated the 
feasibility of ultrasonically measuring 
the thickness of continuous-cast steel. 

AT ELEVATED TEMPERATURES 301 



Lux(3) independently found that longitudinal wave echoes can 
be received from solidification fronts in metals.) While the 
shear waves theoretically offer ten times more sensitivity than 
longitudinal waves, in our tests only a marginal advantage was 
apparent. However, if an additional requirement is considered, 
namely, that the probe or buffer rod shall have as small a 
diameter as possible, (in order to fit between existing closely- 
spaced rolls, and further, to achieve high pressure coupling, 
up to -10,000 psi with minimum thrust) the shear waves 
offer a clear advantage. Because of this geometric restriction 
on allowable probe diameter, if a longitudinal wave were used, 
a series of unwanted echoes would follow the probe's end echo, 
due to mode conversions within the probe. Taziri et a1.(4) point 
out the difficulty of suppressing such unwanted, spurious 
echoes. Using a shear-wave probe, however, echoes due to 
mode conversion are avoided. During the past two years, shear- 
wave probes have been in use at one steel company, to measure 
skin thickness of continuous-cast steel on a laboratory basis. It 
is hoped that the results of this program can be disclosed later 
this year. 

[Note added in proof: 
Other methods of avoiding the spurious echoes usually 

generated in the buffer between transducer and part being tested 
are also under investigation. Extensional waves in a bundle of 
wires, concentric tubes, roll of sheet metal, etc., for example, 
provide interesting alternatives to shear waves in a solid buffer 
rod, for NDT, especially at high temperature.] 

To illustrate another application of shear waves, this time 
in conjunction with longitudinal waves, consider the problem 
of interpreting the measured ultrasonic transit time in terms 
of thickness. Assuming sound velocities have been measured 
as a function of temperature, to the melting point (Figure 2), 
one still needs to know the temperature. Depending on the 
thickness accuracy required, the temperature sometimes may 
be known accurately enough, based on theoretical consider- 
ations, or based on optical or thermocouple readings, or ultra- 
sonic readings parallel to the surface, across a known path. If, 
however, temperature is not known accurately enough, so that 
there are really two unknowns, thickness and temperature, the 
following approach may be used. 

This approach exploits the temperature dependence of 
Poisson's ratio. Since there are two unknowns, two independent 
measurements are required. Suppose these two measurements 
are longitudinal and shear-wave transit times, TL and TT, 

respectively, both measured over the same path. In a specimen 
of unknown thickness X and unknown temperature T (assumed 
uniform for the moment), the transit times are simply 

T L  = X l V L  and T T  = X / V T  
where VL and VT are longitudinal and shear-wave velocity, 
respectively. The ratio of these transit times is 

_ = - =  72. V T  d x )  ___ 
T T  V L  

where u = Poisson's ratio. The temperature dependence of u 
is shown in Figure 3 for steel, aluminum, fused silica, hafnium 
and tungsten (1, 5, 6). The above equation for 6, and the u vs 
T curves (Figure 3 )  show that measurement of TL and TP 

determines 0, which in turn yields T. Knowing T, the velocity 
vs T curves (Figure 2) can be used to interpret TL or TT in terms 
of thickness X. 

When there is a temperature gradient in the thickness X, 
the above procedure yields a slightly erroneous T, because 
longitudinal and shear waves propagate at velocities which 
generally average the temperature gradient in slightly different 
manners (see Measurement of Temperature section below). The 
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Figure 2. Velocity and transit-time VI temperature. 

error depends on the material and temperature distribution. This 
method is limited to relatively large thicknesses. 

The above application illustrates how information may be 
obtained with shear and longitudinal waves that is not obtainable 
with longitudinal waves alone. 

Measurement of Temperature 
Determination of temperature from sound-velocity measure- 
ments was suggested nearly 100 years ago (7). The temperature 
dependence of the sound velocity may be measured in a gas, 
liquid or solid. Although the method is quite simple in prin- 
ciple, it has not been applied to high temperatures except in a 
few instances (8-10). 

Uniform Temperature Within Material. We have measured 
longitudinal and shear-wave velocities in a number of bulk 
materials, typically 2.5 cm dia X 2.5 cm long, up to  2800'K 
in the case of tungsten, at frequencies of the order of 1 MHz 
(1). Results in a low carbon manganese steel are shown in 
Figure 2. For this material, the velocities are approximately 
linearly decreasing functions of temperature. The Rayleigh wave 
velocity VR was calculated from VL and VT, and might be used 
to measure a surface temperature averaged over a depth of 
about one wavelength. In this section, however, we emphasize 
not surface temperature, but the generally inaccessible interior 
temperature within bulk material. 

From the VL and VT vs temperature data (Figure 2), it is 
clear that TT is approximately twice as sensitive to temperature 
as is TI.. Accordingly, we plot the round-trip shear-wave transit 
time vs temperature, with slab thickness as parameter, in 
Figure 2. From these curves, the thermometry accuracy can 



be estimated, if one additionally knows specimen thickness, 
and transit time accuracy. The curves shift somewhat depending 
on composition, thermal cycling, and propagation direction 
within anisotropic material. Therefore the velocity-temperature 
curves should be established for particular applications, to 
determine the velocity band appropriate to the case at hand. 

As an example, for a 5-cm slab, a 0.2-psec change in 
round-trip time for a shear wave corresponds to a temperature 
change of about 10”K, or 1 % ,  above -1000°K. Sensitivity 
improves at higher temperatures, and for thicker slabs. 

Nonuniform Temperature Distribution. When the material 
is not isothermal, the problem is the inverse of a case solved by 
Kalugin and Mikhailov (1 l), wherein a nonuniformly heated 
rod was cooled at the ends. They measured T ( x )  with thermo- 
couples and a pyrometer, and T with ultrasonic pulses, and 
calculated V (T). In  the following, we suggest ultrasonically 
measuring T ( x )  and, separately, V (T),  from which the unknown 
T ( x )  can be calculated. 

The “average” temperature calculated in this way from 
harmonic mean velocity measurements over a singlepath is the 
harmonic ultrasonic temperature, denoted This T is higher 
than < T >, the arithmetic mean temperature, for materials in 
which velocity decreases as temperature increases. Furthermore, 
for materials in which u increases as temperature increases, 
TT > TL,  because the shear wave spends a greater proportion 
of time in -- the hot regions than does the longitudinal wave. Thus, 
for steel, TTTL, both of which are greater than < T >. Table 1 
compares ultrasonic temperature with average temperature in a 
steel slab having a sinusoidal temperature distribution from the 
surface to the centre (Tmas = 1273°K at the centre). It is clear 
that the ultrasonic “average” temperature T is in good agree- 
ment with the true average < T >, Le., within 1% despite 
gradients of 500°K from centre to surface. 

_ -  

- 

Table I 

Comparison of ultrasonic temperature with arithmetic mean temperature, in 
C1008 steel slab, assuming temperature distribution sinusoidal, T,, = 
1273°K at centre, VL = 0.235 - 47.8 X 10-8 (T-273” K) in./p sec and 
VT = 0.128 - 35 X 10-o (T-273°K) in./p sec for 273 5 T 5 1273 
(Figure 2). 

Surface 
Temp., “K 

273 
473 
673 
873 

1073 
1273 

Arith. Mean 
Temp. 
<T>, OK 

910 
982 

1055 
1128 
1200 
1273 

Ultrasonic Temperature., “K 

930 
999 

1062 
1131 
1201 
1273 

yo Error 

2 . 2  
1.7 
< 1  
< 1  
< 1  
< 1  

939 
1002 
1067 
1132 
1201 
1273 

% Error 

3.2  
2 . 0  
1.1 
< 1  
< 1  
< 1  

[Triangular and parabolic temperature distributions are analyzed 
in NASA CR-72339, Appx. I(20)] 

Next we consider determining the temperature distribution 
T (x) from ultrasonic measurements over two or more paths. 
For square or rectangular bodies in which the shape of the 
isotherms is approximately known, measurements across the 
centre and across the edges may indicate whether the interior 
is hotter or colder than the surface. When-there is a difference 
in the phase [e.g., austenite vs ferrite + pearlite in 4340 
steel, (1) y vs 6 in iron (12)] of the interior material and the 
surface material, the transit-time difference becomes more 
pronounced over the centre and edge paths. 

To approach the problem of ultrasonically measuring the 
point-by-point temperature distribution, consider first the 
analogous problem of optically determining temperature distribu- 
tion in hot gases. For example, the relative intensity of a 
particular spectral line may be measured along a number of 
parallel chords. In a sense, an average temperature is measured 
along different paths. From these data temperature distribution 
may be calculated (13-1 8). 

Analogous to the above optical determinations of temper- 
ature distribution obtained from integrated intensity measure- 
ments over different optical paths (generally parallel paths), an  
ultrasonic determination of temperature distribution may be 
obtained from measurements of integrated transit times over 
different acoustic paths (not necessarily parallel paths). In  gases 
as hot as 17,000°K, our ultrasonic measurements of tempera- 
ture distributions employ diflerential-path techniques (8). In  
solids, it appears feasible to determine temperature profiles, 
employing diflerent-path measurements. Imagine the cross- 
section to be divided into n isothermal zones. Thus, we have n 
unknown temperatures to be determined, and need n different 
transit-time measurements. These measurements may be all 
longitudinal, all shear, or a combination of the two. 

To interpret such measurements, one may solve the n 
equations, or follow Pearce’s approach (1 5) and plot the transit- 
time distributions for assumed temperature distributions. One 
can then match an observed T distribution (or velocity profile) 
to the corresponding T distribution. Results using this approach 
will be reported subsequently. 

We have noted that when the material is not isothermal, T 
is usually somewhat higher than < T >. On the contrary, in 
gases, where sound velocity incremes in proportion to the square 
root of temperature, the harmonic mean sound velocity indicates 
an average temperature lower than the arithmetic mean tem- 
perature. 

In the thin-wire section below we also discuss thermometry 
using the Pana-Therm. 

The present thermometry section may be concluded by 
noting that high-pressure momentary contact has been used to 
measure the temperature dependence of sound velocity V ( T )  
in many bulk solids. Using these results in reverse, sound 
velocity may be measured on bulk materials, and interpreted 
in terms of temperature, both in isothermal and nonisothermal 
conditions. 

Measurement of Defects 
The principal defect we are attempting to resolve is the well- 
known “pipe” in steel blooms and billets. The temperature of 
the piece is typically 1000 to 1400°K. Scale is present in varying 
degrees, depending on the grade and process. The steel is usually 
in motion but may be stationary in some installations. 

Our earliest laboratory attempts used commercially avail- 
able transducers protected with a sheet of W o n ,  and later, dual 
probes (angled buffer rods) following in principle the technique 
of Taziri et al. (4). The first approach suffers from probe over- 
heating for specimen temperatures beyond - 1000°K; the 
second, from acoustic “short circuit” effects which limit the 
S / N  ratio when testing scaled material. 

To avoid these difficulties, two other techniques which 
appear to offer more promise are being developed. They are 
pulse-echo techniques, and employ either ( 1 ) a large-diameter 
longitudinal wave buffer rod, with small contact boss, or (2)  a 
small-diameter shear wave buffer rod. These have been used 
successfully at room temperature but not yet at elevated tem- 
perature. 

- 
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Poisson’s ratio VI temperature, deter- 
mined from longitudinal and shear- 

In the following, design considerations such as length and 
diameter of buffer rod, crystal frequency and orientation, and 
coupling, are discussed for longitudinal and shear modes. 

For pulse-echo probes the length of the buffer rod may be 
-50% longer than the specimen thickness, to permit the defect 
and rear face echoes of interest to be resolved between multiple 
internal reflections within the buffer rod. For through-transmis- 
sion measurements, shorter probes would suffice. 

The diameter of the buffer rod depends on vibration mode, 
specimen thickness, “pipe” location, and again on whether 
pulse-echo or through-transmission testing is employed. For 
pulse-echo longitudinal wave testing, the diameter must be large 
enough so that mode conversions within the probe do not yield 
interfering echoes. 

On the contrary, the diameter of a shear wave buffer rod 
may be comparable to that of the crystal, typically only 1 to 
2 cm. 

Shear-wave-test frequency would generally be about half 
that of the longitudinal-wave-test frequency, for a given speci- 
men, and given probe diameter, to maintain comparable beam 
spreading and grain boundary scattering losses for the two wave 
types. 

Another consideration regarding the choice between 
longitudinal and shear waves concerns the probabilities of 
detecting a given “pipe” defect. T o  compare these probabilities 
theoretically, incident shear and Iongitudinal wave beams of 
equal shape and wavelength are assumed. Intuitively, one might 
predict equal probabilities. For an ideal flat “pipe” normal to 
the beam, such intuition is correct, provided other variables are 
equal (coupling, attenuation, S/ N ratio, etc.). Realistically, how- 
ever, the “pipe” is neither flat nor normal to the beam. At 
oblique incidence, a longitudinal wave, on reflecting from the 
“pipe”, is partly mode converted to shear. For a 10-cm-sq. 
billet, if the “pipe” is located with -+ 1.2 cm from the axis and 
if the buffer rod is about 2.5 cm dia., echoes may be received 
from interfaces inclined up to 17” from the incident beam. 
At this angle, if u = 0. 35, nearly 20% of the incident longi- 
tudinal energy is “lost” due to mode conversion to shear. For 
these same conditions, shear waves having partide motion 
perpendicular to the “pipe” surface will be 50% mode con- 
verted. However, by orienting the shear wave probe so that 
particle motion is parallel to the “pipe” surface (Le., generally 
parallel to billet axis), there is no mode conversion. Thus, 
compared to longitudinal waves, properly oriented shear waves 
should provide slightly higher reflection coefficients from a 
given obliquely oriented void defect. 
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To evaluate the above probe types experimentally, a 
pneumatic drive system is being used (Figure 4). While Figure 
4 illustrates only an elementary reciprocating drive system 
useful in the laboratory, it is obvious that moving stock 
preferably would be inspected with a drive system that follows 
the motion. 

On the production line, many system designs are possible, 
and may include belts, roller transducers, etc. At  least one 
steel company has used a transducer in contact with a steel 
roll to obtain coupling to the 1300°K billet. When scale or 
surface roughness is so severe that pressure alone does not 
provide adequate coupling, the surface may be scalped prior 
to momentary acoustic contact. 

From the above analysis, and laboratory experiments that 
we have performed, it is concluded that “pipe” detection is 
more difficult than thermometry or thickness measurement, 
because of the relatively small, irregular target. Shear waves 
offer two advantages over longitudinal waves: use of long, thin 
buffer rod, and an orientation-dependent reflection from oblique 
“pipe,” which can be slightly larger than the longitudinal wave 
echo. Longitudinal waves, on the other hand, may offer advan- 
tages where couplants can be applied more easily than high 
pressure. There may also be cases where, under a given coupling 
pressure, and in the absence of any applied couplant, longitudinal 
waves may be easier to couple than shear waves. 

Ultrasonic Testing of Wires 

In the past decade, Bell (19) and his co-workers (10, 12) have 
tested numerous wire specimens, and obtained velocity and 
attenuation data by pulse-echo techniques up to the melting 
point. Bell et al. have shown that besides E, G and u, informa- 
tion can be obtained on hysteresis effects at phase changes, 
nitriding, grain reorientations, crystal growth, etc. The authors’ 
initial thin-wire experiments used Bell’s unique double-pulse 
system. 

To study wires -0.05 to 1 mm dia x only -2 to 5 cm 
long, however, the authors now use 3 to 5~ sec pulses and a 
new single pulse instrument, the Pana-Therm, to automatically 
measure transit times as a function of temperature. The princi- 
pal reasons for testing such short specimens are to simplify 
attaining uniform temperature over the entire specimen, and to 
obtain localized temperature readings, when the wire is used 
as a thermometer element (20). 

The Pana-Therm model 5000, Figure 5, measures the 
transit time (up to 999.9 P sec) between the midpoints of the 
3 db points of the echoes received from the front and rear 
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of the sensor or specimen. The average of ten such readings is 
displayed as shown, in digital and/or analog form. The analog 
voltage can also be recorded on a strip chart, and the echoes 
can be displayed on an oscilloscope for attenuation measure- 
ments. A new model, the Pana-Therm 5010, is available with 
improved blanking, echo polarity and time selection, for auto- 
matically monitoring pulse transit time and amplitude (20).  

Figure 6 compares our preliminary thin-wire measurements 
of Young's modulus with independent data for polycrystalline 
Mo (6, 11) and Re (21).  (Above -1800'K, the discrepancy 
between our Mo data and that of Armstrong and Brown (6) is 
probably due to a temperature gradient.) Mo exhibits tempera- 
ture hysteresis, which was substantially annealed out by soaking 
for two hours at -2250'K. Hysteresis effects have been 
attributed to grain reorientations, and appear to depend in part 
on crystal anisotropy, prior work, and grain growth and recrystal- 
lization at elevated temperature. Re exhibits hardly any 
hysteresis. The excellent reproducibility of the Re data suggests 
its use as a thermometer, to measure temperature to 1% up to 
and beyond 3000'K. At its melting point, 3453'K., Young's 
modulus in Re falls to one-third of its value at room tempera- 
ture. Mo, however, at its melting point (2883'K) exhibits a 
Young's modulus which has fallen to only half its room 
temperature value. 

Thin wire thermometers were first studied in the Dragon 
Project (10, 12, 19). Such thermometers offer advantages in 
certain nuclear and prolonged heating applications, where 
geometry, materials reactions and other conditions preclude or 
limit the accuracy of pyrometers or thermoelectric devices. 
In general, the thin-wire sensor does not require electrical 
insulation. Uniquely, one single wire' is able simultaneously to 
indicate temperature at one or more points. If required, torsional 
and extensional waves may be used simultaneously or sequen- 
tially, to take advantage of different reflection coefficients of the 
two waves at two sensor locations within one wire (20). 

Another application of these techniques is NDT of thin 
wires, to determine uniformity. In selecting refractory wires for 
possible sensors, we found -5% velocity variations at different 
points in a given wire. This inspection was accomplished by 
using a hand-held jig which pressed two pairs of steel dowel 
pins against the wire, at points 7.5 cm apart. Echoes were 
produced at these two contact points. As the jig was drawn 
along the wire, the time between echoes indicated uniformity 
of sound velocity. 

Based on the above tests of elastic properties, thermometry 
applications, and wire uniformity testing, it appears that the 
Pana-Therm 50 10 and related thin-wire techniques will be of 
increasing value in future materials studies. 
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Figure 5 
Pana-Therm Model 5000 outomati- 
cally measures transit time in sensor, 
from which sound velocity, elastic 
moduli, Poisson's ratio, temperoture, 
etc. can be determined. The system 
consists of the transmitter-receiver 
and readout instrument, transducer, 
lead-in wire and sensor. A newer in- 
strument, Model 5010, provides more 
automatic features, greater versa- 
tility. 
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Conclusions 

Ultrasonic testing of solids at elevated temperature is but a 
small part of the general field of high-temperature research and 
technology. Grosse (22) has aptly pointed out that this general 
field, while important as a frontier of science, is by no means 
a new frontier. Since prehistoric times, Grosse continues, attain- 
ing higher and higher temperatures characterizes successively 
more advanced civilizations. Accordingly, we anticipate NDT 
advances at increasingly elevated temperature (23). The present 
work illustrates this theme by showing how high-pressure 
momentary dry contact has permitted bulk solids to be ultra- 
sonically tested in the laboratory up to 2800"K, in a manner 
potentially applicable to production-line NDT of materials up 
to their melting points. Additionally, Pana-Therm measurements 
of thin metal wires show that elastic properties can be easily 
determined at temperatures approaching the melting point. 
Ultrasonic thermometry using this thin wire system offers an 
alternative to thermocouples which may prove significant in 
high temperature and nuclear applications (20). 
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is not isothermal, the ultrasonic wave propagates at a harmonic mean 
velocity which very nearly equals the velocity corresponding to the 
arithmetic mean temperature. The error or difference between the 
ultrasonic temperature deduced from the harmonic mean velocity, 
and the arithmetic mean temperature, is given in Table I for a sinu- 
soidal temperature distribution, and in Ref. 20 (NASA CR-72339, 
Appendix I)  for linear and parabolic distributions. Such errors are 
typically less than 1%, for variations up to 500°K in steel, and for 
variations up to 1000°K in certain refractory metals (e.g., Re). 

Regarding ultrasonic thermometry errors due to variations in 
contact time, the following two cases may be considered. First, con- 
sider the case when the medium or test piece itself is the sensor. Here, 
contact usually should be as brief as possible, typically less than 
Xoth of a second. The longer the probe contacts the specimen, the 
greater the error, due to the perturbing effect of the probe on speci- 
men temperature. Second, consider the case when a foreign sensor 
such as a thin wire is brought into thermal contact with the region 
whose temperature is sought. Here, contact times are generally longer, 
depending on the thermal diffusivity and dimensions of the sensor. 
Measurements are accurate to the extent that contact time is long 
enough for the foreign sensor to achieve thermal equilibrium with the 
region in question. 

The Ultrasonic Testing of Hot  Steel Products 

S. SEKINO AND Y. SASAKI, JAPAN 

ABSTRACT: An apparatus for ultrosonic testing at high temperature was con- 
structed in the blooming mill so os to detect mechonicol “pipe” in a bloom or 
slob. The transducers were protected from heat by using stainless steel rods 
between the hot moteriol and the transducers. The couplont used war mixed 
salt. Mechanical and shrinkage “pipe” con be detected above IOOO”C, and the 
former con be cropped off exactly by the cropping sheor. 

Introduction 

Today ultrasonic testing (UST) is widely used in  the steel in- 
dustry, but the method of testing hot steel products has not 
yet been established, although it has long been recognized as 
desirable. This method is important in certain processes, for 
example, in the case of the exact decision of the cropping 
position in the slabbing mill. At present, the only practical way 
to examine hot products nondestructively is the radiographic 
method using a betatron (1) which has many weak points, such 
as low sensitivity to flat defects, large initial and running 
costs, and the danger of radiation injury. 

In  hot UST, there are two main difficulties. One is the 
transducer, which generally stands up to 1 0O0-3OO0C, whereas 
products should be capable of inspection at temperatures above 
1000°C. The other difficulty is the couplant. Water or oil cannot 
be used at such high temperatures. In  this paper it is explained 
how these two difficulties were solved by a practical test appara- 
tus in a blooming mill. 

Principle and Apparatus 

To protect the transducers from heat, they were separated from 
the hot product by a water-cooled dual probe device. A 
single, reflection-type device (2) was difficult to apply because 
strong side echoes appeared, especially at low frequencies, such 
as 1 MHz. In the present study, a two-transducer, SE probe 
was adopted. Figure l a  shows the principle, and Figure lb ,  
the corresponding echo pattern, in which no side or surface 
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Figure 1. The principles of hot ultrasonic testing. (a) The two-probe, SE type 
with cooled steel rods. (b) The echo pottern of (01. 
echo is observed. If there are defects, their echoes would appear 
in the marked range. 

Following are the couplant characteristics; it must be liquid 
at testing temperature; stable even above 1000°C; inexpensive, 
and easily available. A mixture composed of NaCI, CaCl,, etc. 
was adopted, a liquid that is stable between 500°C to 1200°C. 
The only problem was the splashing of liquid salt when water 
is poured on. 

Figure 2 is a schematic view of the apparatus. The total 
testing unit 2 which is suspended from the rack 3 is balanced 
with counterweight 4 and can be moved up and down easily. 
The rack can also be moved transversely to the rolling direction. 
The unit can turn around the axis 5, so as to follow the curved 
surface of the slab or bloom top. The separating device is made 
of stainless steel rods, 40 mm #, inclined 8” from the vertical. 
The salt powder mixed with water is poured just behind the 
inspection point using the mixer 6 and the chute 7. It melts in 
several seconds and spreads to cover the region where the 
stainless steel rods contact the surface. The exact positioning 
of the “pipe” area is carried out by moving the hot material 
forward and backward, and moving the rack left and right. 
Figure 3 shows the apparatus being used in practice. It takes 
about one minute for one area measurement. The transmitting 
transducer is quartz, and the receiving one PZTJ, both 1 MHz. 
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Figure 2. A schematic view of the on-line apparatus. 1. Slab; 2. measuring unit; 
3. rack; 4. counterbalance; 5. free rotating axis; 6. salt powder mixer; 7. chute; 
8. stainless steel rods; 9. spring; 10. wheel; 11. motor for vertical movement; 
12. motor for horizontal movement. 

Figure 3. The apparatus testing a hot slob. M. measuring unit; G. guide roll; 
1. stainless steel rods; S. slab. 



Figure 4. The marking device (upper) and (lower) a mark on the side of a slab. Figure 5. (Upper) M is the marked position; the hatched area i s  where F /B> 100% 
tn cold ultrasonic testing, and the dotted line is  the gas cut. (Lower). The gas cut 
section. 

H 

Figure 6 
Echo patterns of a bloom in both hot 
and cold ultrasonic testing, and their 
corresponding cross-sections. H: hot 
state at 1000°C, with 1 MHr. L: cold 
state, by normal reflection method, 
with 2 MHr. 

L 
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When the end point of the mechanical “pipe” is decided 
upon, it must be marked. The authors found no material suitable 
at such a high temperature, so adopted the mechanical marking 
of V-shaPe groove by air hammer. Figure 4 shows the marking 
device and the mark put on the side surface of the slab. 

Future plans envisage automatic cropping of the slab or 
bloom at the marked position. 

Scale has little harmful effect in practice, but it is certainly 
one of the reasons for bad coupling, and makes quantitative 
estimates difficult. 

Results 

After successful preliminary tests, the on-line test was carried 
out. Figure 5a shows, as an example, the marked position M, 
the area of F / B  > 100% in cold UST, and also the gas cut 
line, and in Figure 5b, the gas cut section is shown, where it 
is clearly recognized as a rolled mechanical “pipe” extending 
to the point M in the middle of the section. The comparison of 
the results in the hot and cold states is excellent. The error is 
+20 mm except in very extraordinary cases. 

In plain carbon steel and in stainless steel, there is no 
difficulty in testing, but some silicon steel cannot be examined 
because of a large attenuation of sound. 

A shrinkage “pipe” can be detected as well as mechanical 
“pipe”. Figure 6 shows the hot and cold state test results of a 
bloom 200 mm square, and its corresponding section. The defect 
at the centre is a 1 to 2-mm @ rolled shrinkage “pipe”. 

Cutting the shrinkage “pipe” in the hot state is not recom- 
mended, because it is extremely difficult to estimate the defects 
quantitatively, and to predict their harmfulness in the final 
products. So the aim of hot UST in the blooming mill should 
be the exact cropping-off of the mechanical “pipe”. 

Conclusions 

1 .  Hot UST apparatus was constructed and set up in a blooming 
mill, and we were able to detect defects even above 1000°C. 
2. It is difficult to evaluate the defect size quantitatively because 
of bad coupling conditions, curved surface, scale, and other 
unevenness. However, shrinkage “pipe”, especially mechanical 
“pipe” can be detected with certainty. 
3. Practical on-line application contributes to increased yield, 
quality improvement, and the control of steel making 
practices. 
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A Continuous Ultrasonic Test Installation for Steel Strip 
with Automatic Recording of Data 

LUTZ BRAND, GERMANY 

ABSTRACT: Ultrasonic test equipment with automatic recording for testing hot- 
rolled strips i s  described. Experiments showed that recording papers make 
screen observation superfluous. The abundance and length of the indications i s  
of more importance than individual screens. Circumstances which influence the 
procedure are described and the possibility of achieving optimum test conditions 
is discussed. New developments may make further improvement of this testing 
method possible. 

Introduction 

The ultrasonic testing equipment described in this report was 
built for testing hot-rolled steel strip 200 to 700 mm wide. We 
have examined drawing and deep drawing qualities which are 
intended for cold forming and cold rolling. 

The following figures present examples of the typical 
defects. We have compared the ultrasonic presentations with 
micro-sections and stretch tests. 

Figure 1 shows the ultrasonic record obtained from very 
small inclusions. The flaw echo is very strong; the edge echo 
is not reduced; the amplification is relatively low. 

A sketch shows the position of the inclusions and test-pieces 
in the strip. In this case, the drawing test has made no separa- 
tions. The transverse micro-section shows the inclusions, which 
are aluminas and silicates. 

These inclusions would probably not produce any defects 
unless the strip were cold rolled to very thin dimensions. In 
Figure 2 is a very thin but relatively broad inclusion band which 
was opened to a lamination by the stretch test. Of course coils 
with many defects of such a nature cannot be used for cold 
working or cold rolling. 
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If there are defects in the form of long bandings, test results 
are easily explained, and defects in the form of particular points 
have no significance for later processing. 

Several writers have examined the question of how long 
and how big a defect should be in order to be certain of finding 
it with this method of testing. According to our experience the 
minimum size cannot be precisely determined. 
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If there are accumulations of little defects, there are good 
indications. We believe that it is not only the size of the 
inclusions but more their form and their composition which 
have an influence on the testing results. With this technique 
it is not possible to determine the size of a defect. Also the 
comparison with artificial defects gives no reference to the 
size of the defect in the strip. 

The test equipment with all mechanical and electronic 
apparatus was built by the firm Krautkramer in Cologne, 
Germany. It was installed in the pickling line of the firm 
Wuppermann in Leverkusen, Germany, between the last neu- 
tralization tank and the hot air drying plant. In this location 
water coupling presents no difficulty because the drying plant 
follows. The strip passes the test equipment at a speed of 40 to 
70 m/min. Rubber rolls are installed just in front of and 
behind the test equipment in order to guarantee the minimum 
noise from vertical movement of the strip. A detailed descrip- 
tion of this test equipment was given in Stahl und Eisen, 1965, 
No. 9, 519-526. For those who have not had the opportunity 
to read this report, only the description of the automatic 
recording method is repeated. 

Figure 3 is a schematic of a strip with defects and their 
recording. The recorder is writing in the transverse direction 
of the paper movement. The upper line gives the number of 

the test sections with defects for one recording section; the 
other line the number of defects altogether. If the defects 
are recorded, the stylus falls back to zero and begins again. 
The third line marks, with a little deflection, the missing coupling. 

Our plotting shows a slag line with a length of three 
recording sections. Thrice the stylus gave the signal for 9 test 
sections with defects. Simultaneously only one particular defect 
was recorded. So the figure of this defect is defined. On the 
right are a lot of little defects. For three recording sections the 
stylus showed two test sections, and later for six respectively, 
with defects. Simultaneously the second line produced by 
the stylus recorded twenty defects. 

The firm Krautkramer has also developed another registra- 
tion system. A printing apparatus is governed from the digital 
counters, and prints only one line for each recording section 
with defects, as described in the above mentioned number of 
Stahl und Eisen. 

Both systems of recording are satisfactory, and the test 
engineer is able to note the defects, their species and their posi- 
tion in relation to the length of the strip, and in this way the 
quality of the coil. 

Figure 4 illustrates some typical registration papers. The 
upper sheet is considered good. At three points a small number of 
short defects are seen. This coil is suitable for all uses to which 
ultrasonic testing may be put. 

Lower on the sheet we see one zone with an accumulation 
of defects at one end of the coil. These are without doubt the 
rest of the head shrinkage. This part of the coil cannot be 
used for processing; if it is not possible to cut off the zone 
with defects on it, the whole coil must be rejected. 

The test engineer's presence is not needed at all times 
during the test procedure. The automatic recording device allows 
him to determine the acceptance or otherwise of the coil at 
some later time. 

Such tests not only prevent rejects from reaching the 
consumer, but also make possible close cooperation with the 
steel works. We can quickly examine many ingots or melts for 
freedom from slag and shrinkage and so determine the extent 
of testing needed. At first we test all deliveries of high-quality 
materials produced by the cold forming process, particularly 
those produced in multiple-stage presses. The evaluation of the 
records can be done later. 
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The test engineer must be knowledgeable and experienced 
in this work. 

We also accept commissions to carry out test surveys for 
quality or work in co-operation with the steelworks. Normally, 
one man can operate the test equipment, but if small lots 
with changing dimensions have to be checked, it is better to 
have a second man. Also if we test materials for extra high 
quality, two men are needed to attend to all installations, to 
keep an eye on the ultrasonic indications and to compare them 
with the record. 

Optimum test conditions must prevail in order to be sure 
that the recording paper is correct. These conditions can be 
guaranteed only if all circumstances likely to influence the 
test results are known and respected. These circumstances and 
their influence are discussed later. 

Brand 
1967 

Lamb-wave Diagram of Group Velocity 

This diagram has been widely discussed in the literature 
and general explanations are superfluous. For testing we use 
wave trains designated in the diagram with approximate hori- 
zontal lines. The testing frequency and thickness of the strip 
fix the zone in the diagram, and the angle of the probe fixes 
the wave train we use. It is best to use those wave trains that 
have no intersections with other wave trains in the questionable 
zone. In most cases we have to test strips between 2 and 4 mm 
thick. Usually we use probes with a frequency of 2 MHz; 
so the factor f x d gives values between 400 and 800 kc X cm. 
The test angles are between 9" and 12" by coupling with water. 
The wave trains belonging to these angles are A,, So, A,, S,, S,. 

Some authors have reported the possibility of recording 
defects that are typical for the different wave trains. Our 
observations have confirmed this, but we have observed that 
nearly all wave trains can record defects if used with a high 
pulse intensity and amplification. It is necessary to test with a 
very overexcited edge echo. 

Selection of the proper wave train depends on the ac- 
curacy of the frequency and the adjustment of probe angles. 
The exact frequency of a probe is not always known and the 
angle often has some deviations. These account for the dif- 
ferences between the theoretical adjustment and the best ad- 
justment for detecting defects. We use calibration test plates 
with artificial defects or well known natural defects. This 
is especially useful if we change the probe, the ultrasonic 
apparatus or the dimensions of the strip. 

With an adjustment that is in accordance with our ex- 
perience, we observe the scope of the defect in the plate and 
correct the angle until we have the best presentation of the 
defect. An adjustment which gives the best edge echo can be 
wrong; the differences between the theoretical adjustment and 
the adjustment with a test plate often amount to 1". During 
the testing of sheets, the adjustment will be corrected if the 
thickness of the sheet changes between its tolerances. Another 
influence is the abrasion of the plastic guide plate on the upper 
side of the probe tank. 

Performance curve of some 
ultrasonic apparatus Fig 5 

TW J. 

Output of Ultrasonic Apparatus 

To get good presentations of defects under unfavourable 
circumstances, for example, for a greater thickness of sheet 
and a longer scanning path, it is necessary to have a high 
output ultrasonic apparatus. Experience has shown that thick 
laminations give very small echoes, too small for the monitor's 
sensibility. 

Figure 5 shows performance curves of some of the appa- 
ratus used. Types USIP 10 "amplified" and USM 1 "ampli- 
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fied" gave the best curves. Their amplifier was not linear, a 
particular advantage in this case. 

The curves were received on a test plate with an artifi- 
cial defect, and the frequency was not varied. For this labora- 
tory test we used an angle probe with an adjustable angle. The 
coupling was done with plexiglass and oil. For each apparatus 
the angle was adjusted to receive the best indication. The 
proper amplification relates to the defect echo, which is as 
high as the screen. 

Influence of Cable Length 

Plant conditions demand that ultrasonic and electronic appara- 
tus be placed in a special control room, distant from the probe 
installation in the pickling line. It is useful to lay the cables 
in  pipes, and as we used long cables it was interesting to find 
out how much pulse energy was lost in this way. 

Actually for one metre of cable length nearly 1.5dB added 
amplification must be applied to balance the lost energy. We 
use a cable 10 m long and therefore need an additional ampli- 
fication of 15dB. 

Output of Probes 

Because probe output has an important influence on the find- 
ing of defects in the strip, we compared the different probes 

60 
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in a laboratory test. Figure 6 shows performance curves re- 
ceived with the same ultrasonic apparatus by the highest trans- 
mitter power. We have selected those angles that give an opti- 
mum presentation of the artificial defect. 

The curves show that the universal-angle beam probe with 
a coupling over perspex and oil has the best output. Unfor- 
tunately, this kind of probe cannot be used with our test equip- 
ment at this high test speed because we would have coupling 
difficulties. 

The 1-MHz immersion probe has good output, but only in 
a very small section does it give a clear presentation on the 
screen. Small strips cannot be tested with it, because the echo 
mountains of the transmitter pulse are so wide that the monitor 
gives wrong signals. By testing with higher amplification, which 
we need for strips with 500 to 700 mm width, we got too 
many disturbing echoes. Indications are received, but not from 
real defects. 

The 2-MHz immersion probe shows a curve with a rela- 
tively favourable course, and its output is much better than 
that of the 3-MHz and 4-MHz probes. We used this probe 
almost exclusively. If we use a new probe we compare its output 
with this diagram, so we can be sure of getting comparable 
results. 

Influence of Test Frequency 

Figure 5 shows that it is possible to test with frequencies be- 
tween l and 4 MHz, but the highest output is given by 2 
MHz. Testing with 3 or 4 MHz can be profitable because the 
resolution of the higher frequencies is better. On the other 
hand, higher frequencies have greater attenuation. Therefore 
the use of this probe is limited to narrow strips. In most in- 
stances better range and higher output is preferable to reso- 
lution. 

Adjustment of Angle, Precision and Consistency 

It is possible to adjust the immersion probes between 0’ and 
15’. This corresponds to the angles between 0’ and 27’36‘ 
when coupling with perspex. Lamb waves can most often be 
excited by the immersion technique between 7”  and 14”. 

The precision of angular adjustment is controlled by Cali- 
bration blocks. On the focussing scale the reading accuracy 
is about 10’ and the true angle deviates by less than 10 .  This 
is not important for test results. 

Lost motion of the worm gear can be eliminated if the 
adjusting screw is always turned from a less to a greater angle. 

The Dead Zones 

This procedure is designed to test the greatest possible part of 
the strip width and to record nearly all defects. It is not possible 
to test a streak along the edge of a strip. This streak has a width 
defined by the distance between the edge of the strip and the 
end of this zone and is disturbed by echoes arising from scatter- 
ing rays in the water tank. 

This zone would be broader if we tested with greater 
impulse energy and amplification. Then the monitor’s range 
must be a greater distance from the transmitter’s echo. Defects 
near the edge cannot be recorded. The same applies for the 
edge echo. 

There are several ways to get small dead-zone echoes. 
One is to use the optimum wave train with a horizontal course 
a5 in the diagram. It is more important to test narrow strips 
this way because the percentage of dead zone echoes is higher 
in them. The other way is to lower the pulse energy and the 

amplification to get small echoes and a small dead zone. For 
wide strips we must use high pulse and amplification; there- 
fore the latter method cannot be used for testing wide strips. 

It is an interesting fact that, when testing a 500-mm-wide 
strip the dead zone on the probe side is about 130 to 150 mm, 
while on the opposite side it is about 50 to 100 mm. The 
actual tested zone is about 250 to 320 mm wide. We can 
accept these dead zones only because experience has shown 
that most defects are near the axis of the strip. 

Test Velocity, Strip Guidance and Probe Guidance 

Our test equipment works with a velocity of about 70 m/sec, 
whereas other comparable installations work at nearly 150 m/sec. 
The influence of the test velocity on the sensitivity of indica- 
tions is not important when electronic recordings are used. 
Observation of the screen would be very difficult at this velocity 
and indications could easily be overlooked. 

However, high strip velocity does make for coupling dif- 
ficulties if the strip has “shape waves” caused by one side of 
the strip being thicker than the other, or if the strip is “flat- 
tering’’ (caused by both sides being thicker than the centre). 
To prevent jerky, vertical movement, two pairs of guide rolls 
are used in front of and behind the test equipment. 

The probe container must follow the movements of the 
strip exactly. For to accomplish this, it is suspended in gimbels 
and a counterweight presses the container against the under- 
side of the strip. It is possible to improve this arrangement if 
the container is spring supported, and this method must be 
used if the guide rolls cannot be assembled immediately in 
front of and behind the test equipment. These rolls are covered 
with rubber for squeezing off the water which is running with 
the strip out of the neutralization tank. Water in the scanning 
can produce indications and so simulate defects. 

Steel Quality 

In  this equipment we test low-carbon steels in rimmed and 
killed qualities. In laboratory tests we have found that there 
is greater absorpition in the segregated zone of the rimmed 
steel than in zones free of segregations. However this has no 
influence on testing at right angles to the length of the strip, 
therefore the sensitivity of the process is nearly the same in 
testing killed or unkilled steels. 

In  testing high-carbon steels we could not find any dis- 
advantageous effects, just as by steels with a higher percentage 
of manganese, copper and columbium. We have not tested 
and have had no experiences with steels with a high percentage 
of chromium, nickel and molybdenum. We found that a coarse 
grain intensifies attenuation. Charlet and Nouvet have given 
detailed descriptions of these effects. In testing hot-rolled strips 
we generally have grain sizes between ASTM 6 and 8 and 
therefore have no difficulty with this problem. 

Strip Surface, Condition of Edges, Coilbreaks and Edge Waves 

Usually strip surfaces are very smooth and free from scale. 
Rough shells, pinchings, overlappings and sharp-edged mechan- 
ical defects of the surface are usually defects in the material. 

Damaged edges do not affect the test, because no indications 
of them are recorded. Coilbreaks could make for difficulties 
in coupling, if there is no straightening machine at the start 
of the pickling line. Indications such as those recorded for 
defects are not initiated by coilbreaks. If the probe container 
cannot follow the vertical movements of the strip as quickly 
as necessary difficulties arise with coupling. Methods to im- 
prove this situation have already been described. 
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Chances for Development 

This testing process has been used with good results at the 
Wuppermann factory for more than five years. Rejects by 
customers have been considerably reduced, but not totally 
eliminated. We can find most of all defects, but not all. 

To  improve the sensitivity of the testing system the ultra- 
sonic apparatus is capable of special amplification, and we can- 
not hope to do more in this direction. In any event, experiments 
are done with two probes, one for transmitting, one for receiv- 
ing and installed in one container. This makes it possible to 
test with higher output without enlarging the dead zone. We 

can also use an additional amplifier direct on the transmitting 
probe to compensate for the transmitting energy lost in the 
cable. 

Another interesting development by physicists of the firm 
Hoesch AG in Germany is a sound-optical system which is 
able to transmit ultrasonic waves at many angles simultaneously. 
These waves excite all the possible kinds of Lamb-wave trains. 
In testing with this system one uses all the possible wave 
trains at once. The chance that a defect may not be indicated 
because the optimum wave train for it is not used, is eliminated 
by this system. If it can achieve good output, we can look 
forward to a fundamental improvement in Lamb-wave testing. 

Ultrasonic Evaluation of the Tensile Strength of Brittle 
Materia I s  
ZDZISLAW PAWLOWSKI, POLAND 

ABSTRACT: The paper deals with the determination of tensile strength of elec- 
troceramics and cast iron by ultrasonics. It i s  shown that the existing solutions to 
this problem have only limited range. This statement is based on the investigations 
of more than 400 specimens of lamellar and spheroidal cast iron of different 
grades, coming from four different foundries, as well as on the investigation of 
two different kinds of electroceramics. 

A new approach to quantitative tensile strength measurements by ultrasonic 
i s  presented. It is  shown that there exists a very simple relationship between the 
tensile strength of electroceramics and the reduced modulus of elasticity, the 
latter being approximately proportional to the quotient of longitudinal and 
transverse wave velocity. The same kind of relationship is valid for cast iron with 
lamellar and spheroidal graphite. The only difference in the relationship between 
electroceramics and cast iron are two material constants valid for the given type 
of material i.e. electroceramics and cast iron. These constants are independent 
.of the different grades of cast iron and graphite configuration. 

The relationship presented seems to have more general validity for all kinds 
of brittle materials. To evaluate the tensile strength of cast iron of an unknown 
origin, one has only to know the two material constants and to measure the velocity 
of longitudinal and transverse ultrasonic waves. 

Introduction 

In the last ten years several attempts have been made to eval- 
uate the tensile strength of cast iron by ultrasonic methods. 
(2-4, 6, 8, 10). Two directions of approach are here discernible. 
The first approach is based on searching the dependence be- 
tween the tensile strength and velocity of ultrasonic waves or 
the modulus of elasticity (Young's modulus) (2, 3, 4, IO) .  In 
the second, one tries to connect the tensile strength with the 
attenuation of ultrasonic waves (6, 7). 

A modification of these two methods of approach is that 
proposed by Collaud and applied later by Felix ( 3 ,  4). They 
plot the tensile strength of cast iron against the quotient of 
longitudinal ultrasonic wave velocity and Brinell hardness 
number. 

As far as we know, no successful method of evaluating the 
strength of porcelain with ultrasonics has been presented until 
now. 

Critical Review 

The existing methods of evaluating the tensile strength of cast 
iron are rather closely limited to a given grade of cast iron 
coming from a given foundry. The empirical relationships for 
lamellar cast iron cannot be extrapolated for cast iron with 
spheroidal graphite. 

The reason appears to be that the relationships shown by 
various authors are not physically justified. There is no single 
criterion acceptable to all from which one can deduce the 
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expected relationship. The formulae derived from the many 
investigations carried out serve only as confirmation of the 
lack of theoretical basis for the reported relations (1, 5, 9). 

The limited range of the existing approach is illustrated 
in Figures la,  l b  and I C  which are drawn on the basis of our 
own investigations carried out on more than 400 specimens 
of eight grades of cast iron from three different foundries. 
In addition we used the results obtained in the Laboratories 
of Technical Supervision Office in Warsaw for three grades of 
cast iron from one foundry. Thus the departure point for the 
critical proof of existing solutions and for the new approach 
consisted of 1 I grades of cast iron from four different foundries. 
Some data for the tested material is presented in Table 1. It 
shows the number of specimens tested, the spread of strength, 
i.e. the lowest and the highest strength observed for a given 
sample size (population). 

Table I 
Grades of Cast Iron Tested 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Foundry 

A 

B 

C 
D* 

Cast 
iron 

grade 

ZI 18 
22 
26 

ZI 18 
22 
26 
30 

ZSF 10 
ZI 15 

20 
25 

The spread 
of strength 

in kg/mmz 
1, min  - R, 

12.5-15.5 
19.0-22.5 
21 .&27.0 
I 1  .o-20.0 
15.0-26.5 
20.0-27.0 
14.0-27.5 
47.0-57.5 
14.5-19.0 
19.0-24.0 
21 .O-28.5 

The number 
of tested 

specimens 

9 
10 
10 
56 
58 
60 
5 5  
64 
44 
44 
44 

454 

*Courtesy Technical Supervision Office, Warsaw, Poland 

The relationship between the tensile strength and ultrasonic 
wave velocity (Figure la )  shows very distinctly the differences 
for cast iron coming from different foundries, as well as the 
great dispersion of experimental values. The dotted areas in 
Figure l a  are those in which the points for particular samples 
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(populations) were found. In addition two areas for porcelain 
were also drawn. The numbers in parentheses give the number 
of specimens tested of a given grade of cast iron or porcelain. 
Although some authors hope to obtain better results when 
presenting the strength against the quotient CL’HB of ultrasonic 
velocity and Brinell hardness number, in our investigations it 
appeared (Figure Ib) that the relationship for a wide range of 
tensile strength (including cast iron with spheroidal graphite), is 
a multivalued function of the independent variable CL’HB. In 
the case of porcelain (Figure IC) one can easily see that there is 
no relationship at all between the strength and velocity of ultra- 
sonic longitudinal or transverse waves. 

Similar results were obtained for the relationship of tensile 
strength against the attenuation of ultrasonic longitudinal waves, 
and in the case of porcelain also for the attenuation of trans- 
verse waves. 

The graphite structure of some of the tested specimens is 
presented in Figure 2. Although there is no correlation of ten- 
sile strength of porcelain against the longitudinal ultrasonic 
wave velocity, or attenuation, there is a definite correlation 
between the fracture surface appearance of the porcelain and 
the tensile strength. In Figure 3 some fracture surfaces are pre- 
sented. Under each surface the number of the specimen, the 
load at fracture in tons, and the velocity of ultrasonic longi- 
tudinal waves is given. One can easily see that with increasing 
fracture strength the river-like pattern of the surface becomes 
more and more pronounced. The flat area near the starting 
point of the propagating crack is smaller and smaller as the 
strength increases. The “rivers” on the cleavage plane run in 
the direction of the propagating crack. A cleavage plane of 
similar appearance was observed for specimens of other kinds 
of porcelain. The river-like pattern and small area near the 

ULTRASONICS AT ELEVATED TEMPERATURES 315 



The relationship of cast 
C'L HB. 

Figure l(b) 
iron against 

starting point of the crack were invariably connected with high 
strength. 

The Strength Criterion 

The starting point for our approach to the evaluation of ten- 
sile strength of both cast iron and porcelain was the strength 
criterion. Both materials are nonhomogeneous. In cast iron 
there are graphite inclusions, which give rise to stress concen- 
tration. A similar source of stress concentration in porcelain 
is the porosity. The brittle fracture starts at the point of high 
stress concentration and propagates with great velocity through 
the whole cross-section. 

In the areas of high stress concentration there is a three- 
dimensional state of stresses. Let us assume that the radial 
stress or and the tangential stress ot are connected with the 
axial stress ai by the relation 

~7 = Ut  = k U S  (1) 
where k <I  is dependent on the severity of the crack, i.e. on the 
degree of stress concentration. 
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6000 

For a three-dimensional state of stresses, which is de- 
fined by the components of state of stresses or by the compo- 
nents of the stress tensor or, ot, at we may write 

1 U,  

E E 
(2) 

For an uniaxial reference state of stress with the stress we have 

E = - [a, - v ( U P  + at)] = - [l - 2 vk] 

Urd  

According to the strength criterion of Saint Venant, i.e., 
the strength criterion for maximum elongation, which predicts 
the behaviour of brittle materials, we obtain the relation 

(4) 

If now we put for the uniaxial state of stresses o r e d  = a, then 
to satisfy the equation (4) one must replace the modulus of 
elasticity by the reduced expression i.e. by 



E E, a = CLCT (10) 
This means that the reduced elasticity modulus defined by 
equation (5) is proportional to the quotient of ultrasonic longi- 
tudinal and transverse wave velocity, and can be conveniently 
replaced by c~.cT. 

The Uncertainty Principle 
Materials which behave in a brittle manner during tension or 
compression, have the deformation diagram, i.e. the diagram 
of tensile stress against the elongation, which can be Seen in 
the first approximation as almost nearly linear. If we could 
accept that the critical value of strain is constant for the given 
kind of material, then one can see that the relation 

(1 1) 
is justified. Unfortunately we do get from experience the in- 

- (7) formation that the critical value at which the fracture starts 
is not constant, but has some statistical distribution. We must 
therefore rewrite equation (11) in a new form 

(12) 
Assuming now that for the given tensile strength, the criti- 

( 5 )  

The introduction of the “reduced modulus” of elasticity according 
to equation (5) reflects the fact that the fracture is starting from 
a localized nucleus due to high stress concentration. 

The Reduced Elasticity Modulus 
In order to express the reduced elasticity 1-110dulus by the 
velocity of ultrasonic longitudinal CL and transverse CT waves 
we put into formula ( 5 )  the expression (5) 

E, = ___ 
1 - 2vk 

E E E - 2G 
G=-, v = - - 1 = - -  (6) 

R, = E,. E,? 
2 (1  + v )  2G 2G 

Using these we obtain 
E.G 

G(l  + 2k) - kE 

E 

1 - 2vk 
E T = - -  

One can easily see from equation (7)  that in the case 

k = O  the reduced modulus of elasticity is exactly equal to the 
Young’s modulus, E r = E .  

The elasticity constants for isotropic materials, Le. Young’s 

where no stress concentration occurs, i.e. in the case when R, = E, E,, (R,) 

cal strain ccr  is a linear function of Rr,  we may write 
Rr m i n  

E, 
(13) ecr (R,) = eer mtn + m R, = - + m R r  

After putting expression (13) into (12) we obtain, after simple 
transformations, 

modulus E ,  the shear modulus G and Poisson’s ratio y are con- 
nected with the velocity of ultrasonic waves by the relations 

(1 + v) (1 - 2v) 

(1 - v) 
E = 8Cz2 

R r m t n  . 
R, = (14) 

G = ~ C T ~  1 - m E ,  
Adopting further that the proportionality constant m=l/  Er m(lx, 

is the maximum value of the reduced elasticity 
modulus E ,  we write equation (14) in the form 

1 - 2 ( cT /CL)~  1 - 2a2 CT 
- - . a = -  

@) where E ,  
- v =  

2 - 2 ( c T / c Z ) 2  2 - 2a2 ’ CL 

Putting these expressions into equation (7)  we obtain, after 
R, min Er m o l  

(15) some transformations, R,= ~~ 

CLCT ET m u  - E r  
(9) Let us now set 

we finally have 

E , = 6 -  

(16) 
C 

R, m i n  ‘ Er m a r  = A ,  ET m a l  B where 
1 - 4k + 8ka2 

A 

B - E, 
(17) 

C =  
6a - 8a3 R, = ___ 

The function C ( a )  does not change very much for “a” 
values lying, for cast iron and porcelain, in the range 0.53 to 
0.64 and 0.60 to 0.70 respectively. Thus if we further assume 
that the density changes are small or negligible, we may set 

As one can see from the above, the constants A and B ,  
appearing in equation (17) have strongly defined physical mean- 
ing. The constant A is the quotient the minimum strength 

s INSUIAXo& 

0 PORC. 8-6 
Figure l(c) 
The relationship of tensile strength 
of porcelain against the velocity of 
ultrasonic longitudinal CL and trans- mJ0 3000 4000 5000 6000 verse CT waves. 2000 

ULTRASONICS AT ELEVATED TEMPERATURES 317 
C t h / s )  C( (m/S) 



0 

3 

. 

.- 

Figure 2. The graphite structure of some tested grades of cast iron X 100, repr. 
-2. 
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Figure 3. Fracture surfaces of porcelain insulators. Numbers indicate the specimen 
number, the fracture load in tons and the velocity of ultrasonic longitudinal waves 
in m/s. 1 T = l  metric ton=0.984 ton, 1 m/s=3.28 ft/sec. 

multiplicated by maximum value of the reduced elasticity 
modulus. The constant B presents itself as the maximum value 
of the reduced modulus of elasticity for the given kind of 
material. 

A very simple formal approach leads to the same relation- 
ship. If we assume that R ,  is proportional to the strain 

(1 8) 
where a and b' are constants, we obtain after putting 

e a  = R, (19) 
the following expression 

(20 
which can be brought to the form 

R, = a + b'E 

R, = a + b R, 

a 
Rr = - (21) 

which is built similarly to equation (17). The constants a and b 
may be easily expressed by the constants A and B from equation 
(17). 

Since R ,  is dependent on the value of the critical strain 
eo- and the constants A and B have the meanings of material 
constants for the given material, equation ( 17) transformed into 

R, (B  - E,) = A (22) 
expresses the principle of uncertainty. This states that the dif- 
ference of the reduced elasticity modulus multiplied by the 
tensile strength is constant. 

Due to the general assumptions made in deducing equation 
(17) it seems that it will be valid for all kinds of brittle 
materials. 

1 - b  



Experimental Verification of the Theory 

To make an experimental verification of the theory it is con- 
venient to rearrange equation (17) to the form 

(R, . B - A) = RvE, (23) 
If we now put rl = RvEr and ( R r B  - A )  = 5 then all the points 
obtained from the measurements should concentrate along the 
line passing through the origin and inclined 45" against the co- 
ordinates axis. If we do use another variable, namely R7Ep and 
R?.B then the regression line should be further inclined by an 
angle 45' and cut, on the coordinates axis, the segments A and 
- A  respectively. This form of presentation is very convenient to 
the statistical interpretation. It follows also from equation (17) 
that a linear dependence should exist in the coordinates CL.CT 

and I / R . .  
In  Figure 4, the results for 8 grades of cast iron-for 

Z1 18, Z1 22, Z1 26 (Foundry A),  and ZI 18, Z1 22, Z1 26, 
Z1 30 (Foundry B ) ,  as well as for ZSF 10, are presented in the 
coordinates plane R ~ C L C T  and RvB. In general there were 313 
specimens, and for 222 of them the mean values out of three 
specimens cut from the same bar. The specimens were cut from 
bars having a diameter of 30 to 40 mm. The diameter of 
specimens for tensile testing was 20 mm, the length 91 mm. 
The velocity of ultrasonic transverse waves was measured at 
1 MHz frequency, that of longitudinal waves at 3 MHz. 

In Figure 4 the regression line having the equation 

Table 2 
Some Values of Mechanical and Acoustical Properties of the 

Cast Iron Tested 

CL.CT 

10-6 
(rnzs-z), 

R, 
estimated 
kg/mmz 

A R  = 
Rr ratim 

- Rr 

1.4 
-0.1 

2.9 

-0.7 
-1.2 
-1.6 

-4.8 
-3.1 

2.9 

R, 
kg/mm2 

Foundry A 
Z1 18 

ZI 22 

Z1 26 

14.5 
15.0 
13.5 

19.5 
20.0 
22.0 

27.0 
21.5 
21 .o 

9.30 
10.10 
9.12 

10.75 
10.75 
10.60 

12.00 
10.60 
10.50 

137.03 
129.75 
130.00 

175.50 
160.00 
179.30 

182.25 
175.23 
173.25 

15.9 
14.9 
16.4 

18.8 
18.8 
18.4 

22.2 
18.4 
18.2 

15.6 
14.6 
15.3 

20.0 
23 .O 
20.7 

24.0 
25 .O 
24.8 

23 .O 
26.0 
25.9 

Foundry B 
Z1 18 

z1 22 

Z1 26 

Z1 30 

Foundry C 
ZSF 10 

15.5 
15.0 
15.0 

19.1 
24.1 
19.6 

20.7 
24.4 
25.4 

22.5 
27.0 
26.5 

9.10 
8.49 
9.92 

11.25 
12.22 
11.51 

12.51 
12.75 
12.69 

12.24 
12.97 
12.95 

149.38 
153.90 
147.45 

143.25 
157.37 
141.90 

129.17 
146.40 
153.92 

146.48 
156.06 
153.70 

-0.1 
-0.4 

0.3 

0.9 
-1.1 

1.1 

3.3 
0.6 

-0.6 

0.5 
-1.0 
-0.6 

-1.8 
1.1 
2.0 

is shifted by a segment A=150 to the right from the origin. The 
value cut on the horizontal axis exactly equals the quotient 
of minimum tensile strength and maximum reduced elastic 
modulus, replaced in our case by the CLCT. The regression line 
was obtained with the help of the least-squares method. In 
Figure 4 we set, instead of the reduced elastic modulus, the 
corresponding values CLCT in accordance with equation ( I O ) .  

54.0 
54.5 
50.0 

15.88 
16.05 
15.87 

52.2 
55.6 
52.0 

154.98 
147.15 
144.00 
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Figure 4 
The relationship R ~ C L C T  against RrB 
for cast iron. Eight grades of cast 
iron (cf Table 11, 313 specimens. 
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Figure 5 
The relationship R ~ C L C T  against R,B 
for porcelain (two grades of porce- 
lain). 

Mean vc es 
Figure 6 

r different grades of 
cost iron and porcelain brought to o 
common line. 
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For electrotechnical porcelain we derived, by the least- 
squares method, the following regression line 

10.24 
R, = [kg lmm21 (25) 

25 - CLCT 

The results for porcelain are presented in Figure 5. As in the 
case of cast iron the regression line and the results distributed 
randomly along this line are presented in coordinates RCLCT 
and RrB. Owing to this the line intersects the horizontal axis 
at 10.24 i.e. the value of A for porcelain. 

In Figure 5 the results for two kinds of electroceramics 
are given. The specimens tested had the form of 76-mm-dia 
insulators and specially prepared 20-mm-dia probes. The velocity 
of ultrasonic waves was measured at the frequency 6 MHz. 

In Figure 6 the results for cast iron and porcelain are 
brought to the common line crossing the origin of the coordi- 
nates axis and inclined by an angle 45”. This was obtained by 
plotting R X L C T  against RrB-A. In order to have a clear picture 
of the relation only mean values for the given kind of cast iron 
and porcelain were introduced into the figure. As it was ex- 
pected by theory, all the points lie around the theoretical line. In 
the figure an additional point was introduced, for alloy steel, 
which behaves in a brittle manner in simple tension. In this 
case the constants A and B are somewhat higher than for cast 
iron. 

1920 
1804 
1928 
2610 

Discussion 

Some values for randomly chosen specimens of cast iron are 
presented in Table 2, where a comparison is given between the 
predicted values and values obtained from tensile tests. Similar 
results are presented for porcelain in Table 3. The mean values 
of mechanical and acoustical properties of the tested cast iron 
grades are shown in Table 4. 

One easily can see from the tables that the difference be- 
tween the estimated tensile test values amounts to only several 
per cent for cast iron. The accuracy of the estimate can be 
more accurate when the evaluation is based on the mean values 
of velocity taken from several tests. For porcelain the mean de- 
viation from the “true” values is about 14%. As one can see 
from Table 3, for specimens of porcelain B-6 the deviations 
were 97% and 80.5% in two cases. The probability of such 
values occurring is quite high when short specimens are tested. 
This is due to the slight deviation of the axial load even then 
when the test is very carefully carried out. The unavoidable de- 
parture from the axial loading in tensile tests diminishes the 
“true” value of the tensile strength as can be seen from Table 3. 
For the insulators whose length is much greater than that of 
the probes such great deviations were not observed. It is still 
worth pointing out that the errors in measuring ultrasonic wave 
velocity have a greater influence on the evaluated qtrength for 
high strength than for lower strength. For examplc let us as- 

7400 

6600 
6900 I 

Table 3 
Mechanical and Acoustical Properties Two Kinds of Porcelain 

590 
586 
559 
528 
515 

506 
501 
461 
446 
442 

434 
386 
371 
361 

1941 1 10400 I 224 
1838 10500 226 

6180 
6020 
6300 
6350 
6370 

6100 
6280 
6300 
6190 
6180 

6150 
6190 
6220 
6130 

1985 
1980 
2142 

2030 
7759 
1785 
2029 
2528 

394 
682 
569 
445 
487 

569 
394 
73 1 
394 

10500 226 
11200 1 241 
9900 214 

-112 
181 
108 
-1 
45 

135 
8 

3 60 
33 

8500 
8000 
8600 
7800 
5500 

183 
172 
185 
168 
118 

160 
160 
142 
149 

2422 I 5300 I 114 

12 
6 

20 
1 

13 

8 
11 
4 

10 
16 

5 
7 

14 
18 

1620 
1610 
1520 
1465 
1340 

1390 
1420 
1226 
1265 
1200 

1310 
1060 
1020 
980 

5300 
5210 
5500 
5450 
5430 

5100 
5450 
5450 
5250 
5400 

5550 
5250 
5350 
5550 

5380 

3750 
3750 
3690 
3620 
3480 

3370 
3510 
3480 
3690 
3230 

3340 
3380 
3500 
3530 

3320 

Insulators 

19.9 
19.5 
20.3 
19.7 
18.9 

17.2 
19.1 
19.0 
19.4 
17.5 

18.5 
17.8 
18.7 
19.6 

17.9 

Specimens of porcelain B-6 

3680 
3640 
3740 
3720 
3760 

3670 
3740 
3690 
3670 
3700 

3780 
3620 
3800 
3650 

22.7 
22.0 
23.5 
23.6 
23.9 

22.4 
23.5 
23.2 
22.7 
22.9 

23.2 
22.4 
23.6 
22.4 

44.6 
44.1 
45.9 
47.5 
40.5 

31.5 
32.9 
35.2 
32.6 
20.7 

29.6 
28.5 
26.6 
29.2 

20.4 

11.4 
12.4 
10.6 
12.8 
13.0 

14.3 
10.1 
11.1 
9.4 
8.9 

10.4 
11.5 
8.9 
8.1 

8.1 

133.9 
128.9 
131.4 
124.6 
123.1 

113.4 
117.7 
107.0 
101.2 
101.2 

100.7 
86.5 
87.6 
80.9 

13.5 
17.6 
8.4 
7.4 
5.7 

13.2 
7.5 
8.3 

10.3 
9.3 

7.8 
10.0 
5.2 
9.4 

20 1 
186 
218 
193 
168 

131 
173 
171 
183 
137 

157 
142 
162 
190 

144 

- 23 
- 40 
- 8  
- 48 
- 46 

- 52 
1 

- 14 
15 
17 

- 3  
- 18 

20 
41 

30 

445 - 145 
332 1 -254 
682 123 

204 
732 1 415 930 

10.2 
17.7 
3.5 

19.9 
21.5 

28.4 
0.6 
7.6 
8.9 

14.3 

1.9 
11.2 
14.0 
27.5 

26.4 

24.6 
43.3 
22.0 
38.6 
80.5 

22.1 
36.0 
23.4 
0.2 

10.2 

31.1 
2.1 

97.0 
9.1 
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Table 4 
Mean Values of Mechanical and Acoustical Properties of Grades of Cast Iron Tested 

Z1 15 

4080 

Foundry A 

Z1 20 

4350 

z 1  18 

4161 

2306 

9.60 

14.22 

4405 

2457 

10.70 

20.95 

Z1 22 I 21 26 

4500 

2498 

11.25 

24.65 

Foundry B 

z 1  18 

3715 

2375 

8.80 

14.97 

z1 22 

4736 

2503 

11.80 

21.48 

21 26 

4962 

2548 

12.60 

24.42 

21 30 

4884 

2614 

12.70 

23.15 

:oundry C 

ZSF 10 

5322 

299 1 

15.90 

53.19 

Foundry D 

17.36 1 2 25 

2125 

4685 

25.68 

sume a 5 %  error in the measuring of Cr,.CT for the value c1.o = 
24 X m2s-*; then we have an error in strength amounting to 
54.5%. The same error in ultrasonic wave velocity measurement, 
Le. 5 % ,  for cr,.cT = 22 x m Y  gives a 24.2% error in 
estimated strength. 

The mean values for mechanical and acoustical proper- 
ties presented in Table 4 show some differences in longitudinal 
wave velocity for cast iron having approximately the same tensile 
strength. This, together with the statistical analysis of the values 
R,(B-CLCT) ,  shown in Table 3 is discussed elsewhere (7 ) .  

Conclusions 

The results presented confirm the supposition that there exists 
a general relationship between the strength of brittle material 
and the velocity of ultrasonic longitudinal and transverse waves. 
To estimate the strength only two material constants have to be 
known and they have sharply defined physical meaning. The 
material constants seem to be the same for materials having 
the same crystallographic structure. To prove this statement, 
further experiments are needed on materials other than those 
that are the subject of this paper. 
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Project Apollo-Au toma ted U I trasonic Bond-Quali ty 
Inspection 

C. C. KAMMERER, USA 

ABSTRACT: This paper describes the conception, design, development, construc- 
tion, and operotion of two large ultrasonic inspection systems. These systems are 
used to determine and record bond quality on all adhesive bonded assemblies 
of the Saturn S-ll booster and the Apollo Command and Service Modules. Both 
systems use turntables to rotate the test parts-most of which are revolute sections 
-and use tape-programmed drives to position ultrasonic water-squirter assem- 
blies on opposite sides of the parts for the ultrasonic inspection. The ultrasonic 
information is recorded on scale models of the test parts. These systems are the 
largest ultrasonic inspection machines ever built, and several advances in "state 
of the art" were mode during their development. 

Introduction 

Five hundred pounds of fuel are needed to place each pound of 
the manned Apollo capsule in orbit for a lunar voyage. The 
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NASA Project Apollo will stand 360 feet tall above the launch- 
ing pad, will weigh roughly six million pounds and will be placed 
in orbit by three Saturn booster rockets, together generating 8.7 
million pounds of thrust. These staggering figures clearly show 
why honeycomb sandwich structures have gained increasing de- 
mand by the aerospace industry where strength at the lowest 
weight is basic for extending payload delivery capabilities to the 
maximum. 

The Space and Information Systems Division (S&ID) of 
North American Aviation, Inc., Downey, California, was 
awarded the contracts to build the Apollo Command and Serv- 
ice Modules, the Lunar Excursion Module adapter panels and 
the Saturn S-I1 booster which all use bonded honeycomb panel 



structures. Similar assemblies are also used on the Saturn SIC 
and S-IVB currently undergoing development by other com- 
panies for the same project. 

During the conceptual stages of the manned lunar space 
program, the Quality Assurance Department of S&ID organized 
an evaluation team to investigate all methods of the non-destruc- 
tive testing of honeycomb assemblies to establish the most suit- 
able means for determining the quality of the adhesive bonds. 
Known inspection methods and techniques were repeatedly com- 
pared and analyzed by the team. Their findings indicated ultra- 
sonic testing to have the most promise for determining the in- 
tegrity of all bonded honeycomb assemblies. The study further 
showed that this method of testing would indicate a good bond 
only when the adhesive had surface molecular attachment. Auto- 
matic testing and recording systems complemented with rigid 
process control were deemed mandatory to assure reliability of 
the test results. 

Development of Inspection Techniques 
The primary purpose of performing an inspection on these com- 
ponents and assemblies is to determine the quality of the attach- 
ment of a panel facing sheet, or several laminated sheets (doub- 
lers), to the honeycomb cell structure (core), and attachment 
of the core to the facing sheet and doublers on the opposite panel 
side. Initial tests indicated that an inspection could be performed 
by either the pulse-echo technique, in which propagated ultra- 
sonic waves are reflected by a lack of bond back to the gener- 
ating transducer, or by the through-transmission technique in 
which the propagated ultrasonic wave travels through a well- 
bonded panel on to a receiving transducer. 

The through-transmission technique was considered most 
satisfactory if sufficient wave energy could be generated to 
propagate through the thick and highly attenuative honeycomb 
structures owing to the fail-safe nature of such an inspection. 
Any obstruction in the path of an incident ultrasonic wave, 
whether it be a facing sheet detachment, fractured core, or other 
refracting interface, would prevent a wave from reaching its 
intended goal. 

To prove the practicability of a through-transmission inspec- 
tion vs. pulse-echo inspection for specific cases in question, test 
panels were fabricated, duplicating the more complex cross- 
sectional geometry of the Apollo and Saturn S-I1 assemblies. 
These test panels, with controlled void patterns at all sandwich 
interfaces, were subsequently inspected with different types of 
ultrasonic equipment using several types of wave propagation 
and detection principles. 

Results of preliminary investigations showed ultrasonic 
through-transmission techniques to be the most suitable for re- 
liably detecting voids at all interfaces of adhesive-bonded struc- 
tures. The low signal-to-noise ratio obtained from commercially 
available ultrasonic equipment used during the development 
tests indicated that the limitations of the equipment were attrib- 
uted primarily to transducers and not instrumentation. Several 
problems, such as establishing the type of wave propagation 
which exists when coupling waves through complex adhesive- 
bonded honeycomb structures, also affected the transducer de- 
sign parameters. 

The tests and data gathered showed that propagation through 
the panel skins was longitudinal, with wave fronts parallel to the 
skin, while propagation through the cell walls was a complex 
combination of shear and surface waves. Mode conversion 
would, consequently, take place at least twice through a simple 
sandwich structure during a through-transmission test. Losses re- 
sulting from the conversions and acoustical impedance mis- 
match at the many interfaces indicated the need for high-power 
transducers. 

High conversion efficiency transducers from 0.5 to 5 MHz 
were required to adequately inspect all panel configurations in- 
cluding sandwich structures with 0.010-in.-thick chem-milled 
facing sheets. Special low damped, high “Q” ceramic transduc- 
ers were developed specifically for this purpose. The frequency, 
power, and sensitivity requirements were such that standard 
immersion-type ultrasonic instrumentation could be selected. 

System Concept 
In addition to developing ultrasonic techniques, a general con- 
cept of mechanical scanning and recording systems was evolved. 
The NDT systems group of the Budd Company, consulting with 
the S&ID Quality Reliability Assurance Department of NAA 
designed and constructed both the Apollo and Saturn S-I1 in- 
spection systems after repeated evaluation of the inspection 
parameters. The design criteria for both systems changed many 
times during the conceptual stage as the design details of the 
panel assemblies were refined. 

The system performance required for inspecting Apollo and 
Saturn S-I1 panel assemblies evoked many new component and 
system-design concepts, heretofore not used with ultrasonic in- 
spection equipment, and the considerable improvement to sev- 
eral previously adequate support equipments. The large size and 
complex geometry of the space vehicle panels posed numerous 
tooling problems in both the panel and transducer assemblies. An 
absolute static and dynamic position tolerance of the assemblies 
had to be maintained to assure the necessary location and atti- 
tude relationship of all assemblies during an automatic inspec- 
tion mode. 

All the panel assemblies requiring inspection were either 
flat or bodies of revolution which indicated that individual rotat- 
ing-type fixtures, X Y  scanners, and turntables would be appro- 
priate to permit a greater inspection rate than would be realized 
with one universal inspection tool. This original concept was 
discarded as the panel geometry developed, and it was realized 
that greater versatility was required, including the capability of 
through-transmission inspection of the entire part. Turntable 
assemblies, unaffected by protrusions, were therefore selected to 
support and position the parts so that transducer programming 
of only two axes would be required. The through-transmission 
inspection technique further necessitated the design of a centre- 
less-type turntable to provide adequate space for a rigid inner 
transducer positioning assembly. 

Proper synchronization of the inner and outer transducers 
for the through-transmission inspection of space vehicle panels 
was the foremost design consideration. During the conceptual 
stages, tracks, for guiding and supporting both the inner and 
outer transducer assemblies, were thought the most reliable and 
simple method for maintaining synchronization. Since the panels 
did not have plain geometric shapes or uniform cross-sections 
and, because the system versatility was greatly limited as to the 
size and geometry of the panels, an independent three-axes posi- 
tion program of the transmit and receive transducers became a 
part of the fundamental design. 

The test results of the ultrasonic inspection would be sub- 
jected to analysis by the S&ID Quality Reliability Assurance 
Department, as well as other responsible departments, for accep- 
tance or rejection. Therefore, the data accumulated had to be 
presented so as to preclude any chance for ambiguity regarding 
the orientation of specific test information. The task of display- 
ing such a permanent inspection record created the need for a 
new recorder design that would indicate clear, interpretable, and 
precisely situated test results capable of displaying the unbond 
conditions as to size and extent of the unbond, preferably as a 
halftone shading. It was reasoned that a reduced size model with 
an electrosensitive surface, exactly duplicating the panel shape 
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Figure 1. Ultrasonic “C” scan re- 
corded results of an Apollo Command 
Module crew compartment forward 
section. The scaled down recording 
depicts bond integrity with single 
honeycomb cell resolution. 

to be inspected, would provide the recording surface geometry 
ideal for interpretation (Figure 1) .  The model would be sup- 
ported and rotated by a synchronized turntable and a recording 
stylus assembly would translate the transducer-to-panel-surface 
relationship. A three-dimensional recording would be produced 
when test voltages, matched to the coating sensitivity, were ap- 
plied to the stylus thus causing “writing” during a specific bond 
condition. 

Engineering Design 
The above system concept briefly describes the basis for the 
individual component design. Since all of the primary functions 
were interrelated and because of the size, complexity, and inte- 
grated nature of the systems, design consideration was given to 
facilitate assembly at the S&ID Downey and Seal Beach inspec- 
tion sites. 

Transducer Positioning Assemblies 
The Apollo and Saturn S-I1 System performance requirements 
were closely related as to function, accuracy, and inspection 
speed. The relative size and complexity of the panel assemblies 
characteristic to each system greatly affected the appearance, de- 
tail design and program of the two systems. The relatively small 
Apollo (Figure 2) with a maximum panel diameter of approxi- 
mately 12 ft, consisted of cylindqical, truncated, hemispherical 
and flat sections with varying lengths, and non-symmetric inter- 
nal and external protrusions. 

However, the Saturn S-I1 (Figures 3 and 4) consisted of 
bulkhead and LH-2 tank panels approximately 33 ft in diameter 
without extensive protrusion. 
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The Apollo inner transducer positioning assembly had to 
retract to an out-of-the-way position for inspecting the service 
module bulkhead and aft section of the inner crew compart- 
ment panels. Conventional (horizontal and vertical) “XY” trans- 
ducer positioning assemblies were employed to position the inner 
and outer transducers vertically and horizontally. The vertical 
support tubes were anchored in 15-ft-deep casements in the con- 
crete floor to permit full retraction of the vertical booms. The 
inner transducer cross-feed tube was required to extend rigidly 
to cantilever the transducer 7 ft fiom the centre and also tele- 
scope during positioning and to have a total length of 4 ft SO as 
to clear obstructions in the truncated command module (Figure 
2 )  section. Double-geared rack-drive tubes, approximately 3: 
ft long, were designed to achieve this. 

The Saturn S-I1 outer transducer positioning assembly (Fig- 
ures 3 and 4)  was designed to support a transducer approxi- 
mately 20 ft horizontally, inward from its anchored position, 
while maintaining a rigid support structure. Inner and outer two- 
axes support booms were constructed, in lieu of curved tracks, to 
position the transducer carriages tangent to two points on both 
the inner and outer bulkhead surfaces to provide the necessary 
transducer support structure profile. Search tubes, extending 
perpendicular from the carriage axes, were used to position the 
transducers with respect to the boom axes. Inner and outer trans- 
fer tables pivoted the associated transducer carriage from the 
lower booms to the upper booms to facilitate the transfer of 
the carriages. The outer double-boom assembly was constructed 
to pivot to an out-of-the-way position to permit the inspection 



of an LH-2 tank section. An inner vertical boom was provided 
to extend into position for the inspection of these tanks. 

Both systems were also equipped with transducer gimbal 
motions to control the transducer attitude with respect to the 
search-tube axes. All of these motions were accomplished with 
stepping motors that impart an exact and repetitive motion 
(each command signal causes 1.8" of armature rotation) when 
properly controlled. Both systems thus required six channels 
of stepping-motor control to provide the necessary independent 
control of three inner and three outer transducer motions. 

Centreless Turntable Assembly 
The turntable assemblies consisted basically of two main com- 
ponents: ( 1 )  a thrust race supported by the concrete floor, and 
(2) a rotary table with radial and axial thrust-bearing stations 
equally spaced around the table. The radial thrust bearings 
were included to maintain concentricity of the table with 
the race, while the axial thrust bearings supported the space 

Figure 2. 
Forward inner crew compartment 
with instrumentation in background 
consisting of  two ultrasonic detect- 
ors with frequency range of 0.5 to 
25 MHz, gate adapters, punched 
tape reader with positioning tronslot- 
or, and closed-circuit TV for moni- 
toring clearance of inner transducer. 

Figure 3. 
Saturn S-ll common bulkhead during 
an ultrasonic inspection. The massive- 
ness of the structure is evident by 
comparing the bulkhead to the per- 
sonnel standing behind the $ scale 
recorder model. 

vehicle and table assembly with tooling load. A chain drive was 
selected to provide positive positioning of the assembly to 
assure synchronization of the part table with the reduced scale 
recorder model table. Variable-speed drive motors permitted 
the high inertial turntable loads to be started, rotated, and 
stopped without losing synchronization. The Saturn S-I1 turn- 
table was also equipped with a two-speed motor starter fluid 
coupling to further reduce the initial chain load. 

Three-Dimensional Recorder 
Recorder models were fabricated and electrosensitive coatings 
were sprayed on the conductive forms to provide a recording 
surface that would not deteriorate with age, that could be 
handled without extreme care, that would provide several shades 
of halftone information with good resolution ability, and that 
did not require a special environment. The last criterion ruled 
out coatings such as photographic emulsions, facsimile recorder 
surfaces and other duplicating coatings. The parameters required 
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Figure 4. 
Saturn S-ll LH-2 tank quarter panel 
inspection for insulation bond integ- 
rity. The outer and inner transducer 
carriage assemblies used for bulk- 
head inspection are parked out of 
position during tank wall inspection. 

for applying coatings developed specifically for the Apollo and 
Saturn S-I1 panel assemblies were too rigid to maintain except 
under laboratory-controlled conditions. Models were subsequent- 
ly developed to approximate the panel configurations yet permit 
a dry-type “weather map” halftone recording paper to be 
wrapped around the form and held in contact with the form 
surface. Some difficulty was encountered when the slight arc 
generated by the stylus, during the recording process, produced 
electrical signals detrimental to the sonic unit operation. The 
harmful effects were successfully eliminated by a bypassing 
network. Reduced scale three-dimensional halftone recordings 
of the various Apollo and Saturn S-I1 panels were thus sucess- 
fully obtained. 

Tape Programming 
Eight-channel tape readers were employed by both systems as 
the program control. Since the position and gimbal motions of 
both the inside and outside transducer assemblies required an 
independent program, six channels were designated for their 
control. One channel was used to control the transducer posi- 
tioning logic during an automatic inspection cycle, and the 
eighth remaining channel was used to control the turntable 
angular velocity necessary to maintain a uniform surface in- 
spection speed and recorder-writing density. 

The program information was generated with the aid of a 
high-speed computer coded with the necessary mold-line equa- 
tions for both the inner and outer surfaces of a specific panel 
assembly. A complete series of calculations was performed 
and the data thus obtained were stored on magnetic tape and 
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transferred, by a punched tape computer, to mylar tape in a 
usable coded form. 

The programmed tape is indexed past the tape reader 
photocell head to initiate the operation of each controlled func- 
tion. The hole arrangement for each stepping-motor channel 
satisfies the previously computed transducer position change as 
required to conform to the panel geometry being inspected. 
Since the tape reader is only required to initiate automatic, 
programmed transducer indexing each turntable revolution, the 
function is provided with a control to permit the transducer 
index increment to be adjusted by the operator. 

Acceptance and Production Testing 

Initial ultrasonic inspection of the Apollo and Saturn S-I1 as- 
semblies was performed on the regular production assemblies 
as they were available during the acceptance testing period. 
Acceptable performance capabilities of both systems required 
the satisfactory inspection of one of each of the representative 
honeycomb sandwich configurations illustrated in Figures 1, 3 
and 4. 

Each assembly required careful preparation prior to its 
inspection to assure that water from the squirter assemblies 
could not enter through joined areas such as laps, closeouts, or 
joggles and become entrapped within the sandwich structure. 
Possible leak-path areas were sealed with a strippable maskant 
consisting of a masking tape base later coated with a solvent- 
evaporate, low-adhesion elastomer. The sealing technique 
provided a seam impervious to water penetration that could 



readily be removed and cleaned off without leaving a residue. 
The prepared assembly was then set in place on the turn- 

table with the applicable tooling. The position and relative 
clearance of the assembly surface and protrusions with respect 
to the transducer water squirters was checked and adjusted. The 
pressure to the water squirters was adjusted and the instrumen- 
tation, recording model, and all program controls were readied 
for an automatic inspection as required by the specific test 
(Figures 2, 3 and 4). 

A production “C” scan inspection of the entire assembly 
and its associated test standard was subsequently performed 
to verify the systems’ production inspection capabilities. All 
suspected void areas recorded were further evaluated by corn- 
plementary ultrasonic techniques such as contact, resonant, 
frequency-shift, sonic, and dimensional checks to locate voids 
to their respective sides and interfaces, to facilitate their repair. 

Redesign of the water squirter assemblies was then ac- 
complished to lengthen the effective sustained water column. 
The design geometry was altered ultimately to permit a distance 
of up to 12 in., in several instances, to be maintained from the 
squirter orifice to the inspection surface. Distances of up to 6 
in. were reliably maintained at all times. (Figure 1) 

Discussion 

The development of the Apollo and Saturn S-I1 ultrasonic 
systems has led to the rapid advancement of new automatic 
inspection equipments. Principally, the use of stepping motors, 
because of their reliability and ability to provide an exact and 
positive motion when activated, permitted the development of 
remote-controlled synchronizing assemblies which made design 
of the systems possible. The adaptation of punched tape-reader 
programming to ultrasonic inspection systems further con- 
tributed to the feasibility of systems capable of automatically 
inspecting geometric shapes previously considered impractical. 
This programmed method of positioning readily adapts to many 
other complex positioning and synchronizing needs frequently 
encountered by inspection departments. 

More than 2,000 Apollo and Saturn S-I1 adhesive bonded 
assemblies have been successfully inspected by the S&ID 
Quality Control Departments since the installation of both 
ultrasonic inspection systems. The photographs illustrate the 
results that can be achieved with such a programmed “C’: scan 
inspection system (Figures 1 and 2 ) .  Results of the many tests 

Figure 5. Inner and outer squirters directing a water column couplant to both 
sides of a standard test panel. Calibration standards are located adjacent to 
production parts for sensitivity evaluation to ensure inspection reliability. 

performed attest the wisdom of selecting ultrasonics and the 
over-all systems concept described as the method for reliably 
nondestructively testing the many bonded structures. 

The design, fabrication, erection and operation of the 
complex and unproven systems have experienced only minor 
problems which, in most instances, were resolved during the 
installation period. Result: the “state of the art” of testing 
techniques and testing equipments has been advanced and re- 
fined to meet the challenge set forth by the NASA Apollo Space 
Program. 
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Nondestructive Detection of Contents, Radiation Leakage and 
Sources in Containers Packed for Transportation 

JOZEF DOMANUS, POLAND 

ABSTRACT: Nondestructive testing has been applied to the leakage of contents 
from packages by a radiometric method, and the leakage of radiation either by 
an autoradiographic or radiometric method to determine whether such packages 
have, during transportation, kept their containment and shielding properties. 

The containment vessel i s  assessed for leakage in a pressure tank by the 
air-bubble test, and if none are observed, the radioactivity of the water i s  
measured. 

Admissible quantities of radioactivity in water have been determined by 
which it can be established whether the vessel i s  leaking. 

Testing for radiation leakage of lead containers involves the detection of 
defects in the radiation shielding. A radiation source placed in the packaging i s  
used for this purpose. 

As radiation detectors either X-ray films (autoradiography) or a scintillation 
counter is  used to scan the package (radiometry). 

To determine the sensitivity of both methods, test Containers were used with 
artificial defects. 

A combination of characteristic film curves with lead attenuation curves, 
gave new curves from which defect depths could be read vs. film-density increase. 

With the radiometric method a recording count-rate meter was used, Cali- 
brated against artificial defect depths. 

In both methods theoretical values gave higher readings, due to the influence 
of scattered radiation. 

Analysis of results permitted the establishment of new criteria of failure. 

Packaging of Radioactive Materials for Transportation 
Like other dangerous goods, radioactive materials must submit 
to special regulations to assure safe transportation. The poten- 
tial hazards presented by such materials consist of external radia- 
tion emitted by the radionuclides, and the possibility of contami- 
nation of persons and materials in case of the release of the 
radioactive contents of a package. 

External radixtion may endanger both the health of persons 
in contact with the radioisotopes, and the photographic mate- 
rials transported with them. 

To avoid such risks radioisotopes must be transported in 
special packages that provide adequate control of both external 
radiation and contamination. 

The general rules for safe transportation of radioisotopes 
are laid down by the International Atomic Energy Agency in 
its Regulations for the Safe Transport o f  Radioactive Materials, 
(1964), (Revised Edition) ( 1 ) . 

Packages in which radiation sources can be safely trans- 
ported must be so constructed as to prevent release of the radio- 
active contents (i.e. containment), and must limit external radia- 
tion to the prescribed level (;.e. shielding). 

The adequacy of the packages in preventing loss or dis- 
persal of radioactive contents and retain the efficiency of its 
shielding properties may be proven by a series of tests. 

These tests have been elaborated on by the International 
Organization for Standardization (ISO) (2 ) ,  which provides 
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technical specifications and procedures to facilitate application 
of the requirements of IAEA for the safe transportation of radio- 
active materials. 

The specifications for contents leakage and radiation leak- 
age tests have been elaborated on in Poland by the Polish Secre- 
tariat of the ISO/TC 85, Subcommittee SC 4 Radioisotopes (of 
which the author is a chairman) and are based on investigations 
performed in the Nuclear Research Institute and the Electro- 
technical Institute in Warsaw. 

As the tests for containment and shielding integrity are used 
as criteria of failure for the packages under test, they are of pri- 
mary importance to the designer as well as the user of the pack- 
ages. 

Detection of Contents Leakage 
Subcommittee SC4 Radioisotopes has proposed in document 
N 32 ( 3 )  a specific method for testing contents leakage, based on 
the investigations of the Nuclear Research Institute in Warsaw. 

These investigations consisted of determining the sensitivi- 
ties of the so-called “bubble” and “activity” tests for leakage 
detection. 

A complete draft I S 0  proposal on the contents leakage test 
is proposed by I S 0  in document N 63 ( 2 ) .  

The Bubble Test 
One of the simplest methods of leak detection is immersing the 
containment vessel in liquid and observing gas escape from it in 
the form of a stream of gas bubbles. 

To assure good streaming of gas bubbles it is necessary to 
pressurize the containment vessel before testing and then to 
create a difference in pressure between the gas in the vessel 
and the gas space above the liquid. 

The possible existence of threshold pressures for very small 
leaks was investigated, below which no streaming of gas bubbles 
occurs. This was done with very small openings ranging down 
to the diameter of 30 microns. 

Initially it was proven that even for the smallest openings 
(8.8 x 10‘ mm’) after about 15 min of pressurization the test 
vessel could be filled with air of the desired pressure. The 
vessel was then immersed in water and streaming air bubbles 
were observed. 

As it was difficult to produce openings smaller than 30 
microns and because comparatively high threshold pressures 
were observed by other investigators (4), the region below 30 
microns was not investigated. 

In this area another method of leak detection was proposed. 
When pressure in the test vessel was lowered, and a certain 



pressure was reached (called threshold pressure) the bubbling 
of air stopped. In Figure 1 threshold pressures are shown for 
different diameters of test openings. As can be seen, for the 
smallest openings (8.4 x mm') the threshold pressure was 
250 mm Hg and was rapidly falling down to c.a. 20 mm Hg 
for larger openings. 
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Figure 1. Threshold pressure for different cross-sections of test openings. 

The Activity Test 
With the same equipment another method of leak detection 
was investigated. The test vessel was filled with radioactive 
solution (1% solution of NaCI, containing radioactive Na 24) 
and the active leaking from the test vessel into distilled water 
in the measuring tank was measured. The results of those 
measurements are shown on Figure 2. 

As can be seen, no threshold is observed and one can 
expect that even for smaller openings leakage will occur, even 
without any difference of pressure. 

This method of leak detection is much more sensitive 
than the bubble test, but needs special measuring instruments 
for the measurement of the radioactivity of the water in the 
measuring tank. 

Standard Contents Leakage Test 
Apart from the investigations described above, a standard con- 
tents leakage test has been proposed by ISO, as follows: 

A sample container, filled during the assembly of the 
package with an active solution, is placed in a measuring tank. 
The tank is submitted to air pressure of 2 ata for a period of 
15 min. 

The tank is next filled with distilled water, which should 
reach at least 40 mm above the upper wall of the container 
under test. After complete immersion of the container in 
water, air pressure in the tank is reduced to atmospheric pres- 
sure and streaming of air from the container is 0-bserved through 
walls or observation windows of the tank. If no stream of air 
bubbles appears within 5 minutes, the measuring tank with the 

1 

= 10-2(Ci/l) a = 2 X 10-9 -. 
10-1 1.5 x 10-5 

The containment vessel may be considered as leak-proof if the 
activity of the water sample taken from the measuring tank is 
not greater than 2 x lo-' Ci. 
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Detection of Radiation Leakage 

Preliminary investigations performed in 1963 in the Electro- 
technical Institute (5)  showed that transport packages used for 
transportation can be tested for radiation leakage by two com- 
paratively simple methods. 

It was felt both by the I S 0  as well as IAEA, that the final 
formulation of the radiation leakage test must be preceded by 
research that would have a valid scientific background. There- 
fore on the suggestion of the Polish Standards Committee a 
research contract was granted by the IAEA to the Industrial 
Radiology Department of the Electrotechnical Institute in War- 
saw under which a standard method for testing packaging of 
radioactive materials for radiation leakage was to be developed. 

The results are described in a special report (6) and have 
served as a basis for the formulation of the I S 0  radiation 
leakage test (2), the background of which was given in a 
separate I S 0  document (7). 

It was proposed to test transport packaging for radiation 
leakage by two methods: autoradiography and radiometry. 
During the final elaboration of those methods it was decided 
to use three gamma-ray radiation sources. 

Ir 192 is mentioned as a reference source by the IAEA 
regulations so it was used here, too. Unfortunately, due to its 
comparatively low energy it is unsuitable for great thicknesses 
of lead. Therefore Co 60 was used for the greater lead thick- 
nesses; Cs 137 was also used, as it presents great advantages of 
having a monochromatic gamma-radiation and long half-life. 

The activities of these three radiation sources were chosen 
so as to guarantee reasonable exposure times in autoradio- 
graphy and high sensitivity of the radiometric method. 

The radiation sources used throughout the investigations 
were standard radiography (point-like) sources. 

To confirm the results obtained during the autoradio- 
graphic and radiometric testing ordinary radiography was made 
for the lead containers tested for radiation leakage. For that 
purpose a 15 x 15 mm Cow source was used, having an 
activity of 300 Ci. 

Throughout the investigation Polish standard transportation 
packages were used with a lead shielding of lead-in-steel 
containers (type K) of 25, 50 and 90 mm. 

Autoradiographic Method 
In this method a sealed radiation source is placed within the 
containment vessel and the packaging is wrapped outside with 
X-ray films. An image of the internal defects in the shielding is 
produced on the X-ray films, and acts as an evaluation of the 
shielding adequacy. 

X-ray films. To reduce both the source activity and the 
exposure times to a minimum, X-ray films of the highest sensiti- 
vity were chosen (Kodak-Kodirex). On those films densities 
between 1 and 2 had to be reached. 

Taking into account the filtration of gamma radiation 
through 25, 50 and 90 mm of lead, the different X-ray sensiti- 
vities for those filtrations and the focus-film distance for dif- 
ferent dimensions of the containers wrapped with X-ray films 
(used with lead intensifying screens) exposure times for Kodak- 
Kodirex films could be calculated. It was necessary to obtain 
film densities from 1 to 2, when exposed to Ir 192, Cs 137 and 
Co 60 sources of 1 Ci activity (Table 1). As can be seen, 
K-25 containers can be easily autoradiographed with all the 
three types of sources, whereas K-50 containers can be 
examined only with Cs 137 and Co 60, and K-90 with Co 60 
only. 
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Table I 
Exposure Data for Ir 192, Cs I37 and Co 60 gamma-ray Sources of I Ci 
activity for Kodak-Kodirex X-ray Films with D = I and D = 2 Densities 

Container K 25 
25 

0.11 
83 

K 90 
90 

0.17 
34.5 

Type 
Lead shield-mm 
FFD-rn 
Distance factor 

K 50 
50 

0.13 
59.3 

Attenuation 
factor 

Ir 192 
Cs 137 
Co 60 

60 
20 

3.29 

1590 
263 

14.25 

- 
20000 

149 

D = l  0. I5 

0.4 

0.07 

0.175 

0.4 

1 .o 

0.15 

0.4 

0.07 

0.175 

0.35 

0.9 

4.4 

11.8 

____ 

0.353 

0.885 

0.09 

0.231 

Required do! 
on film in Ir 

Required do: 
at 1 m from 
source in r 

- 

- 

0.07 

0.175 

0.3 

0.75 

- 

- 

39 

97 

1.52 

3.83 

- 

- 

110 h 

272 h 

1.15 h 

2.9 h 

Ir 192 

Cs 137 

Co 60 

Ir 192 

Cs 137 

Co 60 

Ir 192 

Cs 137 

Co 60 

D = 2  

D = l  

D = 2  

D = l  

D = 2  

D = l  0.1 I4 

0.307 

0.0146 

0.041 

0.0169 

0.0422 

D = 2  

D = l  

D = 2  

D = l  

D = 2  

Required 
exposure for 
1 Ci source 

D = l  14‘ 

37’ 

2.5’ 

6.9’ 

47 ” 

1.9’ 

8.85 h 

23.7 h 

l h  

2.5 h 

4.1 ’ 

10.5’ 

D = 2  

D = l  

D = 2  

D = l  

D = 2  

Characteristic curves of X-ray films. To be able to evaluate 
the findings of the autoradiographs and to translate the differ- 
ence of X-ray film densities into radiation-dose variations, it 
was necessary to dispose of characteristic curves of the X-ray 
films and screens used for autoradiography. 

As X-ray film sensitivity varies with the energy of radiation 
reaching the film, the influence of lead filtration on the composi- 
tion of the gamma-ray spectrum was taken into account. This 
was done for I r  192 up to 25 mm of lead, for Cs 137 up to 
50 mm, and for Co 60 up to 90 mm, and adequate characteristic 
curves were used in the final computations. 

Lead attenuation curves. For the evaluation of lead shield 
decrease on the basis of the readings taken from the autoradio- 
graph it was necessary to take into account lead attenuation 
curves. These are published in various documents (e.g. in a 
Polish Standard S ) ,  and in the described investigations broad 
beam attenuation curves were used. From those curves attenua- 
tion factors were read for 25, 50 and 90 mm of lead. 

Evaluation of the autoradiographic findings. By combining 
the data available from the attenuation curves of lead with 
those of the characteristic curves of X-ray films, obtained for 
different filtrations of lead, one can evaluate the density readings 
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of the autoradiographs and compute therefrom both relative 
radiation doses as well as lead thicknesses of the defective spots 
of the examined containers. 

This can be done in the following way. If one takes as 
basic film density the density measured on the autoradiograph 
in the parts where the density is uniform, then any increase 
of density on the autoradiograph in the area of the uniform 
density will mean that in this spot the dose increase that has 
caused this density increase, is due to the lead shield decrease. 
In the spot where the decrease of the shield occurs, the at- 
tenuation of gamma radiation decreases too. Therefore if one 
takes different attenuation factors for different lead thickness 
from the attenuation curves and divides the attenuation factor 
for the basic density by the attenuation factor corresponding 
to the decreased lead thickness, one obtains the relative dose 
increase factor. Knowing this dose increase factor one can 
further calculate the film density corresponding to this increased 
dose. This can be done by using adequate characteristic curves 
of X-ray films. 

If Do is the basic film density for which the calculations 
are done, then for this Do one takes the reading of the dose 
necessary to produce Do for the basic lead thickness do. For the 
defective spit, with lead thickness of d < d, the corresponding 
film density will be D > Do. Knowing the dose increase factor 
one must multiply it by the dose Do read from the characteristic 
curve. For the resulting dose one must read the new film 
density D from the characteristic curve, corresponding to the 
new filtration d. Repeating this operation consecutively for 
different values of lead shielding d one can compute new curves 
giving lead shield decrease and radiation dose increase vs film 
density on the autoradiograph. Repeating this operation for 
different basic film densities one can compute a whole set of 
curves. 

Instead of presenting on the graphs absolute densities under 
the defective spots, one can calculate density differences between 
the defective spots and the surrounding “sound” parts and thus 
obtain density-increase values for the defects shown on X-ray 
films. 

This was done and a series of curves was produced on 
which defect depths were calculated vs density increase on the 
autoradiograph. Examples of such curves are shown on 
Figure 3. 

Sensitivity calibration. The above method of evaluating of 
autoradiographic findings was based on computations done for 
ideal autoradiographic conditions, in which such factor as, for 
example, scattered gamma radiation was not taken into account. 
To take into account all those factors the autoradiographic 
method has been calibrated for sensitivity. This was done as 
follows: two types of test containers (spheres and cylinders) 
were used, which were especially manufactured for that purpose 
as model containers. They had uniformly thick lead shields, of 
the same thickness as the regular containers 25, 50 and 90 mm. 

On the outside of the test containers artificial defects were 
drilled in the form of calibrated cylindrical openings (diameter 
equals depth) of the following diameters: 1; 2 ;  3; 4; 5; 7.5; 10 
and 15 mm. 

Using those spherical and cylindrical test containers auto- 
radiographs were made on which the artificial defects could 
be seen. 

Analysis of results obtained during calibration. From the 
analysis of the results the following conclusions can be drawn. 

The practical limit of defect detectability with the auto- 
radiographic method proved to be a defect of 2 mm. On some 
autoradiographs a I-mm defect could sometimes be seen, but 
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Figure 3. Evaluation of defect depth and lead-shield thickness decrease from the 
density increase on autoradiographs with different basic film densities. 

due to the very small surface of such a defect it was practically 
impossible to measure film density differences caused by it on 
an ordinary densitometer. 

In general, the autoradiographic readings show lower 
thickness decrease under the defective spot than those calculated 
for the calibrated defect depths. 

This is due to the effect of scattered radiation, which causes 
the basic film density in the immediate vicinity of the defective 
spot to be greater than expected and therefore the measured 
density difference is lower than the calculated one. This is more 
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visible for defects of larger diameter, as the scattered radiation 
covers a larger field in such instances. 

Actual autoradiographic examination. During the investiga- 
tion about 40 K-series containers were examined by the auto- 
radiographic method. 

The container was placed on a rigid X-ray film cassette, 
loaded with X-ray film, sandwiched between two lead intensify- 
ing screens. 

At the same time a flexible X-ray cassette was placed 
around a 1-mm aluminum drum, which was necessary as a film 
support, because the containers had some protruding parts such 
as handles and steel rings. 

On the top of the drum a second rigid cassette was placed 
on which the autoradiograph of the plug could be taken. 

Ordinary radiography. To be able to identify defects 
revealed by autoradiography, an ordinary, normal radiography 
test was made of the containers using a Co 60 source of 300 Ci 
activity. 

The ordinary radiographs have confirmed the findings of 
the autoradiography. 

Figure 4. Radiometric measuring set-up; turntable with scintillation probe on 
rotating arm. 

Radiometric Method 
Testing procedure. The container to be tested, with the 

radiation source inside its containment vessel, is put on a 
turntable so that the source is located on the rotation axis. The, 
radiation detector, consisting of a scintillation probe, is placed 
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in a suitable lead collimator. The probe is held by a rotating 
arm, fixed to the turntable. The axis of rotation of the probe 
intersects the axis of rotation of the turntable-and the axis 
of the tested container-at the point where the radiation source 
is located. 

Thus by moving the rotating arm, with the probe, around 
the turning container a complete scanning can be obtained. 
After each 360' rotation of the turntable the probe is turned 
10' around the source. So the scanning is done by 10' steps. 

All the elements of this measuring set-up can be seen on 
Figure 4. 

A scintillation counter is used with a 1-in NaJ/TI/ crystal, 
placed in a conical lead collimator with a 5-mm front opening. 
A count-rate meter and recorder are used with different measur- 
ing ranges from 5 x loz to loo cpm. The measurements are 
made using a 0 5 s  time constant, 0.285-rpm speed of the turn- 
table and 1.905-cm/min chart paper speed. 

Sensitivity calibration. For calibration purposes the same 
two types of test containers were used as in autoradiography. 

For each defect the count rate was measured twice on 
the 6-decade preset scaler with preset time of 30 s measured by 
the decade-preset electronic timer. 

The readings were made when the collimator was facing 
the centre of the calibrated opening as well as a spot located 
in the middle of two consecutive openings. The results of each 
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Figure 5. Artificial defects in cylindrical lead containers detected by the radio- 
metric timer and scaler technique. 



1 i i i i l i i i i  I 
I 2 4 6 810 20 

A 

25mmPb 

103 
n 

t---t'ttttttt+l 
50mm Pb 

Defec t  D e p t h  

Cs 137 A 
N 70" uu 

N40" 
N30" I 
N20" - 
NIO" d 

111 I 0' m A 

25  I 
179 

s 10" 

s 20" 

S30" 

S40° A I A A  
I 12 

156 I 

I A  
I 

I 16 

I 05 

L L K  
Kn 
I I  
f i  
I08 

' I  2 4 6 8 10 20mm 
90mmPb 

Figure 6 
Per cent count-rate increase far dif- 
ferent defect depths in lead con- 
tainers. M-Measured by radiometric 
method: C-Calculated from atten- 
uation curves. 

Co60 

:n 

I 
I 

Figure 7. Defect detection in lead transpart containers by the radiometric method. 

two countings were added together and were recorded on 
graphs as count rates in c.p.m. (see Figure 5). 

The best way to compare the results of measurements 
obtained with the same test containers but with different radia- 
tion sources, is to calculate the per cent count-rate increase 
for different artificial defects. This is shown on Figure 6. 

Besides the measured values (M) on these graphs calculated 
values are given for (C). As can be seen there are great 
differences between measured and calculated values due to the 
effect of scattered radiation. 

Those results were obtained with the most sensitive meas- 
uring technique i.e. a scintillation counter used with a preset 
timer and scaler. However this technique is very time-consum- 
ing and therefore cannot be recommended for routine measure- 
ments and can be used only as a reference method. 

Routine measurements can be performed by using the test- 
ing procedure described above, in which the tested container 
is rotated at constant speed and the count-rate readings of the 
scintillation counter are recorded on chart paper. 

Detection of defects in the K-series containers. Three K- 
series containers were examined by the radiometric method. 
These were the containers in which most visible defects were 
detected by the autoradiographic method. They were examined 
with Ir 192, Cs 137 and Co 60 radiography sources. 

As it is impossible to reproduce all the graphs taken during 
the scanning of the three containers with different radiation 
sources, only those parts of the graphs are reproduced for each 
container that showed count-rate increases above the basic 
value, and which can be considered as representing defects 
discovered in the containers under examination. Therefore while 
evaluating the readings of the measuring probe it is enough to 
take into account only the highest readings on the graphs taken 
for particular inclination of the probe. This was done, and on 
Figure 7 for the highest peaks figures are inscribed giving the 
relative count-rate increase, corresponding to those peaks. 

Comparison of Sensitivities of Both Methods 
The measurements performed on test containers with calibrated 
artificial defects permit direct comparison of the sensitivities 
of both methods. 

This comparison shows that with autoradiography, higher 
detection sensitivity can be obtained and the results of such 
findings are closer to those calculated from the attenuation 
curves of lead. 

The results of the comparison are shown in Table 2, where 
the calculated values are also listed. 
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Table 2 
Comparison of Autoradiographic and Radiometric Sensitivities 

Cs 137 Co 60 

20 10 
16 6 
- - 

Per cent dose increase for different lead-shield thickness in mm and radiation sources used 

Cs 137 

20 
- 
- 

Calculated 
or 

me as u r e d 
values 

30 
20 
0.19 

47 
15 
9.3 

Calibrated 
defect 
depth 
mm 

2 

18 30 
15 - 

- - 

25 50 
20 - 

- 3.5 

25 

62 
47 
25 

110 
90 
56 

170 
165 

> 55 

90 I 50 

32 68 
31 - 

- 5.65 

52 115 
35 
23.2 - 

76 180 
78 

> 25 71 

- 

- 

Ir 192 I Cs 137 I Co 60 

300 
180 
124 

770 
450 

> 235 

Ir 192 

25 
- 
4.2 

170 80 
95 58 

117 52 

400 125 
120 90 

> 120 150 

Co 60 

10 
15 
- 

C 
A 
R 

3 
C 
A 
R 

42 
- 

1.7 

19 
15 
- 

50 32 21 

4 
C 
A 
R 

62 

21 
- 

26 
19 
- 

70 49 30 

C 
A 
R 

85 

49 
- 

34 
10 
- 

95 62 37 

41 
5 

C 
A 
R 

160 

103 
- 

55 
34 
14 

7.5 

C 
A 
R 

78 
78 
37 

260 

> 100 

580 

> 100 

- 

- 

10 

C 
A 
R 

140 
150 
84 

260 135 380 

> 55 
15 

NOTE : C-Calculated values. A-Autoradiographic findings. R-Radiometric findings. 

Standard Radiation Leakage Test 
Radiation source used for  testing. A sealed radiation source, 

the dimensions of which should be as small as possible, should 
be placed within the radiation shielding to be tested. For lead 
shields of small and medium thicknesses (up to 70 mm) Ir 192 
should be used as the gamma-radiation source. For higher 
shield thicknesses Cs 137 should be used. If the packaging 
under test is to be used for one particular radionuclide only, 
that radionuclide may be used as the radiation source. 

If the radiation leakage test is to be performed by the 
autoradiogriphic method then the activity of the source should 
be such as to produce on X-ray film a density (D) not less 
than 1 in a reasonable period of time (say 5 hours). 

For the radiometric method the activity of the source 
should be such as to produce sufficient count-rates in the scin- 
tillation counter to guarantee reliable and reproducible measur- 
ing indications, when the scintillation counter detector is equip- 
ped with a suitable collimating system and is located at 
minimum practicable distance from the radiation source (e.g. 
50 cm). 

Test procedure fo r  the autoradiographic method. The 
characteristic curves of the X-ray film should be derived ex- 
perimentally, taking into account the thickness of the lead 
shielding of the package under test, since the thickness of the 
lead will affect the spectral composition of the gamma radiation 
reaching the film. By a combination of this curve with that for 
the attenuation in lead of the gamma radiation to be used, a 
calibration curve can be derived to give the relationship between 
the X-ray film density and the lead shielding thickness. 

The entire surface of the package should be covered with 
the X-ray film. If protruding parts of the packaging make this 
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impossible then that part of the package affected by the pro- 
truding parts should be enveloped with a metal sheet (e.g. 1-mm 
thick aluminium) parallel to the surface of the affected part. 

The exposure time should be chosen so as to reach a film 
density (D) not less than 1.  After processing the X-ray film, 
its densities should be assessed on the densitometer and any 
density differences should be calculated. Using the X-ray film 
calibration curve referred to above, any decrease in lead shield- 
ing thickness can be determined. 

Test procedure for the radiometric method. The package 
should be put on the turntable, with the measuring probe aimed 
at the centre of the radiation source within the package during 
the whole process of testing. By turning the turntable and 
rotating the probe around their axes of rotation, a complete 
scanning of the package should be made. A scanning is con- 
sidered complete if, after each turn of the turntable, the rotating 
arm is moved not more than 10 degrees. The readings of the 
count-rates of the scintillation counter should be recorded. The 
maximum count-rate differences should be computed. 

Sensitivity of the method. The minimum loss of radiation 
shielding detectable using these methods is that equivalent to 
half-value-layer of lead for I r  192 used as a reference gamma 
radiation source. 

Since the above value represents the threshold of detec- 
tion, test results which give a shielding loss equivalent to not 
more than half-value-layer of lead for the reference source on 
a surface not greater than 1 cm2 may be interpreted as an 
indication of no significant loss of radiation shielding. 

In evaluating the results of the radiation leakage test, 
attention must be drawn to the fact that while the sensitivity of 
the autoradiographic and radiometric methods assures the detec- 



tion of minimum losses of radiation shielding that are greater 
than one half-value-layer of lead for the reference radiation 
source, this does not mean that a container may be considered 
as leak-proof if it has lost one HVL of lead on its entire surface 
or a great part thereof. 

Both the autoradiographic and radiometric methods permit 
the detection of defects of as small a cross-section as 2 mm, and 
the evaluation of these local losses of shielding is done with the 
accuracy of one HVL for Ir  192 taken as the reference radiation 
source. 
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Progress in Nondestructive Testing in Aero Engine Manufacture 

I. L. F. GLOVER, USA 

ABSTRACT: A large number of different types of nondestructive testing techniques 
are used during the manufacture of an aero engine. The methods described in- 
clude the application of ultrasonics to the inspection of rotor discs, welds and 
plastics and other systems for material sorting and the determination of coating 
thickness. Many of the techniques described are used on a production basis, but 
other methods still under development are also discussed. 

Introduction 

To achieve the necessarily high standard of airworthiness re- 
quired of a modern aero engine a very precise quality control 
must be exercised at all stages of its manufacture. A n  important 
part of this quality control is the application of nondestructive 
testing techniques. However, due to the complex physical shapes 
of the components, the exotic materials used and the high level 
of cleanliness required, a very large range of nondestructive 
testing systems are employed. These range from dye penetrant, 
magnetic ink and radiography to eddy currents and ultrasonics. 

In the following discussion it is intended to consider prin- 
cipally the applications of the latter two methods specifically 
to the field of aero engine inspection. Although the methods 
outlined are specific in themselves, nevertheless it is felt that 
they may be of direct interest to those concerned in the more 
general field of nondestructive testing. I t  should be pointed out, 
however, that these methods constitute only a very small part 
of the range of nondestructive techniques developed for use in 
this field. 

Ultrasonics 

Disc Inspection 
One of the oldest and most well established methods of ultra- 
sonic testing in the aero engine industry is that of the inspection 
of forged turbine and compressor discs. Being critical com- 
ponents it is essential to maintain a high degree of cleanliness 
and also for economic reasons it is preferable to detect harmful 
internal defects as early as possible in the manufacturing 
process, to eliminate further unnecessary machining. The defects 
in these components are usually lamellar in nature as a result 
of the forging and therefore are very thin with respect to the 
disc section thickness, which may be as large as 6 in. Radio- 
graphic methods are unsuitable as they have a maximum sensi- 
tivity of about 1.5%, whereas a 5 MHz ultrasonic pulse echo 

Figure 1. Ultrasonic examination of o turbine disc. 

system is capable of detecting defects in this plane of less than 
0.020 in. dia. 

With the system employed the disc is immersed in water 
and scanned using a compressional wave probe normal to the 
surface and at a frequency of about 5 MHz (Figure 1) .  By 
automatically linking the rotation of the disc with the radial 
movement of the probe, a complete gramophone scan is 
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Figure 2. C.R.T. presentation of a satisfactory disc. 

achieved. In order to reduce probe manipulation to a minimum 
the disc is machined, prior to inspection, to a rectilinear profile SO 

that the probe has only to be normalised at the commencement 
of the inspection cycle. A conventional type of A-scan presenta- 
tion is used (Figures 2 and 3) as the system is capable of 
providing both more direct information, and higher sensitivity 
than either B or C-scan. The standards of quality applied vary 
from a defect diameter of 0.020 to 0.080 in., depending on 
its position. 

Although this method of inspection has proved its worth, 
it is still often unfavourably compared with radiography because 
of the lack of a permanent record, which is an essential feature 
of the latter system. Considerable effort is being employed to 
overcome this problem by the application of automatic record- 
ing and some of the steps taken are briefly outlined. Improve- 
ments in design and monitor construction make it possible now 
to monitor very small defect indications and the use of A.G.C. 
(automatic gain control) units or Gaussian probes enable a 
constant sensitivity with depth to be maintained. Accurate con- 
trol of the monitor gate position and width is necessary to keep 
it between the front and back surface echoes. By using an inter- 
face trigger unit the gate may be made to start after the 
front echo and at present work is under way to produce a 
similar device which will trigger from the back echo. Recent 
developments in recording techniques have resulted in the fac- 
simile recorder which employs a current-sensitive paper capable 
of reproducing all shades from black to white. With this system 
it is possible to display defects pictorially in three dimensions 
with the depth co-ordinate being provided by the ‘tone’ of the 
defect indication. Hence a system may soon be available for 
complete pictorial recording of defect location and magnitude 
on an entirely automatic basis. 

Shaft Inspection 
A field of inspection closely allied to that just described is 
that of hollow shafts. These components can vary in diameter 
from a few inches upwards and with lengths up to 6 ft. In 
some cases these shafts have large bell ends with diameters up 
to 2 ft. 

Wall sections can range from Q in to $ in and the 
standards of inspection are similar to those outlined previously. 
Clearly a system using a single transmitter/ receiver longitudinal 
probe is of little use due to the problems of dead zone, which 
occur as a result of the large front surface pulse. Commercial 
probes of 5 MHz frequency rarely have a front surface pulse 
less than 0.25 in. and usually the pulse is somewhat larger. The 
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Figure 3. C.R.T. presentation of a defective disc. 

system chosen uses a double probe with the transmitter and 
receiver mounted side by side. This configuration, if used in 
contact, gives good near-surface resolution due to the lack of 
a front-surface pulse. However, as the system was required to 
be automated, a gap scanning system was chosen where a small 
gap of the order of a few thousandths of an inch exists 
between probe and component. The coupling is achieved by a 
water bubbler and this results in both good coupling and no 
probe wear. At present the system is still being developed, but 
the method involves the rotation of the shaft about its axis and 
the scanning of the probe along its surface, resulting in a helical 
scan. The probe-to-surface distance is accurately controlled by 
means of servo motors and micro switches. 

Reinforced Glass Fibre Components 
An entirely different field that has recently been explored using 
ultrasonics is that of ‘fibre-glass’ components. The basic mate- 
rials inspected consist of a glass-fibre mat or cloth which is 
bonded together in a series of layers using a resin system, which 
may vary from an epoxide to a polyester. The sections to be 
inspected vary from a few thousandths of an inch up to a few 
inches. It is proposed to discuss just two examples of the use 
of ultrasonics in the inspection of these materials and the 
limiting cases are considered. 

At the large end of the scale is the problem of entry ducts 
which may be 4 ft dia and 4 ft long with a wall thickness 
varying from about 4 in. to 8 in. The method of manufacture is 
such that voids or delaminations may occur, or gas bubbles 
may be produced during the curing cycle. Although small 
defects of this type may be tolerable, large defects of the order 
of + in. to $ in. dia are deemed undesirable. The use of low- 
frequency probes is essential because of the high attenuation 
and scattering of the ultrasonic energy due to the inhomogeneous 
structure. The frequency used is usually in the range 0.2 MHz 
to 1.5 MHz and clearly a large probe diameter is preferable to 
increase the energy available. Due to the large surface area of 
the component, its somewhat irregular nature and the need to 
detect defects in the order 4 in. to $ in. dia a contact method 
employing hand scanning would be impracticable and therefore 
an immersion method is employed. A reflection technique is not 
normally possible for two reasons. Firstly the relatively thin 
sections could not be inspected using a single probe because of 
the very large width of the front-surface pulse obtained with 
low-frequency probes. Secondly as a consequence of the 
‘layered’ type of construction, numerous spurious echoes would 
be received from the glass/ resin interfaces due to the different 
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acoustic velocities in the two materials. This type of inspection 
can be conveniently carried out by using a through-transmission 
system. A double-probe system using a transmitter on one side 
and a receiver on the other poses mechanical scanning problems, 
so a reflector was used in place of one probe and the other 
used as a combined transmitter and receiver. The probe is placed 
inside the component which rests on rollers and the reflector 
is placed on the base of the immersion tank (Figure 4). In this 
method the echo received from the reflector is monitored to 
detect the presence of the defects. By employing this method an 
improved relative sensitivity to defects is achieved due to the 
double passage of the beam through the component. A further 
advantage is that the system does not require the component 
surface to be exactly normal to the ultrasonic beam as long as 
the reflector is correctly aligned. Any slight irregularities in the 
surface or eccentricity of the component do not, therefore, affect 
the amplitude of the received signal. It has been found that 
defects in the form of air bubbles, voids or delaminations 
greater than a in. dia in a section approximately 4 in. will 
attenuate the signal appreciably (often greater than 6 dB). Thus 
the indication obtained is easily monitored and areas of interest 
can easily be chart recorded to see the actual shape of the 
defect detected. 

Figure 4. Ultrasonic examination of an entry duct. 

This type of through-transmission system has also been 
used to good effect at the other end of the scale on micro- 
electronic circuit boards. Here the requirements are somewhat 
similar to that above, as the base material of the boards is again 
a glass-fibre reinforced resin system. The boards are approxi- 
mately 2 in. by 1 in. by 0.006 in. thick with a copper face on 
one side 0.001 in. thick. During construction a number of 
boards are bonded together in stacks using an epoxy adhesive. 
It is essential that no voids or gas bubbles should be present in 
this glue line and it is for this reason that ultrasonic inspection 
is required. The voids to be detected are of the order of 0.030 in. 
diameter. The technique evolved is similar to the previous 
method, but due to the thinner sections involved, it is possible 
to use frequencies of up to 5 MHz or even 10 MHz. By using 
focwsed probes an increase in sensitivity can be achieved as the 
area inspected is smaller. A single or double probe through- 
transmission method may be used, but it has been found that a 
single focussed probe with a reflector at the focus and the board 
near to the reflector is the most sensitive configuration. By 

Figure 5. Section through a cylinder head. 

using a line-by-line type of scanning system and linking the 
movement to a facsimile recorder a direct photographic readout 
is possible. 

This type of system is now being extended to see if potted 
circuitry can be inspected. However, the entrapment of air in 
components such as condensers and transistors is likely to make 
this rather complicated. By using a facsimile recorder it is hoped 
that with a knowledge of the component layout, any voids or 
air bubbles detected could be associated with the internal com- 
ponents and then any other voids would represent defects in the 
circuitry. These types of defects are harmful, as often the 
circuits have to undergo very large ‘g’ forces and extremes of 
temperature. 

Cylinder Head Inspection 
The discussion so far has only been concerned with the inspec- 
tion of new components, the purpose of the inspection being 
to detect the presence of harmful internal defects in finished 
components or to detect defects in partly machined components 
as supplied by sub-contractors, in order to eliminate further 
unnecessary machining of defective components. However, the 
use of ultrasonics is also an important one in the field of over- 
haul inspection. 

A particularly interesting aspect has been the use of ultra- 
sonics for detecting fatigue cracking in piston engine cylinder 
heads. These heads are fabricated from a copper base alloy and 
a typical component, which has been sectioned, is shown in 
Figure 5. Fatigue cracks can occur from the ring carrier radius 
and propagate into the cylinder head. Previously a dye-penetrant 
surface-inspection method was applied, but clearly before this 
was applicable the ring carrier had to be removed. As this is 
shrunk on it necessitated an induction heating method for its 
removal. However, having removed the ring a further grinding 
or machining operation was necessary to remove the carbon 
deposit on the radius before penetrant inspection was 
practicable. 

To facilitate this inspection without ring removal, an ultra- 
sonic shear-wave system was developed. It was found that by 
producing a shear wave in the head, from the angled face at 
the top, it was possible to detect the cracks in question. The 
most suitable angle of shear is about 35 to 40 degrees in the 
material, and with this configuration the beam strikes the cracks 
approximately normally. Initial experiments were carried out 
using a standard shear-wave contact system. However, in view 
of the problems of coupling on the curved face and the large 
number of components involved, an automatic immersion scan- 
ning system was developed. A typical arrangement is shown in 
Figure 6. A 5-MHz longitudinal wave-immersion probe is em- 
ployed with a diameter of 10 mm. By using a 1-in. water 
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column, and angling the probe, the necessary shear wave is 
induced in the head, by mode conversion at the water-to-metal 
interface. A gating system is used in conjunction with the flaw 
detector to enable the defects to be monitored (Figures 7 and 8 ) .  
By rotating the component about its axis with the probe at the 
requisite radius the defects will occur at one depth on the flaw 
detector. By setting the gate to correspond to this position, the 
defects may be satisfactorily monitored. The output from the 
flaw alarm can be fed to a circular chart recorder, which then 
displays the defects graphically (Figure 9). The threshold of 
the monitor is set to trigger on cracks above the acceptance 
level applied. A typical fatigue crack detected by this system 
is shown in Figure 10. 

Figure 6. Automatic cylinder head inspection unit. 

Figure 9. Chart record of a defective head. 

Figure 7. Flaw-detector presentation of a satisfactory head. (Light opposite 
switch, top left, is off.) 

Figure 8. Flaw-detector Presentation of a defective head. (Light opposite switch 
top left, i s  on.) 
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Figure 10. Microsection showing o fatigue crack-X50. 



So far many hundreds of cylinder heads have been inspected 
and a very good correlation has been obtained when the 
ultrasonic indications have been compared with the penetrant 
tests applied after ring removal. It has been found in certain 
cases, which have been investigated by metallurgical sectioning, 
that this method is more sensitive than the penetrant system 
that it replaced. 

Weld Inspection 
Nondestructive testing techniques for weld inspection are gen- 
erally well established and in common use. The most usual 
system employed is radiography, but where the section thickness 
is large, such as in ship building, or remote such as in pipe 
welding, then ultrasonics is applied. Gas or electric arc welds 
are also found in aero engine construction, but one of the most 
commonly used welds in this industry is a resistance spot or 
seam weld. X-ray systems are capable of detecting voids and 
cracks in resistance welds, but they give no information about 
the nature of the weld itself. To date no satisfactory nondestruc- 
tive testing technique has been devised for this type of inspec- 
tion so we investigated the possibility of using an ultrasonic 
resonance system. 

It has been found that on adhesive bonded metal joints 
considerable information could be obtained from the study of 
the resonant frequency of the bonded joint. Since a spot weld is 
similar in construction, except that fused metal is used as the 
adhesive, it was thought that a similar method could be applied. 
The system used a freely vibrating crystal which could be 
placed on the weld surface. When placed in contact with a 
piece of sheet metal the probe resonant frequency was altered 
and the probe oscillations damped, both these effects being 
observed on a cathode ray tube. On welding a second piece of 
sheet to the first and then rechecking, the probe damping was 
increased and the resonance point changed. In the case of a 
very poor weld with a small nugget, the damping effect was 
reduced and the frequency shift was small. Tests were carried 
out on seam welds in nickel-base alloys and for this purpose 
the existing crystal was carefully shaped to fit the weld width, 
which was slightly smaller than the original crystal diameter. 
It was found that a correlation could be obtained between the 
resonance pattern observed and the weld nugget size as 
determined by subsequent metallurgical sectioning. By using 
suitable gating circuits it was also possible to detect the 
illusive stuck weld where no fusion had taken place. How- 
ever, although very promising, two major problems revealed 
themselves. Due to the contact system employed acoustical cou- 
pling varied appreciably with the surface roughness of the weld. 
A further problem was created by the multiplicity of weld 
sections involved as these welds were used to join sheets of 
very widely differing section thickness. When using a resonance 
method a different set of operating conditions was required for 
each weld section inspected. 

Although this system is at present not suitable for a produc- 
tion application, it is hoped that the development of improved 
crystal types will enable some further work to be carried on in 
the future. 

The recent use of electron beam welds in aero engine 
construction has introduced a further nondestructive testing 
problem. Some success has been achieved in the use of shear- 
wave techniques for the detection of certain types of defect, 
which elude the X-ray eye of the radiographer. Lack of penetra- 
tion is a common problem where a box type of construction is 
employed and the reverse side of the weld is invisible. This 
type of defect is particularly harmful as it can act as a nucleus 
for fatigue failure. In welds of this type with wall sections of 
the order of 0.1 in., 5% lack of penetration can easily be 

detected by using an SO" shear-wave technique. Development 
of this method is likely to enable even small amounts of lack 
of penetration to be detected accurately. 

Material Sorting 

Apart from defect detection in new and used components using 
the ultrasonic systems mentioned above and the more generally 
discussed dye penetrant, magnetic and radiographic methods, 
nondestructive testing is extensively applied in the field of 
material identification and metal sorting. 

The aero engine consists of a vast range of components of 
different shapes and materials. However, in some cases, two 
different components may have the same physical shape but be 
manufactured from different materials. Although very strict 
precautions are taken to ensure that material mixing does not 
occur, a problem still exists. 
Naturally components are marked if possible; however, due to 
the complex machining and heat treatment process necessary to 
produce some components, such as turbine blades, it is clear that 
often it is impossible to ensure the component is marked at all 
phases of its life. Strict quality control is applied to guard against 
mixed materials, but as an aid to this control and to enable mixed 
materials to be sorted if this did occur, various nondestructive 
sorting methods have been developed. 

The main physical characteristics that can be measured 
are conductivity, permeability, thermoelectric properties or 
chemical composition. It is to be assumed that a difference in 
chemical composition occurs, but there may also be different 
heat treatment and variations in surface condition to consider. 
A principle sorting problem is that of separating nimonic alloys 
which are a series of nickel-based materials used for the manu- 
facture of turbine blades. The difference in chemical composi- 
tion between the alloys in this series is small, so the sorting 
method has to be very sensitive. Two methods are applied in 
conjunction to enable the whole series to be sorted. A measure- 
ment of conductivity may be made using an eddy-current system, 
where the phase is carefully chosen to be sensitive to this param- 
eter only. The hand probe is placed on the component in 
question and instead of reading conductivity directly, the null 
position meter of the bridge is used as a sensitive indicator, 
to improve the separation of alloys with very similar con- 
ductivities. As overlapping of conductivities can occur within 
the nimonic series a second sorting method is required to 
separate these alloys. By placing a heated metal probe onto the 
component, which acts as a cold junction, and by connecting the 
probe and component to a sensitive amplifier and galvanometer, 
the thermoelectric E.M.F. generated may be measured. This 
method is highly sensitive to small changes in chemical composi- 
tion and may be used with the previous system to enable a com- 
plete check to be carried out on the material identification of 
these alloys. A system of measuring permeability directly is now 
available and this has proved useful in sorting certain austenitic 
alloys and similar materials. If neither of the previous methods 
is applicable then a chemical spot check may be employed, 
which although satisfactory in certain cases, is rather outside the 
scope of this discussion. However, this chemical check may be 
applied indirectly in some cases due to the different etching prop- 
erties of various alloys. In this way rogue components may be 
spotted during routine etch inspection due to the different type of 
attack which may have taken place. 

Coating Thickness Determination 

A further example of nondestructive testing techniques, again 
outside the limits of defect detection, is that of coating-thickness 
measurement. Present trends in aero construction have lead to 
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the use of a very wide range of both base materials and protective 
coatings. Coupled with the problem of complex shape and very 
tight tolerances on the coating thickness, this sphere has proved 
to be one of the most absorbing and interesting. 

The types of coating and substrate may be classified:- 
(a) Coatings 

( i )  Non metallic 

(ii) Meiallic Coatings 
Paint, anodic films, oxides, etc. 

Electroplating, sprayed metals and fused metallic 
carbides. 

(i) Light alloys 
Magnesium, aluminium. 

(ii) Ferromagnetic maierials 
Steels and nickel. 

( i i i )  Non magnetic materials 
Austenitic steels, titanium and nimonics. 

( b )  Substrates 

To cater for the range of possible combinations of the above, it 
has been necessary to employ a number of techniques which are 
now briefly described. 

Eddy-Current Methods 
These are suitable generally for light alloys with insulating coat- 
ings such as paint or anodic films. The technique relies on the 
well known ‘lift off’ effect, where the eddy-current field induced 
in the substrate is reduced by the presence of the coating. This 
method is also applicable to certain plated coatings as long as 
a reasonable difference in conductivity exists between coating 
and base material. The equipment employed has operating 
frequencies from 100 Kc/s to above 10 MHz. The use of careful 
jigging of the handheld probe is usually necessary to minimize 
edge effects. 

Magnetic Methods 
Here various forms of the old magnetic lift-off gauge are em- 
ployed, but the modern equipment often uses a low-frequency 
type of eddy-current system. The materials inspected vary from 
plated coatings to paint films on a ferromagnetic base. By suit- 
able probe jigging it has been found that it is now possible to 
measure down to coatings of the order of 0.0003 in. to an 
accuracy of 0.00005 in. Edge effects still prove a problem, but 
the use once more of jigging and representative test-pieces can 
be used to minimize this effect. 

Thermoelectric Method 
This system has already been mentioned in conjunction with sort- 
ing and it is the same type of equipment that is employed. This 
method is often overlooked, but is particularly useful where a 
ferromagnetic coating such as nickel is applied to a ferromag- 
netic base. Clearly, neither of the previous methods are applic- 
able so this fills quite an important gap. 

Point Magnetic Field Method 
A recent problem has been that of measuring tungsten-carbide 
flame plating on a titanium alloy base. The previous methods 
are not applicable, so the system devised relies on the fact that 
the coating is magnetic and the titanium non-magnetic. The coat- 
ing is magnetized in local areas by means of a hemispherical 
tipped magnet. The point field retained in the coating is subse- 
quently measured by scanning with a sensitive point-field probe. 
A good correlation is obtained between the value obtained and 
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the thickness of the coating. This system has an added advantage 
in that edge effects associated with other methods are consider- 
ably reduced, so relatively small surface areas can be inspected. 

Beta-Particle Backscatter Method 
Diffusion coatings are often applied to cast-nickel or cobalt- 
alloy turbine blades to improve their high-temperature prop- 
erties. This type of coating is applied by heating the blade in a 
box of aluminium powder and alumina until fusion occurs. Un- 
like plating, a direct intermetallic bond is created by the presence 
of a diffusion zone. Eddy-current techniques cannot be applied 
due to the insufficient difference in the conductivities of coating 
and base and the coarse dendritic structure of the substrate. 

At present a Beta-particle backscatter system is being 
developed so that the present rather laborious method of hard- 
ness checking and metallurgical sectioning on test-pieces can 
be replaced by a speedy accurate system capable of operation on 
finished components in a truly nondestructive manner. 

Beta particles emitted by a radioactive isotope such as Pro- 
methium are allowed to fall onto the surface of the specimen, 
which then backscatters the received particles. The level of 
this backscatter depends on the atomic number of the element 
involved and, therefore, if the atomic weights of the coating 
and base are sufficiently separated, the coating may be measured. 
The measuring head employs a sensitive scintillation counter 
connected to a scalar or ratemeter which gives a direct readout 
in thickness, Using this system it is hoped that an accurate 
measure of the coating thickness may be obtained rapidly and 
easily. 

Present and Future Development 

So far I have discussed systems that have been developed or are 
in  the late stages of development for use in the specific sphere 
of aero engine inspection. 

However, I should like to conclude by mentioning some 
other development projects at present under way. 

Measurement of hardness by using an ultrasonic method. 
It is hoped that this system could be used to enable more ela- 
borate hardness explorations to be carried out on critical com- 
ponents without producing large harmful indentations which 
result from Vickers or Rockwell testing. 

The nondestructive determination of creep life on turbine 
blades has been an unattained goal in the field of aero engine 
manufacture for many years. 

Following some recent success in this field it is hoped that a 
system may be developed eventually to make this form of test- 
ing a practical possibility. 

Infrared scanning systems are being evaluated to see if 
a simple system can be devised for the inspection of fibre-glass 
components, with a view to detecting defects at present not 
detectible by ultrasonic systems. 

A simple mechanical follower system is being developed 
to see of contour following could be practised on ultrasonic 
testing of discs. This system would eliminate the costly and 
wasteful practice of rectilinear machining employed at present. 
Development work is still very much in the early stages, but a 
simple mechanical follower has been manufactured and its 
evaluation has been commenced. 

The author expresses thanks tc the Directors of Bristol 
Siddeley Engines Limited for permission to publish this paper 
which contains only his own opinions. 



Application of the Ultrasonic Testing Technique to the 
Quality Evaluation of Cast Iron Rolls 

SOJl SASAKI AND KUNIO ONO. JAPAN 

ABSTRACT: Ultrasonic testing techniques described here involve two procedures 
for evaluating the quality of cbst iron rolls; the estimation of  the thickness of the 
hardened layer and the detection of inner flaws. 

The estimation of the thickness of  the hardened layer is performed by the 
pulse-echo method and for this purpose special types of  local immersion probes 
were developed. Experiments mode on chilled and grain rolls proved that the 
ultrasonic frequency suitable for measuring the thickness of the hardened layer 
depends on the material structure of  the object; especially in the grain rolls, the 
frequencies lie in the range lower than 3 MHz. 

In detecting inner flaws, comparatively low frequency is preferable such as 
0.75 or 0.4 MHz and combined type probes with resonant coupling were devel- 
oped. 

The equipment has a display system by which the thickness of  the hardened 
layer or the existence of inner flaws can be interpreted by B-scan representation. 

Introduction 

Cast iron rolls, such as chilled rolls or grain rolls which are 
widely used in rolling mills, present some problems in the field 
of ultrasonic testing techniques. 

In order that a cast iron roll performs its function, it is 
important that the thickness of the hardened layer, which forms 
the outer shell of the roll, be held within a suitable range and 
that inner flaws be substantially avoided. 

When the thickness of the hardened layer is less than 
adequate the roll cannot be guaranteed for its designated life 
usage. On the other hand, when it is too thick the roll may tend 
to break down. Moreover, when the hardened layer is not 
uniformly thick along the roll, the rolling characteristics may be 
inadequate in operation. 

If there is a flaw of considerable scale in a roll, it may 
accidentally cause the roll to break down. Thus the problem 
arises of how to apply ultrasonic testing techniques for estimat- 
ing the thickness of the hardened layers on cast iron rolls and 
for detecting inner flaws. 

The ultrasonic pulse-echo method for measuring chill depth 
on castings or chilled rolls has been examined by Smith and 
Fuller ( 1 ). However, to measure the thickness of hardened layers 
on grain rolls, it is necessary to take into account their structural 
difference, i.e. dispersion of graphite flakes in the hardened 
layer which cause ultrasonic scattering and attenuation. 

When detecting inner flaws, an effort is also required to 
overcome the impediment of ultrasonic scattering and attenu- 
ation. 

This paper describes some experimental results and the tech- 
niques developed to meet the above requirements. 

Estimating the Depth of the Hardened Layer 
The thickness of the hardened layer is estimated by the 

pulse-echo method, which measures the time interval between 
the echo signal from the roll surface and the return signal initi- 
ated by scattering at the boundary between the hardened layer 
and the inner core region. 

Figure 1 shows an example of echo signals representing 
chill depths of specimens cut from a chilled roll. The experi- 
ments were made by the single-probe immersion method, where 
the ultrasonic energy is normally inserted from the chilled face 
and the ultrasonic frequency is 5 MHz. The time interval t, 
between the peak of the surface echo S and that of the bound- 
ary echo B, is in proportion to the chill depth d. 

Since in the chilled roll an acoustical discontinuity is well 
defined at the structural boundary, the scattered echo signals 

5ps -lr 

Incident Chilled Core S :Surface echo surface layer region 
0 :Boundary echo 

2 15 

c - 
m 

a, 
c 

aJ 

I- 

L 10 
c 
.- 

E 5  .- 

O 
Chill depth d I m m  

Figure 1. An example of experimental chill-depth measurements from chilled 
specimens. 

from the boundary can be easily distinguished. This discontinu- 
ity is mainly due to graphite flakes in the inner core in contrast 
to their absence in the outer chilled shell. 

In a grain roll, however, since graphite flakes are dispersed 
in the hardened layer as well as in the inner core, the acoustical 
discontinuity is so indistinctly formed that the scattered echo 
signals from the boundary are not so clearly observable as in 
the case of a chilled roll. In order to distinguish the signals of the 
scattered echoes at the boundary from those of the other struc- 
tural echoes, the following procedures are employed: 

( 1 ) selection of the suitable ultrasonic frequency in accord- 
ance with the acoustical property of the structure of the 
test roll. 

(2)  identification of the echo signals as a pattern by means 
of the B-scan method. 

It is experimentally observed that the ultrasonic frequencies 
suitable for measuring the depth of the hardened layer lie in 
the 3 MHz or less range. When the frequency is too high, too 
much scatter occurs in the hardened layer to observe the bound- 
ary echo when it is too low, the resolution of the echoes 
is so reduced that the boundary echo can hardly be observed. 

For measuring the thickness of the hardened layer, a type 
of local immersion transducer assembly has been devised to 
control the intensity of the surface echo that would mask the 
boundary echo, especially if the hardened layer were thin. The 
assembly is constructed as shown in Figure 2.  In the probe a pair 
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Figure 2. Illustration showing the probe system for measuring the thickness of the 
hardened layer. 

Chilled layer 

of barium-titanate transducers are separately mounted; one is 
a 20 x 20 mm transmitter and the other a 20 x 15 mm re- 
ceiver. Situated between the transducers is a baffle with a variable 
slit to pass the surface echo reflected at the roll surface to the 
receiver. The complete assembly is approximately 80 x 60 X 
100 mm. 

In operation, the probe is moved along the roll surface, 
keeping acoustical contact between the transducers and the 
test material, with a water medium filling the casing. Ultrasonic 
energy once projected into the roll travels through the hardened 
layer, partly scatters at the boundary zone and is detected by 
the receiver. The time interval between the surface echo and 
the boundary echo gives the thickness of the hardened layer. 

Figure 3 shows a chill-depth echo pattern of a specimen 
cut from a chilled roll. The experiment was performed at the 
ultrasonic frequency of 5 MHz. 

Figure 4 (b)  shows the pattern of an accidental case in 
which differing thicknesses of the hardened layer along the 
periphery of a grain roll are displayed; the destructive test re- 
vealed the nonuniform thickness of the hardened layer as shown 
in Figure 4 (a ) .  Figure 4 (c) shows the echo pattern of the 
normal section where a uniform depth of about 47 mm was 
confirmed for the hardened layer. 

The echo patterns in Figure 4 were obtained in the fol- 
lowing way. The horizontal sweep line, whose brightness is con- 
trolled by the echo signals, is scanned vertically from the top 
to the bottom and is synchronized with the probe scan along the 
periphery of the rotating roll. Consequently, when the test roll 
accomplishes one revolution, a frame of the echo pattern is com- 
pleted. This represents the depth distribution of the hardened 
layer. 

Detection of Inner Flaws 

The metallic structure of the cast iron roll is usually so coarse 
that high-frequency ultrasonic energy is considerably dispersed 
and attenuated. This dispersion and attenuation obstruct the 
detection of flaws in the roll. 

To attain sufficient penetration through the test roll and 
to pick up the internal echoes, a comparatively low ultrasonic 
frequency, less than 1 MHz, is preferable. Therefore, the fre- 
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Figure 3. A chilled specimen and its echo pattern. 
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Figure 4 3 p  4 3  c 
Thickness distributions of the hardened 
layer observed in grain roll speci- 
mens: (a) sketch of a section showing 
nanuniformity in the hardened layer; 
(b) echo pattern corresponding to 
(a); (c) echo pattern corresponding to 
a normal section showing uniform 
thickness, about 47 mm, of the hard- 
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Hardened 

layer 

( C )  ened layer. 
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quencies of 0.75 and 0.4 MHz are provided for flaw detection. 
A combination probe where a transmitting transducer and a 
receiving transducer are mounted separately in a single head, 
has been developed to minimize the dead zone near the surface 
of the test-piece. Both transducers are 30 x 20 mm lead-zircon- 
titanate. To protect the transducers from damage the resonant 
coupling method is employed, by inserting a half-wavelength 
plate between the transducers and the test-piece. Several 
plexiglass coupling plates are shaped to fit the cylindrical surfaces 
of rolls ranging 500-1000 mm in diameter. The effective thick- 
nesses of the plates corresponding to the frequencies 0.75 and 0.4 
MHz are designated as 1.7 mm and 3.2 mm. Machine oil both 
lubricates and forms the acoustical contact between the plate 
and the object. 

The B-scan representation method is also used so that flaw 
echo patterns are displayed clearly on the cathode ray tube 
and distinguished from other echoes scattered in the roll. 

Figure 5 shows echo patterns of defects in a grain roll 
specimen. The test specimen was cut from a plate work roll 
originally 904 mm in diameter and 3405 mm in length, and two 
artificial defects 7 mm and 3 mm in diameter, were drilled in 
one section normal to the face. The echo signals from the 
artificial defects are easily distinguished from those of the other 
echoes and represent the locations of the defects. 

50 
7' Dri l led hole 3' 

I . \  
?@ 3+ 

Figure 5. Acoustic sectional views of o groin roll specimen: left, free from defect; 
right, including artificial inner defects. 

The circular patterns were obtained in the following way. 
The sweep line on the cathode-ray tube, whose brightness is 
controlled by echo signals, rotates synchronously with the roll 
specimen so that the rotation centre of the sweep line cor- 
responds to the roll axis. Thus the echo pattern represents the 
acoustic sectional view of the roll being tested. 

Apparatus for Practical Use 

The apparatus for practical use, Figure 6, was developed from 
the results of experiments similar to those previously described. 

The electronic equipment consists of the following devices: 
transmitter and receiver circuits; two sets of cathode-ray oscillo- 
sc0pes-i.e. A-scope and B-scope and a signal synchronizing 
unit. The system of transmitter and receiver circuits is similar 
to that of ordinary ultrasonic pulse-echo flaw detectors. The 
ultrasonic frequencies provided are 5, 3, 2.25, 1.5, 1, 0.75 and 
0.40 MHz. 

The transmitter circuit supplies impulses to the transmitting 
transducer at the repetition rate about 1 kc/s. The receiver 
circuit, amplifying echo signals detected by the receiving trans- 
ducer with the gain about 100 dB, produces video signal output 
and introduces it to both the A- and B-scope. 

The A-scope monitors the waveforms of echo signals or 
measures the time intervals between the peaks of those signals. 
The B-scope, provided with a storage type cathode-ray tube, 
shows the inner flaws or the hardened layer thickness without 
photographic processes. 

The B-scan representation when measuring the hardened 
layer thickness is such that the voltage signal proportional to 
the rotating angle of the test roll is applied to the vertical input 
of the B-scope. Consequently, the vertical scanning of the sweep 
line is accomplished as shown in Figure 4. T o  display the 
sectional view on the B-scope, rotational scanning is employed 
where two series of saw-tooth sweep signals, one subjected to 
amplitude modulation in sine form, the other in cosine form, 
are applied to the vertical and the horizontal input, respectively, 
of the B-scope. 

In addition to the electronic equipment, a lathe mechanism 
is used to turn the test roll and the motion of its centre axis is 
electrically transmitted to the signal synchronizing unit by means 
of synchro-transmitter and receiver. The angle of rotation of 
the test roll is shown by the dial indicator on the panel of the 
signal synchronizing unit. 

Conclusion 

The techniques described are now employed in the production 
line for estimating the thickness of the hardened layer and for 
detecting inner flaws in cast iron rolls; they prove effective in 
ensuring the quality of the products. - _  

Figure 6. Experimental layout of the ultrasonic test equipment. 
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The next step is to accumulate test results with a number 
of products and to establish the standard procedures for inspec- 
tion. 
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Composite Nondestructive Testing of Steel Castings: 
The Radiogra phic-U I trasonic Method 

ROMAN RACKWAL, POLAND 

Introduction 

Radiographic testing of steel castings is expensive and time con- 
suming, while the preliminary application of ultrasonic testing 
can reduce the cost and time of the examination. 

The radiographic image of the defect forms the basic ma- 
terial for the composite application of testing. The results of 
ultrasonic testing are referred to the radiographic results. 

It is proposed to introduce an industrial composite appli- 
cation of testing, based on: 

1. Radiographic standards of defects; 
2. Measurement of the attenuation of the ultrasonic beam; 
3. Evaluation of the oscillographic image. 
The premise is accepted that such details as cross-section, 

surface roughness and microstructure of pieces tested ultra- 
sonically must be similar. 

Laboratory Examinations 

The radiographic testing of carbon steel castings with wall thick- 
nesses from 50 to 90 mm ( 2  in. to 31, in.) was performed with 
a GRM-750 type gamma radiographic machine with a Co“ 
source, having activity of ca 250 Ci. 

Polish Foton-Defectofilm X-ray films with 0.2 + 0.2 mm 
lead screens were used. The ultrasonic testing was done with a 
DI-10 ultrasonic apparatus. 

Double-purpose (transducer + receiver) probeheads with 
barium titanate crystals were used. The frequency generally 
used during the testing, was 2 MHz and the surface of the 
casting was roughly ground by hand. 

For the attenuation measurement, a type TP-2 capacitance 
attenuator was used, calibrated directly in decibels. 

The composite testing of castings was performed in the 
following manner: 

-a network of coordinates was put on the radiograms, 

-in each field the attenuation of the ultrasonic beam was 
forming fields of 20 x 20 mm; 

measured; 
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-simultaneously the oscillographic picture was evaluated 

Typical results of testing are illustrated in Figures 1 to 7; 

attenuation up to 18 db - white fields 

(eventually photographed). 

the attenuation being based on the following principles: 

19 t 24 db - light-grey fields 
“ 25 t 30 db - dark-grey fields 

31 t 36 db - black fields 
not measured - X 

As can be seen, the oscillographic picture for high ampli- 
fication contains echoes from reflections in the Perspex layer of 
the double-probe head. These echoes are called “disturbing 
echoes,” but one can isolate these echoes from those of large 
defects. The echoes from small defects, however, cannot be 
isolated. 

The results of the attenuation measurements show that 
there exists a correlation between the attenuation of ultrasonics, 
and concentration of defects, evaluated on the basis of radio- 
graphic pictures. 

Principles of Industrial Testing 

In Table 1,  the principles of evaluation of the kind, magnitude 
and concentration of defects on the basis of ultrasonic testing 
are given. 

For this evaluation the following data are necessary: 
-appearance or not of a defect echo that can be isolated 

from the disturbing echoes: attenuation in the measured field 
related to the field in which radiography has not showed any 
defects. 

In practice, industrial testing will be performed along the 
following lines: 

-performing radiographic testing of a small series of cast- 
ings or selected parts of castings with similar cross-section; 

-testing ultrasonically to verify the principles, given in 
Table 1; 

-serial ultrasonic testing of many details with radiographic 
control of a few details. 
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Figure 1. Castings with shrinkage cavities. Top, radiogram with network; below, 
attenuation diogrom. 

Figure 2. Oscillographic pictures of spots examined by ultrasonics of a costing 
with shrinkage (coordinates referring to Figure 1, top, ore circled). B= bottom 
echo; F=flow echo. 
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Figure 3. Castings with shrinkage, Top, radiogram with network; below, attenua- 
ion diagram. 
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Figure 4. Oscillographic pictures of spots examined by ultrasonics of a casting 
with shrinkage (coordinates referring to Figure 3, top, are circled). B= bottom 
echo: F=flaw echo. 

Figure 5. Casting with blowholes. Top, radiogram with network; below, attenua- 
tion diagram. 
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with blowholes (coordinates referring to Figure 5, top, are circled). B= bottom 
echo; F=flaw echo. 



Table 1 
Principles of evaluation of the kind, magnitude and concentration of defects 

in steel castings, on the basis of ultrasonic testing 

Appearance 
of defect 

echo 

Attenuation of ultrasonic beam in decibels 

19 + 30 above 30 0 + 18 

Lack of defect 
echo 

Tiny blowholes 
and inclusions 

Concentration 
of blowholes 
and inclusions. 
Shrinkage 
and small 
shrinkage 
cavities. 

Large concen- 
trations of 
blowholes and 
inclusions. 
Large 
shrinkage. 

Defect 
echo 
exists 

Lack of 
defect 
giving 
echoes 

Large blow- 
holes, cavi- 
ties. Cracks 
and lack 
of fusion. 

Largest 
blowholes, 
cavities. 
Wide cracks 
and lack of 
fusion. 

2 
Conclusions 

Results have shown the possibility of applying ultrasonics in test- 
ing steel castings. The radiographic method will be the criterion 
for the composite method. 

Ultrasonic testing does not reveal very small defects that 
will be of importance in critical castings. 

The composite method may have the widest application for 
castings in the middle quality class. In many cases radiographic 
testing for such castings is not economical. In such instances 
ultrasonic testing, controlled by radiography, may give good 
results. 

Castings of middle quality constitute a large percentage of 
the general production of castings. Hence the application of a 
cheap testing method may give good economical results. 

Figure 7. Costing with sand inclusions. Top, radiogram with network; below, 
attenuation diagram. 

Ultrasonic Nondestructive Inspection of 
and Bars by the Rotating Probe Method 

Round Tubes 

CARY E. HOHL, USA 

ABSTRACT: Ultrasonic testing of tubing and round bars has generally been 
accomplished by the rotation of the material being tested. 

This paper describes ultrasonic inspection equipment, for round tubes and 
bars, in which several ultrasonic test probes are mounted in a fixture which rotates 
around the material at speeds of up to 3,000 rpm, and in which the probes are 
so fixed as to scan the material simultaneously in a clockwise, counter-clockwise, 
and longitudinal direction. All probes are pre-aimed for optimum test results 
which provides practically equal sensitivity on I.D. and O.D. of tubes. 

Defective material con be audibly signalled, marked. sorted, recorded, 
data-processed and evaluated. 

Advantages of the rotating probe method over material rotation methods 
for inspection of round bars, pipes and tubing are: 

1. Higher testing speeds, 1O:l or more. 
2. Excellent flaw-recognition properties. 
3. Flexibility, due to the possibility of selecting from various evaluation 

devices or combinations thereof. 

methods, ultrasonic testing guarantees good fault recognition, 
even in the interior of the test samples, independent of material 
thickness. 

At present ultrasonic testing techniques offer the only pos- 
sibility for complete and automatic testing of round rods and 
pipes of all dimensions at high scanning speeds, for surface faults 
as well as inclusions. 

Since the demand for 100% tested semi-finished material is 
steadily increasing, and more and more material must be tested, 
automatic ultrasonic testing units are employed on an increasing 
basis in all branches of industry which manufacture or process 
semi-finished material. 

Introduction 

Ultrasonic testing of rods and pipes of high-quality material has 
been common practice for many years. This is because it was 
realized early, that in contrast to other nondestructive testing 

Underlying Principles 

Before introducing the fastest ultrasonic test unit now available 
for the testing of rods and pipes, let me explain briefly the vari- 
ous ultrasonic test procedures used in practical applications. 
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Manual Test 
To locate longitudinal flaws in pipes or rods, an angle probe is 
coupled to the sample so as to direct sound beams transverse 
to the longitudinal axis. In  the case of a rod (Figure 1, left), 
the obliquely adjusted beam circulates within the rod in the 
shape of a polygon, resulting in a fault indication on the screen 
of the attached pulse-echo ultrasonic flaw detector as soon as a 
longitudinal fault is located. In a pipe (Figure 1, right), the 
sound follows a zig-zag path, detecting inside and outside longi- 

Schallumlouf bai Stangen und Rohren 
Sound paths in bars and tubes 
Circulation du son dons 1.1 borres et tubes 

KftMmwm 
Figure 1 

tudinal faults. The probe is manually rotated around the test 
sample so that, independent of the position of the fault, an 
indication relative to the depth of the fault is achieved. The 
screen indication is visually evaluated by the operator. Testing 
with only one angle probe (Figure 2) ,  in a clockwise direction 
only, permits overlooking flaws which lie at unfavourable angles. 
To avoid this, a second test (Figure 3 )  in a counter-clockwise 
direction (test Drobe rotated 180”) must be Derformed. 

Figure 2 

Rundkn, .~peIprufung: Un- 
gunstig geneigter  Fehler 

Round b i l l e t  testing: un- 
fovourobly inc l ined  flow 

Cont r .  de b i l le t tes  rondes: 
defaut  inc l ine non 
foovoroblement 

First Stage of Automation 
An angle probe is mounted in a test saddle which is equipped 
with a connection for running water so that with a constant 
supply of water, good coupling of the test probe to the sample is 
guaranteed. If the sample is rotated, only longitudinal advance of 
the test saddle is required. Depending on the speed of rotation of 
the sample and the minimum flaw length to be detected, the test 
speed is increased considerably, compared to the simple manual 
test. If visual evaluation of the screen indications proves to be 
too strenuous for the operator, or too unreliable, the screen can 
be observed by an electronic monitor. The latter emits a go-no 
go signal as soon as the flaw echoes exceed a certain preselected 
level, thus indicating a flaw that exceeds the permissible limits. 
The go-no go signal may trigger an optical or an acoustic 
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Figure 3 

signal device which must be acknowledged by the operator. T o  
locate all unfavourably angled flaws, two systems are required, 
one with a probe testing clockwise, the other with a probe test- 
ing counter-clockwise. The alternative is two separate tests of the 
material, with the sound circulating in the oposite direction dur- 
ing the second test. 

Second Stage of Automation 
Instead of the test saddle with one angle probe, a dual probe 
with running water connection is used. With the same arrange- 
ment as described before, two tests are now conducted simul- 
taneously with two sound beams circulating in opposite direc- 
tions. Advantages lie in the positive detection of all longitudinal 
flaws independent of their angle of inclination, and positive 
monitoring of probe “coupling”. If a double probe is used, the 
time required for a second scan is eliminated. Therefore, all 
other conditions remaining equal, the test speed is increased by 
a factor of 2. 

Third Stage of  Automation, North America 
Many companies favour immersion testing, where tubes are 
spiralled under water past an immersion probe aimed at the 
material at the optimum angle to detect undesirable flaws. An 
advantage is constant coupling, but care must be taken to main- 
tain proper entry angle of the sound beam into the material. 
Because of the difference in sound velocities in water, as com- 
pared to steel or aluminum, every single degree of change in 
probe angle results in a 4-degree change of the sound angle in 
the material. Most test installations of this type limit the rota- 
tional speed of the material to 300 rpm, although some claim 



to get satisfactory results, free from effects of vibration, up to 
600 rpm. Tubes must be plugged to keep water from the 
interior, since water drops can give flaw signals. If tubes are 
tested unplugged, air bubbles in the tubes can give flaw signals. 
All surfaces of the material under test, as well as the probe 
face, must be free of air bubbles. 
Third Stage of Automation, Europe 
Because, in immersion testing, there is a buffer zone of water 
between the test probe and the material surface, the S-E (Ger- 
man, Sender-Empfanger) method, testing with separate trans- 
mitting and receiving probes, is employed so that interference 
echoes from more or  less rough surfaces do not cause distracting 
indications on the screen. Following a spiral path, the test-pieces 
move through a water-filled tank in which (Figure 4) a pair of 
probes are directed in a certain way toward the sample. The 
transmitter probe S(T) beams obliquely into the wall of the 
sample and produces a wave which circulates the material. 

~- ___ ~- - - - - - -  __ _ _ -  - -  

0 1 2 3 k 5 6 7 8 9 D  _. ~- 
RMBHV - Anordnung 
RMBHV - Position of probes 
RMBHV - Position des polpeurs 
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In  the case of flawless material, the portions of the wave 
reflected into the water cannot reach the oppositely located 
receiving probe E(  R)  . If there are longitudinal flaws, the sound 
waves reflected by the flaws into the water strike the receiving 
test probe. Maximum indication, for instance, will result in an 
external flaw located at the marked location. 

The advantages of this method are the constant coupling 
of the test probe to the sample, since the test is carried out with- 
out direct contact (water between test probe and sample), and 
in the totally mechanical advance of the material under test, 
with probes in a fixture straddling and guided by the test sample. 
This system contains two pairs of test probes for maximum 
detectability of all longitudinal flaws. Each pair (transmitter and 
receiver) forms one testing plane. For positive detection of all 
inclined flaws, the ultrasonic beams of the two planes circulate 
in opposite directions. 
Fourth Stage of Automation 
This stage is accomplished by the use of the rotating probe 
round tube and round bar tester, described in detail. The rotat- 
ing probe method incorporates all advantages of the immersion 
S-E method mentioned above, and in addition, offers a con- 
siderably higher test speed. The material is moved only in the 
longitudinal direction (without rotation) while the ultrasonic 
probes rotate at approximately 3,000 rpm around the material. 
With the same scanning density (distance between the individual 
loops of the scanning spiral), the test rate is increased by a 
factor of approximately 10: 1. 

The Rotating Probe, Tube and Bar Tester 
This comprises assemblies, as shown in Figure 5: a) The Testing 
Unit; b)  The Guiding Device; c )  The Evaluation Unit. 

Figure 5 

Testing Unit 
The essential component of the test machine is the rotary test 
block which contains the test probes with either 1, 2 or 3 test 
planes, depending on the requirement. Generally pipe is simul- 
taneously tested for longitudinal and transverse flaws. 

For longitudinal flaw scanning, two planes in the test 
block are necessary. Each plane has two test probes (Figure 6) 

RotatiomprOfblock 
Rotating block 
Bloc rotatif de contr8le 

KFwmmER 
Figure 6 
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which, by means of the S-E method, cause two sound waves to 
circulate simultaneously in opposite directions in the wall of 
the pipe. 

The third plane contains another probe, the sound beam of 
which is aimed at the material axially at an angle and directed 
along the centre line of the pipe. It receives an echo when a 
transverse fault is encountered. 

Since the path of the sound beam depends very much on 
the sample dimensions, the test probes in the rotary test block 
must be exactly aligned for these dimensions. 

The rotary probe block is used to test tubing for longitu- 
dinal and transverse internal and external flaws, and to test bar 
stock for longitudinal defects at or near the surface. 

In the rotary probe block test blocks, the probes are aimed 
with the help of sample tubes, pipes or bars. The test specimens 
contain artificial external and internal defects of a defined depth 
and length. The choice of the angle of incidence is very critical. 
Very small changes in the aim have an effect on the “quality” 
of the rotary probe block. 

The “quality” of a test block is defined in general as the 
difference between the maximum defect echo amplitude and the 
noise echo amplitude (in the range of the defect echo). A test 
block is “good” if  this defect to noise ratio is 8 dB or more; 
that is, if the defect echo height is higher, by about 24 times, 
than the noise level. When a rotary test block is manufactured 
for the testing of tubes and pipes, a second value for “quality” is 
important; that is, the difference between the echo amplitudes of 
internal and external longitudinal defects of the same depth. If 
this difference is 4 dB or less, the test block is “good”, provid- 
ing the previous condition is met at the same time. The adjust- 
ment of the optimum probe positions in a rotary test block for 
one size specimen (outside diameter of bar stock, outside diam- 
eter and wall thickness of tubes) should only be made by 
Krautkramer to maintain our guarantee of performance. 

A rotary probe block made for bar stock testing, optimally 
adjusted for a given diameter, can be used for the testing of 
other bars with nearly the same outside diameter if the guidance 
of the material is controlled precisely through the test block. In 
general, bar stock with a diameter of & 2-mm difference from 
the nominal diameter, can be tested with the same test block and 
with enough accuracy for general practice. Here there are no 
longer,the optimal ratios as with the optimum diameter, and the 
difference between defect echo amplitude and noise level is 
going to decrease, perhaps to even less than 8 dB. 

For probe blocks designed for a given tube dimension, 
(meaning tube O.D. and wall thickness) the ratio of the flaw 
indications to the noise level decreases when tubes with a slightly 
different dimension are tested. Also, the ratio of the echo ampli- 
tudes of internal and external defects becomes worse, differing 
perhaps by more than 4 dB. 

Our answer to the question, “What tubes with nearly simi- 
lar dimensions can be tested with a probe block manufactured 
for another tube size?” must be combined with the question, 
“What deviation from optimum test conditions can he tolerated?” 
In general, when testing tubes with different dimensions, the 
difference between internal-external defect echo amplitudes be- 
comes more with 4 dB. With wide testing tolerances and with 
proper guidance, tubes which differ in their external diameter 
by 2 1 mm (with ROT 50, -g”-2’’) and 2 2 mm (with ROT 
120 1.2”-4.8”) are “testable”. Also, some tubes are “testable” 
whose wall thicknesses differ to a specified degree from the di- 
mension for which the probe block was manufactured. A numeri- 
cal value statement is only possible if the permitted difference 
between the internal and external echo amplitude is stated in 
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advance. A probe block only delivers optimum test results when 
it is used on tubes with the dimensions for which it was designed. 

Experience has shown that satisfactory test results can be 
obtained with a stock of from 2 to 4 probe blocks, depending 
on the wall-thickness range, for tubes with the same outside 
diameter. Here the wall thickness should not be more than 20% 
of the external diameter. 

The rotary probe blocks for test systems ROT 50 and ROT 
120 are designed for certain diameter ranges. A probe block can 
be adjusted by Krautkramer for tubes of other diameters, (and 
for tubes with other wall thickness) if the new diameter is in the 
same diameter range. 

Water is used as a coupling medium. It is pumped under 
pressure into the interior of the rotary test block, filling it com- 
pletely. By giving the block the proper shape, perfect coupling 
is achieved at the high rotational speeds. 

Electrical connection between test probes and the pulse-echo 
ultrasonic flaw detector is accomplished by means of inductive 
coupling between the test block and the stator of the test 
machine. Thus slip rings, which cause contact difficulties and are 
subject to severe wear, are avoided. The ultrasonic flaw detectors 
operate at as high a pulse frequency as possible (about 3,000 
cps), so that maximum ultrasonic pulses per block rotation re- 
sult in a good scanning density. In the case of the ROT 50, 
there are nearly 60 impulses per spiral rotation. On a normal 
boiler tube of 37-mm dia, the impulses on the tube surface are 
about 2 mm apart. Thus it is guaranteed that flaws are optimally 
located by an ultrasonic pulse, independent of their location 
relative to the tube circumference, and that the resulting echo 
is proportional to the depth of the flaw. In order to obtain maxi- 
mum reproducibility, the ultrasonic flaw detector is not self- 
synchronized. Instead, it is designed for external synchroniza- 
tion, obtaining synchronization impulses from the rotary test 
unit which, by means of an impulse transmitter, supplies the re- 
quired number of impulses per test-block rotation. 

Reproducible indications also demand that the position of 
the test probes, relative to the axis of the samples, remains un- 
changed. Since the test probes in the rotary test block are cast 
in place, care must be taken that pipe being tested moves 
through the test block perfectly centred. Actually, the guidance 
accuracy must be 2 0.2 mm, so that a flaw recognition ac- 
curacy of 0.1-mm flaw depth can be guaranteed. With simple 
handling methods, this accuracy can only be achieved when the 
test samples are not out of true, or bent. Since in most cases 
this cannot be guaranteed, early customers who purchased only 
a test machine had additional expense for accurate handling de- 
vices in order to obtain the desired flaw detection accuracy. This 
caused us, based on these experiences of our customers, to 
develop a suitable guiding device, which, together with the test 
machine, forms a complete structural unit. In the case of the 
ROT 50 (Figure 5 )  this guiding device consists essentially of 4 
tripping rollers which are pneumatically activated and auto- 
matically adjust to all test sample diameters between 10 and 
50 mm. Since the contact pressure is adjustable up to 500 Kg. 
even slightly warped test samples move perfectly centred through 
the machine. Warping up to 2 mm per metre is generally 
permissible. 

Combined with the guiding device there are two pairs of 
driving rollers, located ahead of and after the test unit. The 
rollers contact the pipe by means of pneumatically driven cams. 
Six photo cells note the passing of the test samples and actuate 
the engagement or disengagement of the tripping and drive 
rollers. 

In the case of the ROT 120, which tests samples up to 
120 mm O.D. it is not possible as with the ROT 50, to guide 



the test samples on a solidly mounted test machine. Here, be- 
cause of the inflexibility of thick pipes or bars, the test machine 
must be mobile and follow the movements of the test sample. 
The guidance is provided by two tripping rollers which are 
mounted on the test machine and which, pneumatically 
operated, adjust to all product diameters between 35 mm and 
120 mm. If the test sample deviates horizontally or vertically, 
the floating table makes it possible for the machine to follow 
this movement, thus maintaining the required concentric posi- 
tion with respect to the test sample as determined by the 
tripping rollers. The drive of the test samples is not accom- 
plished by means of a separate driving device but by the roller 
beds ahead of and after the test result. 

Evaluation 
If a test sample contains flaws, echoes appear on the screen of 
the ultrasonic flaw detector the height of which is proportional 
to the depth of the flaw. Thus the screen could be visually 
observed and evaluated if, as is usually the case, due to the 
high scanning speeds, the echoes did not appear so very briefly. 
In addition to the possibility of overlooking flaws, there is the 
danger of operator fatigue. Therefore one has to depend upon 
an automatic evaluation device which does not possess these 
two human limitations. Additionally, the evaluation device 
should also mark the location of the flaw and perhaps, sort the 
samples according to the depth, length, and possibly even the 
number and distribution of flaws. 

Since the demands vary considerably, there are various 
evaluation devices for the ROT units, that offer, depending upon 
the combination, various evaluation possibilities. 

The following evaluation devices are available. 
Sorting and simultaneous signalling: The go-no go monitors 

which are series-connected to the ultrasonic flaw detectors cause, 
at the occurrence of the flaw echo, an instantaneous optical or 
acoustical signal. In addition, the signal “reject” is flashed to 
the storage relay which is checked prior to the sorting. 

Marking at the end of the test sample: The flaw signals 
are transmitted from the go-no go monitors to a storage relay 
which is activated by the first signal, and transmits the latter 
to a marking device as soon as the test sample has passed 
through the test device, triggering an end contact. Generally, 
the marking device is located so that the marking is accom- 
plished at the end of the test sample. If the marking must be 
in accordance with the type of flaw (longitudinal flaw, transverse 
flaw), then each monitor must be equipped with a storage relay 
and a marking device. 

Marking of the flaw location: A delaying device stores the 
flaw indication signal from the go-no go monitors until the re- 
spective pipe section moves past the marking device. The delay 
is “transport synchronized”, that is, it depends on the advancing 
speed of the test sample. 

Sorting and marking by means of the automatic evaluator: 
The automatic system includes a counter storage unit with pre- 

selection which receives one impulse per test block rotation, 
when simultaneously, a flaw signal is received by one of the 
monitors. There is a choice of two different evaluation systems: 

A.-In the simpler case, marking and sorting into the 
“reject bin” takes place at the occurrence of a single flaw indi- 
cation, independent of the length of the flaw. 

B.-If the counter is activated only after receiving two 
impulses, marking and sorting takes place only when a flaw is 
longer than the distance travelled by the test sample during two 
test-block rotations. 

Thus, the flaw recognition accuracy of the unit relative to 
the smallest detectable flaw length can be selected by the proper 
advancing speed adjustment. The flaw recognition accuracy rela- 
tive to the depth of the flaw is adjusted by the sensitivity adjust- 
ment of the monitors. 

During the first two simple evaluations the test samples are 
individually moved through the unit. In the case of the third and 
fourth evaluation a choice of individual and end-to-end transport 
of tubes is possible. For most installations, the fourth evaluation 
has become the standard although different requirements are 
possible. 

It could be required for example, to sort the test samples 
into several categories not only according to flaw depth and 
length, but also according to the number and distribution of 
the flaws. This demand can be realized although it requires 
a more complex evaluation system. Additionally, an impulse 
transmitter is needed which, coupled with the roller bed, emits 
a certain number of impulses per advance distance of the test 
sample. These impulses subdivide the test sample into test sec- 
tions. The respective test sections are judged faulty, if simul- 
taneously with these impulses, flaw signals are received by the 
evaluation system while the test sample moves through the test 
machine. The automatic evaluation system counts the faulty test 
sections and causes sorting into two, three, or four bins, de- 
pending upon how many long flaws there are, and how long 
the flawless sections are. Simultaneous marking makes i t  possible 
to differentiate later between flawless, slightly objectionable, and 
unusable sections of each piece tested. 

Summary 

The efficiency of these units is the combination of: 
1 .  High resting speed due to the high rotational speed of 

the test probes. 
2 .  Good flaw recognition properties, to some degree 

achieved through perfect guidance of the test samples (ROT 
50) or the test unit (ROT 120), respectively. 

3 .  Flexibility, due to the possibility of selecting from vari- 
ous evaluation devices or combinations thereof. 

The fact that to this date some 40 units have been sold, all 
of which are in constant use, is proof that the units a-e a 
success. 
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Automated Quality Control of Electrical Steel in a 
Production Line 

J. A. VDOVIN AND A. I. KADOCHNIKOV. U.S.S.R. 

Introduction 

Technical progress in electrical machine-building engineering is 
based on the scientific achievements and the developments of 
other branches of engineering, primarily that of metallurgy. The 
production of magnetic wires for electrical machines and trans- 
formers, different components of electrotechnical equipment, etc., 
involves millions of tons of electrical sheet steel every year. The 
degree of perfection achieved in the production of these articles 
and, hence, to a certain extent the general technical and eco- 
nomical level, are very much characterized by the magnetic 
properties of the steel used. 

Consequently, the reduction of electrotechnical loss in steel 
and the increase of its magnetic permeability presents an im- 
portant economic task. It is obvious that the most complete use 
of the magnetic properties of electrical steels already achieved 
is by no means less important. The best use of these properties 
is provided only by strict control of the basic magnetic proper- 
ties of steel used in production. Gradation lists of magnetic 
properties of electrical steel designated by corresponding marks 
are established by national standards. The real grade of the given 
batch of metal can be determined only by measurements. Thus, 
the control of magnetic electrical steel is systematically carried 
out by steel plants. This control is aimed at obtaining sufficiently 
complete and reliable data on the magnetic properties of any 
batch of steel produced. 

Accordingly, it is important to use proper methods and ap- 
paratus to carry out mass control and sorting of large batches 
of electrical steel. This control should be a) continuous, b) non- 
destructive, c )  automated, d)  quick. As the control should not 
damage any of the metal tested it must be conducted according 
to the sizes and shapes designed by standards, i.e. on sheets and 
coils. 

Labour and time costs expended in testing and sorting are 
more, rather than less, significant to the economy of the method 
than are metal costs. Obviously, the techniques of continuous 
control and sorting would become simpler if the number of 
characteristics measured and accounted for were fewer. 

The choice of main parameters required for mass control is 
of paramount importance. At present it seems reasonable to 
control the quality of soft magnetic materials intended for use 
in variable magnetic fields according to their dynamic charac- 
teristics, providing the test conditions are as close as possible to 
real working conditions. The choice of such characteristics and 
the elaboration of proper methods of control require further 
exploration; in particular, it is necessary to study the laws which 
the dynamic characteristics obey under given conditions. 

Theory 

In view of the above, the problem of conditions in which the 
testing is carried out is the first to be considered. It is necessary, 
when measuring the dynamic characteristics, to fix not only the 
external field amplitude H e  and the flux amplitude @ but also 
the form of their dependence on time. The preferable way is 
to test the material under the sinusoidal flux variation 
(+=+“ sin u t ) .  The practical ways to attain these magnetiza- 
tion conditions are available in many works ( 1 ) . 

Besides the certainty of the dynamic characteristics the 
condition +=+,,, sin u t  results in a fact to which we are liable 

352 TECHNICAL SESSION 11 

to attach great importance. Thus it appears that a set of dynamic 
hysteresis loops obtained at different @-, as well as a set of static 
loops, have a kind of limiting loop. Let us explain the conclu- 
sion. The electromagnetic process in a sheet material found in a 
longitudinal uniform field is described by the following expres- 
sions : 

where H,B,j are magnetic field strength, magnetic flux density 
and eddy-current density of a given sheet, CJ is specific conduc- 
tivity, t is time. The Z-axis of the coordinate system is perpen- 
dicular to the biggest lateral sides of the sheet. 

To obtain a particular solution corresponding to the estab- 
lished periodical process (variation) one must also set an edge 
function, Le. the dependence of the field on the surface of the 
sheet on time, or the dependence of the current density on the 
surface of the sheet on time. Thus the solution of the equations 
( 1 )  and ( 2 )  under the given static dependence B = f ( H )  and 
without any phenomena conditioning the so-called “magnetic 
viscosity” would be unambiguous. By integrating (2)  along the 
thickness of the sheet we find that the current density in the sur- 
face layer of the sheet is proportional to d@/dt .  It means that 
for the given sheet the condition @=@,nt  sin u t  should unambigu- 
ously define the functions describing the skin-effect. If we now 
imagine that the external field amplitude increases so that +, 
actually reaches the saturation flux, the further increase of the 
field amplitude would have no practical influence on the magneti- 
zation process. Consequently, a limiting dynamic loop is ob- 
tained. For detailed illustration of the above, let us consider two 
particular cases. 

1. The case of a weak skin-effect when the flux density 
amplitude may be thought non-dependent on the Z coordinates. 
In this case the ascending branch of a dynamic loop (Le. the 
relationship between 

is shifted to the right, and the descending branch to the left, 
the degree of the shift being defined as 

where B,,I=@m/S, S being the cross-sectional area of the sheet. 
With increase of the external field amplitude Hm (the sinusoidal 
flux is retained) the amplitude B ,  rises to reach the value ap- 
proaching B,  and with the further increase of H m  the expansion 
of the loop practically stops. 

From Eq. (3) the dynamic coercive strength is 



and the maximum dynamic coercive strength is 
1 

= H, + - as2 w Bs 
3 

maz 

Hcd (5) 

The eddy-current loss related to the unit of volume in 
the case considered is known to be expressed by 

1 

6 
P,  = - a62 w2 B2, (6)  

Thus the maximum loss would be 

(7)  
6 

It follows from (5) and (7) that 

, The proportionality factor in this case appears non-de- 
pendent on the thickness and the specific conductivity of the 
explored sheet. 

2. The case of a limiting non-linear dependence of B on H 
when the ascending branch of a static hysteresis loop can be 
expressed in the following way: 

- BS at H < H, 

B = {  - B s i B < + B s a t H = H ,  

+ BS at H H, 

Now the following expressions are obtained: 
a) for a dynamic hysteresis loop 

b) for a dynamic coercive strength 

as2 w 

2 Bs 
Hcd = HC + ~ B’m 

c) for eddy-current loss 
a62 w2 

P, = ___ B3, 
4Bs 

At BflL-Bs Eq. (9) becomes an expression for a limiting dyna- 
mic loop and from ( 1 0 )  and ( 1 1 )  the maximum values of 

H,d  and P, 

are obtained, the expression for Pemax coinciding with (8). The 
last circumstance is of great importance, presenting the pos- 
sibility of replacing the loss of control by the coercive strength 
control. 

Not to confine ourselves to these two somewhat extreme 
cases, we have considered in a special paper a kind of an 
intermediate case (2) .  The static magnetic characteristic was 
taken in the following form: 

ma= maz 

Bs - Br 
a t H > < O  

(1 + !:lH1)2 

B =  ::::B< + B , a t H = o  

The existence of a limiting loop in this case was also 
confirmed, the expression (8) remaining true. Furthermore the 
correlation appearing between the limiting loop and the loops 
approaching it, which are most widely used in practice, is 

confirmed. This correlation promises a high practical value of 
the control according to characteristics of the limiting dynamic 
loop. 

Methods and Apparatus 

The knowledge of peculiarities of the magnetization process 
with sinusoidal flux variation, and in particular, the presence of 
a limiting loop, may be useful in elaborating methods of the 
quality control of electrical steel. It is known that the possibility 
to evaluate the quality of a material by its coercive strength on 
a limiting static loop has proved rather useful. These measure- 
ments do not require a precise setting of the magnetizing cur- 
rent and a preliminary determination of the cross-sectional area 
of the sample. It is a temptation to find a similar possibility for 
control by means of dynamic characteristics as well. The de- 
pendence existing between the maximum eddy-current losses 
and the limiting dynamic coercive strength gives reason to re- 
place the direct measurement of maximum losses by the more 
convenient automated measurement of the limiting dynamic 
coercive strength. The simple relation existing between the char- 
acteristics of the limiting loop and those of the loops adjoining 
it which are most widely used in practice, allows an easy estab- 
lishment of the necessary relationships. 

In accomplishing such a control one is apt to meet 
with difficulties connected with the determination of the flux- 
density value in a test-piece. In principle, only the magnetic 
flux may be directly measured. The magnetic-flux density value 
is obtained by calculation with a preliminary determination of 
the cross-sectional area of the test-piece. This is done by weigh- 
ing or by means of different kinds of thickness gauges. The 
separation of these operations in space and time and the unavoid- 
able setting of the measuring apparatus in accordance with the 
thickness data obtained complicate the control process. To get 
rid of the shortcomings of the above method a new method of 
magnetic-flux density determination in sheets and coils with 
magnetization along the limiting dynamic loop was de- 
veloped ( 3 ) .  

This method consists of practically simultaneous measure- 
ment of the magnetic flux in the sample with a given mag- 
netic field strength H e  and saturation flux @S in the same cross- 
section of the sample. Considering that the fluxes @ H  and @a are 
proportional to the cross-sectional area of the sample, by the 
value of this ratio and the known value of the saturation flux 
density BS for the given grade of steel the actual flux density in 
the sample is obtained, which is BH. The block diagram of such 
an apparatus for the flux density measurement is shown in Figure 
1. The measured portion of the sheet or coil is periodically mag- 
netized in a solenoid along the limiting symmetrical loop at the 
top of which the flux density is sufficiently close to the saturation 
flux density of the given material. The measurement process 
consists in determining the relation 

+H B H . S  BH 

4s Bs * S Bs 
- - __ - ___ - - - B x  

with the aid of logometer I. 
Logometer I is connected across two measuring coils 4 and 

5 wound on a solenoid: one of them is connected through recti- 
fier 3 with a linear characteristic crossing the zero-point of the 
coordinate system, and the other through the phase-regulated 
commutator 6. This commutator operates in phase with com- 
mutator 8, which controls coil 7 serving to measure the instan- 
taneous value of the mean field strength in the measured portion 
of the field. The phase angle corresponding to the appearance 
of a square-wave pulse may be adjusted with the help of 
phase-regulator 10. Permanent-magnet instrument 11 serves as 
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Figure 1. Block diagram of the flux density measuring device. 

a field strength indicator. The phase-regulator permits the estab- 
lishment of the phase necessary for the flux density measure- 
ment at a given field strength value. The commutations in the 
circuit of the coils occur in phase, so the average value of the 
current in the circuit of coil 5 is proportional to the instan- 
taneous values of the flux. Under these conditions the logometer 
readings are proportional to the ratio of the flux density in the 
sample with a given field strength to the saturation flux in the 
same sample. On the basis of the above method a modified 
apparatus for nondestructive control was developed (4). 

The apparatus consists of three principal parts: a supply 
unit ensuring a sinusoidal flux, a solenoid and a measuring unit 
with a computing device (logometer). The magnetization of the 
measured portion of the sample takes place in a solenoid on the 
frame of which there is a magnetizing winding uniformly dis- 
winding uniformly distributed along the middle part of the 
tributed along the whole length of the solenoid, and a measuring 
frame 4 of its length). The solenoid has two through longi- 
tudinal slots. One of them contains the test-piece, the other has, 
on a special frame in the middle part of the solenoid (along 
4 of its length), a measuring coil and a compensating winding. 

The measurement of a magnetic flux in test sheets presents 
certain difficulties because, on the one hand, the measuring coil 
cannot in every case be wound directly on the test-piece and, on 
the other hand, the cross-sectional area of the solenoid slot 
should be sufficient to allow free movement of the sample. A 
big “air” gap existing between the measuring winding and the 
sample which may be a hundred times as big as the cross-section 
of the sample, and a high magnetization field strength lead to 
that the magnetic flux in the “air” gap constitutes a considerable 
portion of the total flux. 

It is evident that the em€ part existing in the measuring 
winding due to the flux in the “air” gap should be compensated 
before the measured data of magnetic fluxes @ I {  and @.tr are 
applied to the logometer windings. This is achieved with a spe- 
cial compensating winding placed on a general frame together 
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with a field coil and connected in series and in opposition to the 
measuring winding. The number of turns of the compensating 
winding was found from: 

where W and Wa are the number of turns of the measuring 
and the compensating windings, respectively; ? and SX are the 
area of one turn of the measuring and the compensating wind- 
ings, respectively. 

The variations of S should be neglected to their S 
small magnitude. In view i f  the variable character of the field 
the compensation should be accomplished in a sufficiently wide 
field strength range. The results of compensation of the magnetic 
flux in the “air” gap for sheets of different thickness are 
presented in Figure 2.  The instantaneous field strengths are 
plotted on the x-axis, and the relative compensation error on 
the y-axis. As is seen from the curves, the error does not ex- 
ceed 0.2%. 

To obtain the voltages and currents necessary for opera- 
tion of a computing device without any increase in the number 
of turns of the measuring and the compensating windings of the 
solenoid, a push-pull power amplifier, working in an “ultra- 
linear” duty, was included in the circuit. As the output trans- 
former in the amplifier has two identical secondary windings 
the solenoid may have only one winding. The variation in the 
cross-sectional area of the sample as well as in the amplitude 
and phase of the voltage feeding the solenoid magnetizing wind- 
ing brings about a change in amplitude, phase and wave form 
of the magnetizing current. Consequently, before every new 
measurement of the magnetic flux, if any of the above stated 
changes have occurred, the original field strength at which the 
flux density is measured, should be reset by adjusting the com- 
mutation phase of the phase-regulated circuit with a phase- 
regulator. 

- - 

~ 

- 

0.2 0 

0.15 

0.10 

0.05 

20 40 60 80 100 120 140 H,Oe 
Figure 2. Relative error of the magnetic flux compensation in the solenoid air gap 
far a sheet 0.37 mrn thick; and for a sheet 0.29 rnrn thick. 

At high-speed flux-density measurements, such an adjust- 
ment is difficult to accomplish by hand. To eliminate this short- 
coming a new circuit with self-regulated commutators was 
developed allowing a continuous flux-density measurement with 
a given field strength, independent of the above-mentioned vari- 
ations (5). The operating principle of such a circuit lies in that 
the commutation moment of phase-regulated commutators 6 
and 8 corresponds to a definite value of the magnetizing cur- 
rent and, hence, of the magnetizing field strength. This is ac- 
complished by excluding phase-regulator 10 and connecting a 



out 

I +  I 

-1  
Figure 3. Diode limiter with diodes connected in parallel. 

primary winding of a special square-wave generator for control 
of these commutators in series with the solenoid magnetizing 
winding. Let us consider the operating principle of the genera- 
tor (6). The change in polarity of the output voltage amplitude 
limiters for sinusoidal voltage (Figure 3) depends principally 
on the type of limiting resistance 2 used. With an active limit- 
ing resistance the transition from one polarity to another is 
accomplished proportionally to the input voltage sine curve 
while with an inductive resistance the case is somewhat different. 
This is due to a phase shift between the current and the input 
voltage, which is the principal peculiarity of the circuit. Let 
us consider the accompanying processes. (Figures 3 and 4.) 

Assuming that Uin-VrtL sin wt and neglecting the forward 
resistance of the rectifier and the battery resistance we obtain 
for the input circuit 

di 

dt 
V , ,  sin wf T E - L - = 0 (12) 

The upper sign before E corresponds to i > 0 (the 
conventional positive direction of the current i is shown in 
Figure 3 by an arrow), and the lower sign corresponds to 
i < 0. By integrating (12) we obtain 

V, n E  
i = --cos wt + - .  - - - f ( w f )  

W L  2 W L  
(13) 

where f(wt) is a saw-tooth function with a unit amplitude. Thus 
i consists of two components, each of them being shown 
separately in Figure 4. The phase shift between the curves i, 
and i b  is defined by the position of the peaks of the saw-tooth 
curve i b  which must correspond to the moment when current i 
passes through zero. In the interval Au, if i is equal to zero 
(diodes are biased off), the voltage Uout which before this was 
equal to E tends to attain the values that Utn takes in this 
interval (Figure 4). As a consequence of the current phase lag 
caused by inductance Uin value in the interval Au has a sign 
opposite to what it had before this interval. Hence, Uout would 
reverse its sign by leap. As soon as its absolute value exceeds E 
the i current is not equal to zero and Uout retains its value up 
to the next moment when UQut becomes equal to zero. So 
UOut has a square form. It is evident that in the Au interval it is 
required that lUjn) >E. 

The square-wave generator used by us is presented in 
Figure 5.  The square-wave voltage here is derived from the 
transformer windings. Use is made of the phase shift between 
the emf and the current in the secondary winding 11. This 
current is equal to: 

nl n E  
(14) 

n2 2 wL2 

Eq. (14) shows that with a given i, it is possible to choose the 
necessary commutation moment by selecting a proper E value, 
i.e. to select the field at which the flux density should be 
measured. 

1 2 =  -- il + - .  --f(wt) 

Figure 4. Processes occurring in the circuit for obtaining square-wave pulses. 

Figure 5. One version of a square-wave generator. 

A circuit including such a generator was tested and showed 
that if the magnetizing current change does not exceed 5 0 % ,  the 
field variation at which the flux density is measured, is equal to 
1-2% and the error in the measured flux density value does not 
exceed 0.1-0.2% as long as the measurements are made on a 
gently sloping portion of the curve. The voltage division in the 
integrator output was made by a standard electronic self-com- 
pensating potentiometer, its measuring device following the ratio 
change of the quantities being measured and producing a con- 
tinuous record of its values on a paper tape. 
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The output voltage of the integrator included into the meas- 
uring circuit @ S  serves for evaluating the cross-sectional area of 
the tested portion of the sheet. 

EO s=---- 
4fwB, 

where f is the current frequencyl; W ,  is the number of turns of 
the measuring winding; Eo is the mean emf value of the meas- 
uring winding. 

In view of close tolerances in sheet width (1  % ) the thick- 
ness of the tested section is determined by the known value of 
S with an error not exceeding 0.01 mm. 

Simultaneously with the magnetic flux and thickness meas- 
urements the dynamic coercive strength is also measured on the 
limiting loop in a similar manner(7). The latter can be used for 
evaluation of the specific losses in sheets or in moving steel 
tape. 
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Technical Session 12/ X-Ray Techniques 

Radiography of Parts with Wide Variations in Thickness 

JOSEPH H. D’ADLER-RACZ, USA AND MICHEL SEVRIN, 
BELGIUM 

ABSTRACT: In case of uniform thickness, the best image quality will usually be 
obtained with the highest radiographic contrast. On the radiograph of an irregu- 
larly shaped part, many details may be lost in the areas that are penetrated 
too much or not enough. Also, some undercut near the edges may reduce the 
image quality. 

The purpose of this paper is to establish the radiographic technique, assuring 
the highest image quality for a given range of material thickness. 

The latitude in thickness may be increased by using higher “kV” and by 
filtering the X-ray beam. Experimental results are reported and discussed. 

The image quality is measured by means of American and European indi- 
cators, and compared for the suggested, the conventional and the gamma-ray 
techniques. 

A practical diagram is proposed, which may be used to radiograph irregu- 
larly shaped pieces, or parts having wide variations in thickness. 

Finally, some newly designed X-ray units, which are particularly suitable 
for the proposed radiographic technique, up to 400 kV, are described. 

Introduction 

In case of nearly uniform thickness, the best image quality will 
usually be obtained with the highest radiographic contrast. For 
this purpose, kilovoltages as low as possible should be used, in 
conjunction with the maximum mA available. The practical limit 
depends upon the size of the focal spot, which in turn depends 
on the resulting power (kV x mA.). It was experimentally dem- 
onstrated, that for equal film density and exposure time, mA 
have to be doubled if kv are decreased by about 10%. 

On a radiograph of a piece with wide variations in thick- 
ness, there may be unpenetrated and overexposed areas on the 
film. If these areas are large enough, it is possible to use a high- 
intensity viewer, and cover the light areas which may blind the 
observer. Another well known technique consists of a sandwich 
of different type films in the same pack, but the inspection of a 
single film will always be preferred. 

As already discussed in a previous paper ( l ) ,  there is an 
additional problem when the pieces are smaller than the film, or 
have some holes. The long wavelengths of the X-ray spectrum 
produce an undercut on the image, thereby spoiling the edges. 

The purpose of this paper is to define the optimum limits of 
film density, and to find out the corresponding radiographic tech- 
nique, assuring the highest image quality for a given range of 
material thickness. 

Film Density 

the density 1 areas, we found the upper limit of good evaluation 
by a normal human eye, at about density 3.0. 

Latitude in Thickness 
By means of a step wedge, we plotted in Figure 1 the exposure 
time needed to obtain densities 1 and 3 on film Gevaert D 7, 
for different thicknesses, and we used 200, 300 and 400 kV 
constant potential, with 10 mA. 

The difference of thickness, comprised between the lines 
corresponding to densities 1 and 3, defines the latitude in thick- 
ness, covered by a good evaluation of the film. We found it to 
be: 

8 m m = W  steel at 200 kV 
12 mm=%” steel at 300 kV 
16 mm=g” steel at 400 kV 

Image Quality 
It is obvious that higher kV reduce the radiographic contrast. 
Therefore we have to demonstrate that this loss is largely offset 
by the improvement of film evaluation. 

As a typical example, we radiographed 3 thicknesses and 
placed on each some American and European image-quality 
indicators. We obtained the densities and penetrameter sen- 
sitivities (in % of the thickness) shown on Figure 2.  

At 370 kV the 25-10= 15 mm thickness range is within the 
desired 1 to 3 film density, but it is not so at 200 kV. Although 
the radiographic contrast is certainly higher at 200 kV, it appears 
clearly that the penetrameter sensitivity did not increase at all, 
but even decreased in some cases. 

We extended this comparison to Cs 137, but in this case 
the contrast is decreased to such an extent that there is a 
definite loss in penetrameter sensitivity. 

It would have been quite proper to use 200 kV for a 25-mm 
uniform thickness, but as there is a IO-mm minimum thickness, 
a film exposed at 370 kV will be more pleasant to evaluate, with 
a slight gain in penetrameter sensitivity, and a much shorter 
time: 

200 kV: 5’45” with 3 mA 
370 kV: 11” with 3 mA 
Cs 137: 24’ with 5 Ci 

Practical Diagram 
The gamma of the usual X-ray films decreases rapidly under The 1 to 3 density range being proved to be a good basis for 
density 1.0, so we consider this density a minimum for good the definition of latitude in thickness, we established in Figure 
image quality. 3 a practical diagram for the radiographic technique. 

The film contrast will of course be excellent up to density For instance, considering a part varying from 27 to 41 mm 
4-6, depending on the type of film. However, if the intensity of thickness, the 14-mm latitude will call for 350-kV constant 
the viewer was adjusted to a maximum tolerable brightness in 
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potential. The exposure time will be 15 sec with 10 mA. 
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Additional Filtration 
When the minimum thickness is zero, the use of a copper filter 
on the tube port is recommended, and in some cases a lead filter 
covering the cassette. 

Its optimum thickness is a matter of experience, but the 
diagram given in Figure 3 will again be very useful. The absorp- 
tion of copper being about 1.4 times more than steel, this should 
be added to the minimum thickness of the part X-rayed. 

Let us take the example of a small part, in which 3 to 14 
mm of steel must be inspected. A 6-mm copper filter is equiv- 
alent to 8.4 mm of steel. Thus the total minimum thickness 

GS 137 2Ci .h  

10 mm 
(38'') 

1.55 

2.5 O h  

1 0 010 

> 2.5 '11 

18 mm 

(314 '7 

1.28 

2.8 % 

5.5 010 

2.1 OIo 

25 mm 

(1") 

1.03 

Figure 1 
Exposure data for film density 1 and 
3. 

>r 010 

3.2 "lo 

Figure 2 
Densities and penetrometer sensi- 
tivities obtained. 

is 11.4 mm. The latitude being 11 mm, according to Figure 3 
the right technique will be: 260 kV and 10 sec with 10 mA. 
In Figure 4, this radiograph is compared to another one exposed 
at 160 kV, 1 min, 10 mA. There is no doubt that the 260 kV 
are preferable for general inspection of the whole part. 

Equipment Used 
Today there is no problem in producing such high kV as 
unusually compact and even mobile X-ray units are available. 
Although for this evaluation we used a large 400-kV constant 
potential, IO-mA double-focus unit, of self contained design, 
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Figure 3. latitude and exposure time for 10 mA constant potential. 

a portable 400-kV machine has recently been developed (Figure 
5). Its weight being only 95 kg (215 Ib) it is possible to apply, 
on site, the radiographic technique developed in this paper. 

Conclusions 
For the radiography of parts with wide variations in thickness, 
not only the radiographic contrast, but also the resulting film 
density should be considered. 

It is demonstrated that the best image quality is obtained 
when the film density ranges from 1 to 3. 

When the minimum thickness is small, or in the case of 
irregular shaped pieces, additional filtration should be used. 

A practical diagram is given for quick determination of the 
best radiographic technique, depending upon the range of thick- 
ness involved. 
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Discussion 
Q. RONALD HALMSHAW, Ministry of Defence (UK) RARDE, 
Sevenoaks, England: 

What thickness of copper filter (on the X-ray tube) do you 
recommend for use with 400 kV X-rays? 

I have found advantage in using this type of filter in most 
cases of radiography of varying-thickness specimens-do you agree? 
A. We certainly agree that in case of variable thickness it is gen- 
erally recommended to use additional filtration, depending on the 
minimum and the latitude of thickness being covered. 

A very common error is to use a beryllium window tube for 
radiography of transistors and similar small pieces. The radiographs 
are much better with 1-3-mm aluminum inherent filtration. 
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FiSure 4. Radiographs of a small part; left, 260 kV; right, 160 kV. 

- . . .. 

Figure 5. 400-kV portable unit. 

As an example of heavy material, let us consider a 2-in.-thick 
steel block with different borings, and covering not the whole film. 
We found the best result at 400 kV with a 20-mm copper filter on 
the tube port, and 2-mm of lead on the film. 
Q. PIERRE RUAULT, Gaz de France, France: 

1 .  Quand l’auteur precise que le contraste est amtliort quand 
I’energie des photons dtcroit, peut-il preciser si cette hypothtse 
s’applique pour des emulsions de qualite identique ou diffkrente, et 
de que1 contraste il parle. 2). Pense-t-il qu’il y a une relation entre 
le contraste dont il parle et la qualit6 d’iniage jugCe d’aprts ou IQI. 
3 ) .  La qualit6 d‘image est-elle apprtcite objectivement ou sub- 
jectivement. Dans ce dernier cas, I’auteur es t4  satisfait de juger sub- 



jectivernent un rCsultant qui dtpend de trts nornbreaux pararnhtres. 
A. 1. Nous avons utilis6 pour nos comparaisons des trnulsions de 
qualit6 identique, exposCes et traittes de la r n b e  rnanikre. Nous 
entendons par contraste le rapport de la variation de noircissernent 
?t celle de la variation de I’exposition au rayonnernent, toutes autres 
conditions restant identiques. 2. Nous pensons que le contraste est 

un des ClCrnents qui agit sur la qualit6 d’image jugCe d’aprts un 
IQI. 3. Les indicateurs de qualit6 dirnage ont CtC Ius par plusieurs 
observateurs, dans des conditions identiques, et nous avons constate 
trts peu d’ecarts de la valeur rnoyenne cornrnuniqute. Le but de 
cette tvaluation Ctant cornparatif, nous considtrons cette mtthode 
cornrne suffisarnment objective. 

Errors due to the X-ray Technique in Stress Measurement 

MlTUGl IWAMOTO AND HATUTARO KIKUCHI, JAPAN 

ABSTRACT: Roughly classified, there are two methods of X-ray stress measure- 
ment, one using photography and the other using a Geiger counter. 

Taking up the possibility of errors in the former, the authors studied theoreti- 
cally and experimentally the following three types of errors: 

1. Caused geometrically in photography. 
2. Depending on the variation of photographic time. 
3. Occurring in the distance measurement of the diffraction pattern after 

Results have confirmed that both the Glocker method and the sin2 $’ method 
may cause a serious error in extreme cases; it was found that some of the factors 
inducing these large errors can be experimentally identified, while others cannot. 
From this standpoint, the Geiger counter method was found the best for eliminating 
as many factors inducing these errors O S  possible. On the other hand, it is also 
pointed out that this method has its own drawbacks in other respects. 

photography. 

Introduction 

The principle of the conventional stress measurement by X-ray 
consists in measuring the lattice distortion from the diffraction 
pattern due to characteristic X-rays and therefrom determining 
the stress. This is a very effective form of nondestructive inspec- 
tion for stress, particularly residual stress. But for the purpose 
of industrial application, the reliability of measurement is vital 
and accordingly it becomes necessary to clarify the possible 
sources of errors inherent in the measurement. 

The possibility of errors occurring in the measurement of 
lattice distance by photography is discussed in theory and ex- 
periment, and only such factors as directly affect the errors are 
described. 

Industrial applicability of a Geiger counter for eliminating 
as many of these factors as possible is confirmed. The following 
discussion is based on the assumption that the surface stresses 
are always plane ones. 

The Photographic Method 

The diffraction condition for the lattice distance d and the wave 
length of the characteristic X-ray ,i is expressed by Bragg’s law: 

h=2d sine 
For the purpose of finding d from the above equation, e is 
directly obtained or calculated from the measured diffraction 
pattern. 

In the photographic method, the distance between the sur- 
face to be measured and the film must be known, in order to 
find 8. The standard practice is to put calibrating powder (usu- 
ally, nondistorted metallic powder) on the surface to be meas- 
ured and take simultaneous pictures of the diffraction patterns of 
both. And in case the stress in only one direction is to be meas- 
ured, more than two pictures must be taken with the tangential 
angle Q of the incident ray changed to various angles. 

Suppose errors occur in the true value of 0 in the process 
of the diffraction pattern being photographed and e being found. 
Then such errors may be classified as follows: 

1)  Errors due to deviation from the right angle of the angle 
formed between the incident ray and the film surface in photog- 
raphy. 

2)  Errors due to difference in the blackness of the diffrac- 
tion pattern as fixed on the film. 

In the group of pictures taken with varied angles, under 
constant photographic conditions, the blackness of the diffraction 
pattern and its background differs from picture to picture. 

This is due to the fact that the intensity of scattered X-rays 
is minimal in the tangential direction to the measured plane and 
maximal in the normal direction to it; and that the size and 
number of crystal grains exposed to diffraction differ from pic- 
ture to picture. 

3 )  In addition to 1)  and 2)  above, errors may be due to 
the film being double coated. Here the errors due to the dif- 
ference in blackness between the diffraction pattern distance of 
the measured object and the calibrating powder and the errors 
due to the effect of calibrating powder on the camera length 
when the latter is found from the former, ought to be taken into 
account. 

4) Errors liable to occur in the microphotometer measure- 
ment of the diameter of the diffraction pattern from the diffrac- 
tion picture. 

The above errors are discussed one by one, both theoreti- 
cally and experimentally. 

Theoretical Discussion 

Errors Due to Deviation, etc. 
At the top in Figure 1 is shown the geometrical shape of the 
diffraction pattern in photography. If in spite of 6290” in this 
figure, the distance between the diffraction pattern of the cali- 
brating powder and that of the measured object is measured 
assuming 6=90”, the error caused thereby ( A p )  will be expressed 
as below; but this is the case of 6=90° and the diameter of 
diffraction pattern being 50 mm. 

50 50 
APzY = (XI - X’) X - - (R’ - Y’) x ___ 

2x1  R’ + R“ 
sin (6 - n/2) 

tan 2{1 
= 25 X X 

{tan2 2f’ - tan2 2Clj 

{COS (6 - n/2) - sin (6 - n/2) . tan 2rj 
X 

50 

2 x1 
(R” - Y”) X ~ 50 

R’ + R” 
Ap2r‘ = (Xi - x”) X - - 

sin (6 - n/2) 

tan 2{1 
X = 25 X 

(tan2 2{1 - tan2 2 r ’}  

{cos (6 - n/2) + sin (6 - n/2) . tan 2Y’3 
X 
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Figure. 1 .  Relation between Ap and diffraction angle 21'  or 21". 

If in equations (1) and ( 2 ) ,  2t is supposed to be due to 
420 of Ag by Co-Ka ray of characteristic X-rays, the relation be- 
tween A p and 2L' or 2 t" may be represented by Figure l. 

According to this figure, the value of A p causing a direct 
error in the value of 0 will be so large as not to be ignored in 
relation to the value of 2t' or 25" at 6=91". A countermeasure 
for this is to adopt the diffraction line of one of the diffraction 
pictures, because the stress is measured not from the absolute 
value of 0 but from the gradient of 0 to sin'$. Another measure 
will be to find an exact value of 6 by a different procedure and 
make a similar correction to Figure 1. Theoretically speaking, 
the following may be said about the latter measure, but the 
experimental results usually do not agree with the theoretical 
values. Namely, when Au powder is radiated by C.K. ray, 
the same picture exhibits two diffraction patterns of 420 and 
331 of Au. In the measurement of camera length from these 
two diffraction patterns, if there is no distortion, theoretically 
both ought to be equal at 6=90". When 6=90", the camera 
length L will change in relation to 2 t  as follows: 

Lo' - L o  

Lo 
- ~- 

cos@ - n/2) - cos2(6 - n/2) +sin2(6 - n/2) . tan2211 

cos2 (6 - n/2) - sin2 (6 - n/2) . tan2 211 
- - = K(3) 

From equation ( 3 ) ,  the relation between K and 25,, may 
be represented by Figure 2. In this figure, when 6 = 90°, K will 
be the larger, the larger the value of 2 5. Namely, the camera 
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length obtained for 420 will be equal to or smaller than the 
one obtained for 331. However, the experiment shows in most 
cases that L,, is smaller than L,?, ( 1 ) . This is treated later under 
experimental discussion. 

As seen from Figure 2, the influence of camera length 
on possible errors is negligibly small. 

Errors Due to Double Coated Film 
When a double-coated X-ray film is used, the X-ray will fall 
on the film surface with greater inclination, the greater the 
value of 2 5 is, and accordingly, the diameter of the diffraction 
pattern will tend to be larger; geometrically this tendency may 
be indicated in Figure 3. 

Usually in the double-coated film, d is equal to about 
0.24 mm; and when 6 = 92" the radius of 331 of Au will in 
the extreme cases be about 0.15 mm longer than in the single- 
coated film. As a matter of fact, this characteristic depends on 
the blackness of the diffraction line. But under the principle 
of measuring the stress under constant conditions, it would 
suffice to find the changing value of e; therefore the above- 
mentioned dependence may not be a very important factor. 
Nevertheless, it is worth considering indirectly in the observa- 
tion of diffraction phenomena. 

Errors Liable to Occur in the Microphotometer Measurement 
of the Diffraction Pattern Distance 
When the difference in blackness of the diffraction pattern is 
measured by the microphotometer, errors may slip in unless 
constant measuring conditions are maintained with full con- 
sideration of the characteristic of the meter. Care should be 
taken at this point, because the amount of error has a direct 
bearing on the measured values. 

Experimental Discussions 

In X-ray stress measurement by photography it is most important 
to take clear-cut diffraction patterns of both the calibrating 
powder and the measured object on a single film. Therefore it 
is necessary to know the characteristics of the diffraction pattern 
that directly influence possible errors in stress measurement. 

There follows a typical example of testing to investigate 
errors attributable to the difference in blackness of the diffrac- 
tion patterns. 

Experimental Procedure 
A steel rail containicg about 0.7% C was annealed and the 
area to be measured was electrolytically polished. Cr  powder 
for calibration was strewn on the polished surface for diffrac- 
tion pattern photography under Cr-Ka ray, with the voltage 
35 kV, the current 20 mA, the collimator ldrnrn, the films, double 
coated no-screen, high-( D) , medium-( C )  and low-sensitive (B)  , 
screen-type (E)  ; single-coated, no-screen (A),  the filter being 
V-foil. 

Exposure time was set: 7, 15, 30, 60, and 120 minutes 
for the film (D); 60 minutes for (A) ,  (D) (E) ;  300 minutes 
for (C)  and 360 minutes for ( B )  . Photos were taken with the 
distance between sample and film maintained constant; they 
were developed under constant conditions. 

Photometry of the diffraction pattern on each film was 
made, using a photo-multi type microphotometer, and the 
diffraction pattern distance was measured by the peak method. 

The diffraction picture taken on film (D) under 60 minutes 
exposure was circumferentially microphotographed at every 15" 
and the diffraction pattern diameter (2R) of Cr 211 and the 
distance (A Y) between the pattern for Cr 211 and the pattern 
for Fe 211 were measured. 

As for the other films, the value of 20 for the pattern of 
Fe 21 1 was measured with reference to that of Cr  21 1. 

Experimental Results 
Figure 4 shows a typical diffraction picture taken under typical 
experimental conditions. In this photo, the blackness of the 
pattern for Cr 211 looks greater than that of the pattern for 
Fe  211. The change of diameter (2R) relative to the circum- 
ferential angular change (a) of the pattern for Cr  211 and those 
of the radial distance between the pattern for Cr 211 and the 
pattern for Fe 211 relative to the change (a)  were estimated 
from the microphotometer data obtained under the same condi- 
tions; the results are given in Figure 5, which also indicates the 
difference in blackness of the pattern for Cr  21 1 or for Fe 21 1 
relative to the change (a). It is seen that the diameter of the 

Figure 4. 
A typical diffraction picture. 
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Figure 5. Relation between Ar, 2R and number of divided positions in Figure 4. 

pattern for Cr 211 makes a complicated change with the 
change (a) ,  maximum difference in diameter being 0.15 mm. 
Also AY makes a complicated change, with the difference be- 
tween maximum and minimum being as large as 0.45 mm; if 
expressed in terms of the diffraction angle (e) ,  A20 will amount 
to about 0.45". The residual stress of this sample was about 
-5 kg/mm' by the Geiger-counter method. The experimental 
results suggest that any change in 2R and AY originates from 
the statistical distribution changes in the size and number of 
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crystals involved with diffraction which influence the intensity 
distribution of scattered rays and that of radial diffraction lines 
at each measured point of the pattern. It is easily conceivable 
that such Ay change will also appear on a definite diameter of 
the diffraction pattern which has been measured with the 
tangential angle varied several times, 

Accordingly, the Ay change with only the exposure time 
varied-all the other conditions being fixed-was measured to 
investigate the effect only of the relation between the intensity 
distribution of scattered rays and the characteristics of photo- 
graphic emulsion. The results turned out as Figure 6-a, which 
shows the relation between exposure time and the diffraction 
angle 2 0 of Fe 211 as found with reference to the diameter 
of pattern for Cr 211 as base in each film; even in this case, the 
value of 2R differs from one to another of the five photos. 
Similarly, the change of 2 e for Fe  211 depending on the kind 
of film turned out as Figure 6-b, which shows that 2 0 changes 
considerably with exposure time and no specific tendency is 
observed in this change. The 2 change depending on the kind 
of film is equal to 0.1" at maximum and there is no great 
difference in the value between right and left; and this value is 
always larger than the value at zero lattice distortion. Together 
with Figure 6-a, this fact suggests that the cause is the relative 
weakness of the Fe diffraction line as compared with the Cr 
one. From this it may be surmised that it is a secondary 
influence which does not directly affect the errors in stress 
measurement. 

The above mentioned 2 0 change with the change only of 
exposure time seems to be caused by the change in the black- 
ness distribution on the film through the change in the time 
integral values of the diffraction line intensity and scattered ray 
intensity owing to the characteristics of photographic emulsion 
and exposure-time variation. 

Summary 

In the sin2 $ method which is the most reliable measuring 
technique for photography, it is common practice to take more 
than four pictures with varied tangential angles; thereby the 
diffraction pattern for which the value of 2 B is to be found 
for each value of $ is not identical, and usually the background 
and the diffraction line intensity distribution differ also. In the 
industrial application of this measuring technique it would be 
very difficult to keep these conditions absolutely identical. 
Under usual conditions, the error of 2 0 may occasionally exceed 
0.5" even when the ideal diffraction pattern as indicated in 
Figures 5 and 6a and b appears. Meanwhile, in order that the 
precision for Fe may be less than 1 kg/mm2 in the 2 0-sin2 $ 
diagram at + = O", 15", 30" and 45", it will be necessary to 
measure the value of 2 B to an accuracy of less than about 
0.01'. The allowable limit of error permitted in drawing a 
straight line by the least-squares method, even if the error of 
2 e changes relative to $ or sin2$, ought to be less than 0.1". 
However, the above experimental discussion shows that said 
error can amount to over 0.5"; thus the values measured by the 
photography method will entail large indeterminate deviations 
from the true value of stress or residual stress. Moreover, 
secondary errors due to theoretical discussion may be induced 
and accordingly there is a likelihood of large errors slipping 
into the measurement of residual stress, which defy any com- 
parison of measured values with other methods. 
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Figure 6a. Relationship of 28- exposure time. 

Experimental results suggest that the errors are induced 
through the following causes: the measured object is an alloy 
containing more than two elements; the calibrating powder is 
laid on the surface of the measured object; the diffraction line 
intensity distribution is photographed on a film; the blackness 
distribution of the diffraction pattern is measured by the micro- 
photometer; and the irradiated area is reduced. The only method 
free from these sources of error is direct use of a Geiger 
counter for measurement of the diffraction line intensity distri- 
bution; in this case, however, the X-ray-irradiated area will not 
be as small as that by the photographic method, but not so 
large as to hamper its practical industrial application. 

A 6 C D E 
- K L ~ L C L S  of X-rtay k l m  

Figure 6b. Relationship of 20- kinds of X-ray film. 
Conclusion 

It has been confirmed that the photographic method, one of the 
X-ray stress measurement techniques, is not free from technical 
errors depending on the materials in the measurement of lattice 
distortion. These errors will induce considerably large errors in 
the stress values, particularly residual stress values obtained 
even by the supposedly most reliable sin2 $ method. The source 
of such errors has been traced, but the cause involves some 
physical phenomena which defy satisfactory interpretation and 
wait for future elucidation. If this trouble is to be circumvented, 
the Geiger counter method is recommended. 
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L’influence de la sensibilite spectrale des emulsions e t  de la 
composition spectrale des rayonnements ionisants dans la 
qualite des images radiograhiques 

P. A. RUAULT, FRANCE 

Introduction 

Pour mieux prCciser I’objet de notre Ctude, nous croyons nCces- 
saire d’expliquer trbs brikvement les raisons qui I’ont motivCe. 
Pour cela, nous allons prCciser ce que nos conceptions sur le 
contrble radiographique par rayons X et y ont peut-&tre d’origi- 
nal. 

Un contrble est destinC B mettre en Cvidence les dCfauts, et 
principalement, ceux qui prCsentent la plus grande nuisance pour 
la pitce dans laquelle ils se trouvent, compte tenu de ses condi- 
tions de service. Quand l’ouvrage est soumis i des efforts de 
traction, ce sont les dCfauts de forme aigue qui sont, de beau- 
coup, les plus dangereux, principalement q u a d  ils affectent un 
mCtal de caracttristiques mCcaniques ClevCes, pour lequel l’adap- 
tation du mCtal est moins bonne. La recherche des dtfauts fins 
et aigus peut nkcessiter la mise en Oeuvre de techniques par- 
ticulitres d’examen, parce que leur trts faible dimension trans- 
versale peut les faire Cchapper a l’investigation si leur direction 
n’est pas identique ou trts voisine de celle du rayonnement inci- 
dent. Pour illustrer ce dernier point, nous avons procCdC B la 
radiographie d’un bloc en acier dans lequel Ctaient usinCes trois 
fentes paralltles de largeur Cgale B 30 IA environ. L‘irradiation 
s’est faite suivant deux techniques difftrentes, d’une part en 
utilisant un tube 2 rayons X B foyer Cmissif ponctuel disposC 
face B l’une des fentes, d’autre part, une source IinCaire de ray- 
ons Y, de longueur suffisante pour qu’une portion soit face B 
chacune des fentes. La premibre technique, si elle permet une 
bonne dCtection de la fente disposCe face au foyer, ainsi que 
l’obtention d’une bonne note de qualit6 l’image jugCe d’aprks un 
IQI B trous et gradins du type AFNOR-IIS, se rCvble incapable 
de mettre en Cvidence les deux fentes mal orientkes. La seconde 
technique permet de voir les trois fentes, mais elle introduit un 
flou gComCtrique tel que les trous de I’IQI disparaissent. 

La figure 1 montre les rksultats obtenus, et met en Cvidence 
la difftrence de comportement fondamentale des dCfauts de 
forme ronde et de forme aigue, du point de vue de leur possi- 
bilitC de dktection par radiographie. Cet exemple montre que 
ia recherche d’un faible flou gkomttrique n’importe vraiment 
que pour la dCtection des dCfauts ronds, semblables par leur 
forme aux trow d’un IQI, mais qu’il peut &tre souhaitable de 
disposer de gros foyers pour la recherche des dCfauts trks fins, 
ou mieux encore, de mettre en ceuvre simultantment plusieurs 
foyers fins collimatCs. IndCpendamment du rayonnement qui 
peut &tre orient6 dans les directions parallkles B celle des dCfauts 
les plus probables, cette technique des gros foyers, ou des foy- 
ers multiples, permet de disposer d’un dCbit de dose important, 
favorable B I’emploi d’un film 2 grains fins, donc nkcessaire- 
ment lent, mais indispensable pour permettre la dCtection des dC- 
fauts fins. Les figures 2 et 3 montrent bien les diffkrences dans la 
dCtection des dCfauts, suivant qu’ils sont de forme aigue ou ronde, 
quand on fait varier conjointement 1’Cnergie du rayonnement, sa 
direction par rapport B celle des dCfauts recherchCs et la nature 
des Cmulsions employCes. I1 est bien Cvident que I’emploi des 
foyers multiples ou de grandes dimensions provoque, nCces- 
sairement, une perte de contraste de I’image radiographique, 
quand la densit6 de base du clichC reste constante. Pour Clever 
ce contraste, une solution simple s’offre, qui est de profiter de 

I’accroissement du contraste du film quand sa densit6 de base 
augmente, ainsi que le montre la figure 4 qui exprime, pour 
diverses Cmulsions, I’Cvolution de la densit6 optique en fonction 
de la dose de rayonnement reque par le film, et plus encore la 
figure 5,  qui montre I’ClCvation du contraste de I’image d’un 
objet quand la densit6 de base des clichCs s’accroit. Nous par- 
venons, actuellement, B lire des clichCs dont la densit6 de base 
est de I’ordre de 6 et B mesurer cette dernikre jusqu’k une va- 
leur de l’ordre de 7.5. Pour permettre cela, nous avons dQ 
rCaliser un nCgatoscope B Cclairement constant asservi automa- 
tiquement B la densit6 du clichC par un systbme Clectronique 
command6 par une cellule photoClectrique. De cette faqon, le 
lecteur est protCgC contre une fausse manceuvre, trbs g&nante et 
m&me dangereuse avec des Cclairements trbs intenses, et la 
lecture se fait dans des conditions constantes d’Cclairement et 
m&me de qualit6 spectrale de la lumibre. Un densitomktre 
amplification logarithmique et Cchelle dilatCe a Cgalement dii 
&tre rCalisC. 

La mise en pratique des techniques dCcrites nous a con- 
traint B remplacer I’IQI par un dispositif non tributaire du flou 
gComCtrique auquel nous avons demand6 en outre: 
-de juger objectivement et seulernent la qualit6 de la technique 

opCratoire de prise de clichC, contrairement B I’IQI, oh la 
lecture est faite de faqon subjective et ne permet pas de sa- 
voir si un mauvais rksultat provient du clichC, des conditions 
de lecture ou du lecteur. 

-de permettre une surveillance rapide et systimatique de la 
qualit6 des clichCs, et pour cela, nous avons rCalisC un disposi- 
tif qui fait automatiquement cette lecture et permet, sans 
aucune difficultC, de vCrifier ainsi la qualit6 de plusieurs cen- 
taines de clichCs en une heure. 

Les conditions de lecture sont maintenant imposCes et prC- 
cisent, entre autres, I’Cclairement minimal Cmergent du clichC 
en cours d’examen, la distance et la durte maximale de lecture. 

L‘acuitC visuelle et la perception des contrastes seront dC- 
sormais pkriodiquement contr6lCes sur la vue des lecteurs des 
clichCs. Ces examens seront pratiquCs par les mCdecins de tra- 
vail, dans le cadre du contrble mCdical pCriodique des travail- 
leurs, au m&me titre que les contrales mCdicaux particuliers 
exigCs par les rCglementations en vigueur pour les agents pro- 
fessionnellement exposCs aux rayonnements ionisants. 

C‘est la recherche du contraste maximal de I’image radio- 
graphique qui nous a conduits, en plus des Ctudes brikvement 
CnumCrCes ci-dessus, B pricker le domaine optimal d’emploi des 
appareils d’Bmissions, compte tenu de la rCponse spectrale du 
film employC: c’est l’objet essentiel de notre Ctude et dont nous 
allons maintenant dCcrire brit?vement les techniques mises en 
ceuvre et les rCsultats obtenus. 

L‘absorption d’un rayonnement monochromatique par une 
paroi se fait par divers mCcanismes, qui dCpendent, entre autre, 
de I’Cnergie du rayonnement primaire incident. On sait, en 
particulier, que, pour des Cnergies croissantes hv. des photons 
incidents, les mCcanismes d’absorption existants ou prCdo- 
minants seront successivement: 
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Figure 2. DCtection des dCfauts fins en fonction du film et du rayonnement flou 
gComCtrique <0.2 mm. 
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Figure 3. DCtection des gros dCfauts (cp 8 mm) en fonction du film et du rayonne- 
ment flou gkomCtrique <0.2 mm. 
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1 ”) La diffusion ClectromagnCtique sans changement de 
longueur d’onde: elle se produira principalement dans un do- 
maine oh les Cnergies hv, des photons X ou Y incidents seront 
infkrieures i celles qui sont nCcessaires pour extraire un Clectron 
de sa couche Clectronique. Pour ce dernier cas, on a l’absorption 
par effet photoClectrique. Ces deux phCnombnes sont pr6pondC- 
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Figure 5. DCtermination experimentale de la course du contraste diffbrentiel en 
fonction de la densit6 de base des clichCs. 

rants en radiographie mCdicale, ou encore dans la radiographie 
i faible Cnergie des parois en alliage lCger ou en plastique. On 
aura alors hv,<Wnl formule bien connue dans laquelle h est 
la constante de Plank 

vo la frCquence du rayonnement incident 
Wnl 1’Cnergie de liaison de 1’Clectron 

avec le noyau de I’atome auquel il appartient. 
Cette Cnergie dCpendra des nombres quantiques total et 

azimutal qui dCfinissent le rayon et la forme de I’orbite i 
laquelle appartient 1’Clectron considCrC. 

2 ” )  La diffusion Compton avec changement de longueur 
d’onde. Elle se produit quand I’Cnergie des photons est trbs 
supCrieure aux Cnergies de liaison Wnl des Clectrons avec les 
noyaux des atomes. Dans ce cas, I’Cquation donnant la rCpar- 
tition des Cnergies aprks I’expulsion de I’Clectron d’knergie de 
liaison Wnl par le photon incident d’hnergie hvo est: 

hvo= Wnl+$g-nv’+hY’ 

Les deuxibme et troisibme termes du second membre de cette 
Cquation expriment respectivement 1’Cnergie cinetique transmise 
i 1’Clectron et 1’Cnergie restante du photon secondaire. L‘ampli- 
tude de ce phCnomi?ne est trbs grande pour des Cnergies allant 
d’une centaine de keV ii quelques MeV, elle est prCpondkrante 
sur les autres mkcanismes d’absorption entre environ 400 h 
500 keV et 4 5 MeV. C’est donc elle qui l’emporte de beau- 
coup dans I’absorption des rayonnements X et y utilisCs dans la 
plupart des industries faisant appel i la radiographie pour 
vCrifier leur produit. 

3 ” )  A partir d’environ 1 MeV, le photon peut disparaitre 
pour donner naissance i une paire d’klectrons, 1’Cnergie du 
rayonnement se retrouvant sous forme de masse des Clectrons 
crCCs. Ce phCnombne devient prCpondCrant au-deli de 4 2 5 
MeV. Ces divers mCcanismes se composent pour donner une 
absorption totale qui est la rCsultante des diverses courbes d’ab- 
sorption correspondantes i chacun des processus dCcrits. La 
courbe exprimant le coefficient d’absorption total passe par un 
minimum qui dCpend de la nature de I’ClCment absorbeur; il 
est respectivement de 3.5 MeV, 10 MeV et 22 MeV pour le 
plomb, le cuivre et I’aluminium. 
Ces divers effets peuvent s’accompagner de phinombnes qui 
en dCcoulent, telles que 1’Cmission des raies de fluorescence et 
1’Cmission d’Clectrons Auger (effet photoClectrique interne). 

L‘image radiographique qui est obtenue a p r b  traitement 
chimique appropriC du film, va risulter de I’action des divers 
rayonnements et particules sur h i .  
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Le but de notre Ctude est d’Ctudier l’importance relative 
de ces rayonnements secondaires Cmis par la paroi Cmergente 
en cours d’examen par rapport au rayonnement primaire trans- 
mis par cette paroi et leur action sur la formation de l’image 
radiographique. 

......................................................... Cesium 137 
Gadolinium 1 5 3 . .  
Mercure 203 ........................................................ 
Baryum 133. 
Gadolinium 153 
Gadolinium 153 

............................................ 

..................................................... 
.................................................... 
................................................... 

Conditions nCcessaires pour obtenir une image radiographique 
correcte 

Les variations d’intensitC de rayonnement Cmergent rksultant 
de variations d’absorption sont traduites sur le film par des 
noircissements diffCrents. L’image radiographique est donc carac- 
tCrisCe par un noircissement de base sensiblement constant, sur 
lequel sont perceptibles des dCtails de formes diverses, pouvant 
prCsenter un kcart de noircissement en plus ou en moins, dont 
l’amplitude dipend en partie des caractkristiques physiques et 
geomktriques de l’anonialie qui I’a provoquCe. 

En assimilant au bruit de fond d’un appareil Clectronique 
la densit6 de base du cliche, et a un signal le dCtail perceptible 
provoquC par un dCfaut ou une anomalie et dans l’hypothhe oh 
les conditions dexamen et 1’acuitC visuelle du lecteur sont cor- 
rectes, pour que le signal provoquC par le dCfaut soit perceptible, 
il faut rCunir les conditions suivantes: 
-une amplitude du signal suffisante, c’est-&-dire un rapport 

32 
41 
72 
79 
97 

103 

amplitude du signal 
amplitude du bruit de fond 

suffisant 

-une forme favorable du signal, c’est-2-dire un rapport 
amplitude du signal 

largeur du signal 
le plus grand possible 

Diverses Ctudes sur ces conditions ont 6th effectuhes par 
divers auteurs (1-2-3-4-5-6-7) pour prCciser I’influence de cer- 
tains paramktres. Pour notre part, notre contribution consiste 2 
rechercher comment varie I’amplitude du signal quand le spectre 
transmis par la paroi se modifie: soit parce que I’Cpaisseur ou 
parce que la qualit6 du rayonnement Cmis, varie. Ces modi- 
fications du spectre transmis vont modifier, parfois de faGon 
importante, l’amplitude du signal produit sur le clichC par le 
dCfaut par suite des rapiditCs diffkrentes du film pour les diverses 
longueurs d’onde qui lui parviennent. 

TracC de la courbe de sensibifit6 spectrale d’une Cmulsion 

I1 est bien connu qu’une Cmulsion radiographique posskde une 
rCponse spectrale non IinCaire vers les basses Cnerzies. Toutefois, 
les Ctude’s traitant de cette question sont peu nombreuses et 
ne font gCnCralement l’objet d’aucune publication. Nous avons 
donc voulu dCterminer I’ampleur du phCnomkne, et pour cela, 
nous avons procCdC au track expkrimental d’une courbe de 
rCponse spectrale d’un film d’utilisation courante. 

Deux difficultCs se prCsentent pour mener B bien une telle 
Ctude: 
-disposer: 

-de rayonnements monochromatiques ou assimi- 
lables, de diverses Cnergies correctement connues, 

-d’un appareillage de mesure de dose dont la 
lecture soit indkpendante de I’Cnergie du rayonne- 
ment utilisC. 

Obtention de rayonnement homog2ne 
Certains radio-isotopes Cmettent un rayonnement monochro- 
matique d’Cnergie bien connue, cependant ils proviennent sou- 
vent d’C1Cments chimiques rares ou prCcieux et pour lesquels les 
activitCs disponibles sont trks faibles. Nous avons utili& ces 
radio-CICments seulement pour Ctalonner le spectromktre multi- 
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canaux avec lequel a et6 rCalisC cette Ctude, et nous avons 
recherchC les Cpaisseurs de filtration nicessaires pour que le 
rayonnement hCtCrogkne correspondant au spectre continu Cmis 
par un tube 2 rayons X soumis B une tension secondaire dCter- 
minCe, devienne homoghe. Nous pouvions ainsi disposer d’une 
intensit6 suffisante de rayonnement pour exposer un film dans 
un temps raisonnable. Pour cela, nous avons diaphragm6 le 
faisceau de rayons X par un premier collimateur prCsentant une 
ouverture de 0.2 mm de diamktre, le faisceau Cmergent traverse 
alors un filtre placC devant un second collimateur ayant une 
ouverture de 10 mm de diamktre, puis le faisceau ainsi transmis 
est captC par le cristal du compteur 2 scintillation dont les 
signaux sont analysCs par I’ensemble spectromCtrique. On dC- 
termine alors, pour une tension secondaire de fonctionnement 
du poste B rayons X dCterminCe, et une distance compatible 
avec une Cmission de photons ne provoquant pas la saturation 
de la sonde, 1’Cpaisseur de filtre nCcessaire pour que I’Cnergie 
du rayonnement filtrC ainsi obtenu devienne indCpendante de 
1’Cpaisseur de filtration. A ce moment, le coefficient d’absorption 
est devenu constant et le rayonnement homoghe. Cette dCter- 
mination se fait sur un graphique qui reprCsente la fonction 

I 

I O  

fix = log - 

La valeur recherchCe correspond au point 2 partir duquel cette 
fonction devient 1inCaire. 

L’appareillage utili& pour ces mesures a CtC le suivant: 
a )  Radio-e‘le‘ments de rkfkrence pour l’e‘talonnage du spectro- 
mt?tre 

Radio-dements 
Energie en keV de 
la raie utilisee pour 

l’etalonnage 

b) Appareils a rayons X 
5-50 kV BALTEAU-foyer 1 X 1 mm-dCbit maximal 

20 mA filtration propre: 2 mm Bery- 
lium 

utilis6 avec un dCbit Clectronique de 5 mA pour les tensions se- 
condaires infCrieures i 50 keV 
200 kV BALTOSPOT-foyer 1.5 x 1.5 mm-dCbit maximal 3 

mA filtration propre, 3.6 mm Alumi- 
nium 

utilis6 au dCbit maximal pour les tensions supkrieures 2 50 kV 
c) Filtres utilisks- 

Aluminium pour les tensions de 20-30 et 40 kV. 
Cuivre pour les tensions de 40-80-100-120-140-170 et 
200 kV 

d)  Spectrom2tre S A M 60 a 60 canaux, B mCmoire, avec en- 
registreur et bloc d’impression et utilis6 avec une sonde B 
scintillation dont I’CICment actif est un cristal de 25 mm de 
diamktre de INa activC au Thallium. 
Les rCsultats obtenus sont repr6sentCs sur les figures 6 et 

7 concernant respectivement les tensions secondaires comprises 
entre 20 et 40 kV et celles comprises entre 80 et 200 kV. 

Ces courbes permettent de fixer les valeurs des Cpaisseurs 
de filtration B partir desquelles le rayonnement X obtenu est 



homogbne, et d’en prCciser 1’Cnergie. Le tableau suivant rCsume 
les rCsultats obtenus. 

Energie du 
Epaisseur rayonne- 

minimale de ment E 
filtration homogene 
en mm obtenu 

en keV 

3 18 
12 25.7 
1 35 
3 61 
6 74 

10.6 97 
15.8 115 
19.8 128 
23 145 

Tension 
secondaire V 

appliquke 
au tube 
a rayons 
X en kV 

E 

v 
- 

0.9 
0.84 
0.88 
0.76 
0.74 
0.80 
0.82 
0.75 
0.72 

Nature 
du filtre 

A‘ 4-o K v /  
I - 30 - I 

20 
30 
40 
80 

100 
120 
140 
170 
200 

- 
- i  

€ 
-0.5 E 

5 
0 

0.f I 

Aluminium 

Cuivre 

E 
€20  

10 

0 
0 IO 20 30 Kev+ 

Figure 6. Filtration avec aluminium et avec cuivre 5mA. 

I ‘I70 l<Vl mm I 

Cq ’ 200KV 

20 - 
15 - 

100 Kv/ 

IO I - 
I 

c 

0 50 100 150 Kev+ 
Figure 7. Filtration avec cuivre 3mA. 

Mesure de la dose choisie pour irradier le film e‘tudie‘ aux 
diverses e‘nergies retenues 
Pour Ctudier la rhponse spectrale de 1’Cmulsion CtudiCe, nous 
avons irradiC des films appartenant au m6me lot, avec une dose 
constante que nous avons choisie Cgale B 500 mR et avec des 
rayonnements homogbnes d’Cnergies connues et croissantes, 
telles qu’elles rCsultent du tableau prCcCdent. Pour mesurer la 
dose que recevait le film, nous utilisions des dosimbtres B thermo- 
luminescence au fluorure de lithium avec un appareil lecteur 
rCalisC par la SociCtC CONRAD. La rCponse des dosimktres au 
fluorure de lithium, munis de films correcteurs pour la mesure 
en basse Cnergie, est IinCaire B partir de 25 keV environ. 

Les doses sont dCterminCes B partir des lectures faites sur 
trois dosimbtres irradiCs simultankment. Elks sont retenues si 

la dispersion entre les trois lecteurs reste infCrieure B 5% et, 
dans ce cas, la valeur adopt& est la moyenne arithmktique des 
trois valeurs mesurtes. 

On procbde B diverses irradiations pour des doses crois- 
santes; les films irradiCs a une certaine Cnergie sont alors dC- 
veloppCs dans des conditions rigoureusement sernblables, et on 
trace la courbe exprimant la variation de densit6 en fonction de 
la dose. De telles courbes sont donnCes B titre d’exemple sur la 
figure 8 pour diverses Cnergies de rayonnement. A partir de ces 
graphiques, on dCtermine alors aisCment la densit6 correspon- 
dant i la dose de 500 mR pour chacune des Cnergies. On ob- 

I I . 
500 1000 mr 

- 
Figure 8. Courber de noircissement. 

tient alors une courbe reprCsentCe B la figure 9a. Si elk met bien 
en Cvidence la non-IinCaritC de rCponse de 1’Cmulsion pour les 
Cnergies infirieures B 140 keV, elk ne constitue pas, B propre- 
ment parler, la courbe de sensibilitb spectrale, laquelle ex- 
prime la variation de dose en fonction de 1’Cnergie pour obtenir 
une densit6 constante. Toutefois, lors de la prise de clicht, c’est 
la densit6 qui exprimera les variations de dose et d’Cnergie. 
Pour des films de caracthristiques voisines mais provenant de 
fournisseurs diffCrents, les courbes obtenues sont pratiquement 
les m6mes. 

Influence conjointe de la sensibilitb spectrale de I’bmulsion et de 
la composition spectrale du rayonnement transmis par la paroi 
examinbe 

L’Cmulsion ayant une rCponse spectrale non IinCaire avec 1’Cner- 
gie des photons qu’elle absorbe et les photons transmis par une 
paroi pouvant avoir des Cnergies et des orientations diverses par 
suite des phCnombnes de diffusion, il est important de rechercher 
comment 1’Cmulsion traduit les diffCrences d’absorption du 
rayonnement primaire dont les Ccarts d’intensitC qui en rksultent 
se superposent B un spectre de rayonnement d’Cnergie plus faible. 

Nous avons procCdC B cette recherche avec trois spectres 
diffkrents: 
-le spectre continu de rayonnement X Cmis pour des tensions 

-le spectre de raies y Cmis par une source de radio-iridium 192. 
Nous interposons entre le foyer Cmissif et 1’CICment dCtec- 

teur de I’ensemble spectromktrique, des Cpaisseurs croissantes de 
cuivre avec les rayons X et d’acier avec les rayons y considCrCs. 

Pour chacune des Cpaisseurs de filtration adoptbe, nous 
comptons le nombre de photons enregistrCs par le spectrombtre, 
d’une part en considirant la totalit6 des photons prCsents dans le 
spectre transmis quelle que soit leur Cnergie, d’autrc part seule- 
ment ceux dorit 1’Cnergie est comprise entre 25 et 100 keV, 
bande dans laquelle la rkponse spectrale du film n’est pas 
IinCaire. 

secondaires, respectivement de 140 et 200 kV, 
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Nature 
du 

rayonnement 

R X 140 kV 

R X 200 kV 

Iridium 192 

Absorption (filtre) 

Nature 

cuivre 

cuivre 

acier 

Epaisseur 

1.5 
2.5 
4 
5.2 
6.2 
7.2 
8.2 
9 

10.6 
12 
13 
14 
17 
17.8 
19.8 
21.8 

3 
4 
5.2 
6.2 
7.2 
9 

10.7 
12 
16 
17.8 
19.8 
22.6 
24.1 
27 
29 
31 
36.2 

0 
1 
4.05 
6.2 
7.8 

11.85 
15.16 
19.65 
25.85 
30.70 

Spectre complet 

Nbre de photons 

162 667 
157 377 
155 185 
164 702 
158 697 
147 906 
138 174 
128 423 
117 905 
108 130 
103 251 
99 009 
86 604 
81 593 
76 066 
68 210 

171 124 
163 275 
153 128 
154 673 
163 625 
165 774 
157 877 
152 477 
154 282 
152 289 
150 989 
148 816 
147 153 
144 681 
142 596 
140 697 
137 433 

100 OOO 
91 278 
86 283 
80 299 
76 715 
66 769 
57 071 
49 908 
40 111 
33 885 

Log Nbre photons 

5,2113 
5,1969 
5,1908 
5,2167 
5,2005 
5,1699 
5,1404 
5,1086 
5,0715 
5,0339 
5,0139 
4,9956 
4,9375 
4,9116 
4,8811 
4,8338 

5,2334 
5,2129 
5,1851 
5,1894 
5,2138 
5,2195 
5,1983 
5,1832 
5,1883 
5,1826 
5,1789 
5,1726 
5,1678 
5,1604 
5,1541 
5,1483 
5,1381 

5,000 
4,9603 
4,9359 
4,9047 
4,8848 
4,8245 
4,7564 
4,6981 
4,6032 
4,5300 

Bande spectrale 25 - 100 keV 

Nbre de photons 

92 512 
97 618 

107 519 
100 893 
97 704 
84 632 
71 911 
61 778 
49 712 
44 055 
43 566 
45 858 
45 716 
46 183 
49 398 
51 365 

101 871 
104 897 
98 669 
98 735 

106 769 
107 583 
90 360 
78 329 
63 590 
57 370 
57 100 
59 829 
71 716 
84 524 
88 238 
98 738 

109 642 

23 435 
20 143 
18 550 
16 872 
16 215 
14 213 
11 983 
10 538 
8 284 
6 996 

Les rCsultats obtenus figurent dans le tableau de la page sui- -un troisikme domaine voit la courbe - . -  
vante. Ce tableau permet de tracer alors les courbes reprksentkes 
sur la figure 10, qui ami'nent les remarques ci-apri's: 
I")  les courbes obtenues avec I'iridium 192 dkcroissent rkgu- 

likrement, aussi bien pour le spectre total que partiel. 
2") les courbes obtenues avec les rayons X kmis B 140 kV et 

200 kV sont assez diffhrentes. Celles qui concernent le spec- 
tre total dkcroissent constamment et assez rkgulikrement. 
Au contraire, celles qui concernent la bande spectrale 
25-100 keV sont trks dissemblables. On peut y distinguer 
trois domaines: 

-un premier domaine, situ6 au-dessous de 4 mm de paroi 
pour 140 kV, et 9 mm pour 200 kV, oh la courbe est sen- 
siblement horizontale, avec une Ikgi're concavitk vers le 
haut; 

-un second domaine, situ6 entre 4 et 13 mm pour 140 kV et 
9 i 20 mm pour 200 kV, voit la courbe du spectre partiel 
dkcroitre rapidement. C'est cette partie de courbe qui dk- 
finit les limites d'utilisation optimale de 1'Cnergie d'kmission 
considhrke; 
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Log Nbre photons 

4,9662 
4,9895 
5,0314 
5,0038 
4,9899 
4,9275 
4,8568 
4,7908 
4,6964 
4,6440 
4,6391 
4,6614 
4,6600 
4,6644 
4,6937 
4,7106 

5,0081 
5,0208 
4,9942 
4,9945 
5,0284 
5,0317 
4,9560 
4,8939 
4,8034 
4,7587 
4,7572 
4,7769 
4,8556 
4,9270 
4,9457 
4,9945 
5,0779 

4,3698 
4,3041 
4,2683 
4,2271 
4,2099 
4,1526 
4,0785 
4,0227 
3,9182 
3,8448 

reprksentative du 
spectre partiel remonter plus ou moins rapidement. Dans ce 
cas, 1'Cmission secondaire devient tri's importante, son in- 
tensitk augmente alors que celle du rayonnement primaire 
d6croit. Le rapport 

rayonnement secondaire 

rayonnement primaire 
croit tri's vite. 

Pour mieux comprendre I'importance tr&s grande de ce 
fait, nous avons enregistrk le spectre transmis par une paroi de 
19.8 mm de cuivre travers6e par le rayonnement X provenant 
d'un appareil fonctionnant sous une tension secondaire de 140 
kV. Le rksultat est reprksentk i la figure 4b. Chaque cran corres- 
pond i un canal du spectromktre. On observe deux pics nets, I'un 
i 120 keV environ qui correspond au rayonnement primaire 
tranmis, I'autre i 65 keV qui correspond i une Cmission secon- 
daire de forte intensitk. On distingue kgalement un tioisikme pic 
vers 30 keV. 

Comme cette figure le montre, l'intensit6 des rayonnements 
secondaires diffusks ou Cmis par la paroi radiographike est sen- 
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siblement supkrieure i I’intensitC du rayonnement primaire trans- 
mis, ce qui a pour effet de diminuer le rapport 

signal 

bruit de fond 
par ClCvation de ce dernier. L‘affaiblissement de ce rapport est 
considCrablement accentuk par le fait quc I’tmulsion est beau- 
coup plus sensible aux photons secondaires de basse Cnergie 
qu’aux photons primaires d’Cnergie plus ClevCe. qui s e d s  con- 
tribuent & l’obtention de l’information recherchCe. 

Le rapprochement des figures 9a et 9b tel que nous I’avons 
reprCsentC met bien en Cvidence ce phCnomhe. 

Dans le cas considCrC, les quantitCs (doses) des divers 
rayonnements transmis ou Cmis par la paroi sont proportionnel- 
les aux surfaces des deux pics de la figure 9b, soit 40% pour 
celui qui concerne les Cnergies de photons suptrieures i 100 
keV et 60% pour celui qui concerne les photons d’Cnergie 
infCrieure i cette valeur. 

En ne considCrant, pour simplifier notre raisonnement, que 
I’Cnergie maxiniale de chacun des pics principaux soit respective- 
ment 120 et 65 keV, le rapport de la rapiditt de rCponse du 
film pour ces deux valeurs est d’environ 4. Ce coefficient reprC- 
sente I’amplification de la densitt due aux photons de 65 keV 
par rapport i celle qui rCsulte de I’action des photons de 120 
keV. Dans ces conditions, la densit6 de base risulte, pour 10% 
de la valeur du rayonnement primaire, et pour 90% de celle 
du rayonnement diffud. C’est donc seulement sur ces 10% 
que se manifesteront les variations dues aux diffCrences d’ab- 
sorption provoquCes par la prCsence de dCfauts de compacitC. 

Les exphriences dCcrites montrent la grande importance 
qu’il faut accorder a la composition spectrale du rayonnement 
X ou y transinis par une paroi. Les rksultats trouvCs avec les 
rayonnements Cmis sous des tensions secondaires de 140 et 200 
kV semblent conduire i une limitation des Cpaisseurs maximales 
pour lesquelles la qualit6 de la dCtection des dCfauts est bonne. 
Au-deli des Cpaisseurs de 13 et 20 mm pour les deux tensions 
considCrCes, la proportion relative de rayonnements secondaires 
dans le spectre qui parvient au film croit trks vite. Toutefois, 
des expCriences en cours montrent qu’il convient de distinguer 
les dCfauts proches de la paroi contre laquelle est disposC le 
film, de ceux qui en sont bloignis. I1 peut arriver que le rayonne- 
ment secondaire participe la dCtection d’un dCfaut et mcme 
amtliore le contraste avec lequel il est persu. Pour cela, il suffit 
que les photons secondaires aient une direction voisine de celle 
des photons primaires et que I’Cpaisseur comprise entre le dCfaut 
et le film soit telle qu’une portion appriciable de ces photons 
diffusCs puissent parvenir au film sans provoquer une nouvelle 
diffusion. Tout se passe alors comme si la radiographie Ctait 
effectuCe sur la seule Cpaisseur Ae par deux rayonnements 
d’Cnergie hv, pour le primaire, et hv’ pour le secondaire. Nos 
essais ont montrC que, pour un matCriau dCterminC, suivant 
I’Cnergie des photons primaires et I’Cpaisseur de la filtration, on 
observait 1’Cmission de photons secondaires pouvant avoir une 
Cnergie assez bien dCfinie (voir figure 9b). On peut donc faire, 
pour cette Cmission secondaire, le m&me raisonnement que pour 
les photons primaires et considher qu’il existe un domaine 
d’Cpaisseur pour lequel ils auront un r81e bCnCfique sur la dC- 
tection des dCfauts qu’ils rencontreront. 

On conqoit que ce rCsultat ne peut &tre observC que pour 
les dCfauts proches de la paroi contre laquelle se trouve le clichC 
et avec un rayonnement diffusC de direction aussi proche que 
possible de celle du rayonnement primaire. Dans le cas contraire 
oh le dCfaut n’est pas proche de la paroi d’kmergence des rayon- 
nements, les photons secondaires de faible Cnergie seront 
absorbis avant de parvenir au clichC en donnant naissance i 
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Figure 9. Composition spectrale du royonnement emis sous 140 kV avec filtration 
19.8 mm cuivre. 
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Figure 10 

d’autres photons moins bien orient& ou B des photo6lectrons. 
Si le dCfaut dCbouche, les rayonnements diffusCs de toute nature, 
quelles que soient leur direction et leur Cnergie, participeront B 
la formation de I’image et pourront accroitre, parfois de faqon 
importante, le contraste de cette dernihe. La figure 6 rCsume 
cette analyse des phknomknes Ctudids, qui demandent une expC- 
rimentation soignCe sur des mod2les prisentant des dCfauts B 
diverses profondeurs afin de vCrifier comment se modifie le 
contraste de leurs images. 

Conclusions 
Nos expbriences semblent montrer que pour chaque matCriau 
il existe une tranche d’bpaisseur bien dCfinie pour laquelle la 
qualit6 spectrale du rayonnement permettra la meilleure dCtec- 
tion possible d’un dCfaut en mettant en ceuvre un rayonnement 
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Figure 11 
Representation schematique d e  I’am- 
plitude des divers signaux provoques 
par les differentr defauts representer. 

primaire de qualit6 donnee. Ce  domaine d’kpaisseur optimale 
diffhre sensiblement de celui qui est indiquC par les fabricants 
d’appareillage B rayons X et se situe trhs en dessous des valeurs 
porthes sur les notices d’emploi. 

I1 semble prtfCrable de radiographier une pikce avec un 
rayonnement d’Cnergie relativement ClevCe, si I’on Cvite ainsi 
une Cmission secondaire dont 1’Cnergie moyenne se situe dans le 
domaine spectral ou 1’Cmulsion prCsente sa plus grande rapiditC. 
L’Ccart des intensit& du rayonnement primaire transmises res- 
pectivement a travers le dCfaut et B c8tC de celui-ci diminuera, 
mais le contraste de I’image radiographique au moment de la 
lecture du clichC augmentera, et la dCtection du  dCfaut sera 
finalement amCliorCe. 

Bien entendu, les autres prbcautions usuelles concernant 
-le rayonnement: incidence, filtration, etc . .  . .  
-le film: qualitC, traitement, demit6 ClevCe, etc . . .  
-1’examen du clichC: qualit6 du nCgatoscope, de la linearit6 

Cmergente et ambiante, etc . .  

contribueront Cgalement a la bonne qualit6 des images radio- 
graphiques. 
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\ Relations Between Radiographic Image Quality and Film Density 

W. BOCK, E. MUNDRY AND D. SCHNITGER, GERMANY 

Introduction 

In the history of industrial radiography there have been many 
different views as to the density of X-ray and gamma exposures. 
From the literature of the thirties we learn that at that time 
densities around S= 1 were preferred (1-7). 

Though Schiebold (8) stated as early as 1936 that a favour- 
able range for sensitivity was 0.5 4 S 4 2.5, only in later years 
have higher sensitivities been used. In 1951, Vaupel and von 
Wetterneck demanded exposure densities of at least S = l S  for 
Ir-192(9) and O’Connor and Hirschfield obtained the best image 
quality for CO-60 radiographs in the range of 3.0 3.5 
(10). 

Similar results from other papers point to the most favour- 
able densities of fine-grain films with heavy metal screens for 
X-ray and gamma radiation at about S=2.5 (11-13), sometimes 
even between 3 and 4 (14). Systematic studies showed the most 
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favourable densities at ca. 1.5-3.0 (15-22). Some standards con- 
tain data on useful densities between S=1.3 and S=3.0 depend- 
ing on the exposure technique (23,24). 

Since there are very strongly diverging opinions on the 
choice of densities in practice it is the scope of this paper to 
find, by completing the Moller-Weeber theory of image quality, 
the relation between radiographic image quality and density by 
theory and experiment. Possible contradictions should be cleared 
up. Last but not least, the influence of view-box brightness is 
discussed and recommendations for the most favourable film 
densities and lowest brightness are stated. 

Theory of Image Quality at Any Given Density 

To express the image quality of an industrial radiograph as a 
numerical value, penetrameters with artificial flaws of various 
shapes and sizes are generally used. The detectability of the arti- 

-~ . . .. . . .. - . .~ . - .- ~ .. . . . ... .- . ~ . . . . . . 



ficial flaws gives units of measurement to assess the image qual- 
ity. In this paper wires with circular cross-sections are used as 
test flaws. The wire images have the advantage of being much 
longer than they are wide; that means that we can limit the 
theoretical calculation of the wire sensitivity to a two-dimensional 
method and can use, for the consideration of the film unsharp- 
nesses, the simpler line-spread function instead of the point- 
spread function. 

Radiation Characteristics 
The essential content of the theory of Moller and Weeber as 
the basis of this paper should be briefly outlined here because 
relevant reports have as yet been published only in German, so 
we cannot assume this theory to be generally known. 

According to this theory the best attainable wire sensitivity 
can be computed for a given exposure set-up and radiation quality. 
A set-up according to Figure l a  is given: A wire with the diameter 
d lying on the opposite side of the film on a piece of material of 

h 

Fig. b Y Fig. d 
Figure 1. Geometry (a and c); curve of intensity in the film plane (b), and blurring 
by film unsharpness (d). 

the thickness D is reflected on the film f by the radiation source S. 
The film to focus distance is B, the film to wire centre distance 
.is F and the diameter of the focal spot is b. It is assumed b<B and 
d << D ;  these conditions are satisfied generally in practice. As 
to the shape of the intensity behind the piece of material in the 
film plane (Figure Ib) the following statements can be made (x  
being the coordinate of film length): G(x) describes the total 
intensity; it is lower behind the wire than at both sides of the 
wire. G(x) comprises two components i.e. the intensities of scattered 
radiation I ,  and of primary radiation Z p  Because d < < D Z,(x) = 
const, while ZJx) depends on the associated total irradiated 
material thickness according to the absorption law. Beside the 
wire Z,(x) = Z, = const. For the continuous energy distribution of 
the Bremsstrahlung a mean absorption coefficient and foz the 
finite size of focal spot a mean irradiated wire thickness d are 
introduced. With the intensity Z, in front of the material we have 

(1) 

As for the imaging of the wire, the absolute intensities are 
not of interest but only the difference, AZ(x), between the intensities 
at the place of wire image and of places outside the wire image; 
this means the shape of the intensity absorbed by the wire in the 
film plane. Regarding d < < D and 

z,(x) = z0 * exp ( - ID + ~(XIII 

d(x)  < < 1, we get 

M ( X )  = ZP(X)  - zpo 

M ( x )  = - z,, i a x )  

= zpo { l  - Cl ;i(x)} - zpo 
(2) 

The irradiated mean wire thickness d, which is assigned to the 
point x on the film, must be calculated from the covered wire 
cross-section divided by the distance of the two marginal rays 
in the plane parallel to the film through the wire centre. 

Film Unsharpness 

Next we must take into account, in the formula of AZ(x), the in- 
herent unsharpness of the film-screen combination, which is 
produced on every exposure by lateral transportation of energy. 
If every part of energy associated with an infinitesimal width dx 
is scattered sidewise in the film-screen combination according to 
the function u(x) (Figure Id), the superposition of all incident 
scattered intensity parts produces the broadened shape of intensity: 

F b )  = * C ( X ) * U @ - X ) * ~ X  (3) +7 --to 

y and x are coordinates of film length in this convolution integral. 
According to (26) the spread function can be described by func- 
tions of the form 

u(x) = a - e  *' ' 
But the assumption of a simple triangle function as 

u(x) = C ' X  + g (4) 

alone gives an adequate approximation (25). Such a triangle func- 
tion, the half-width of it being the film unsharpness ui, permits 
the solution of the integral F(y) completely in an analytical form, 
a solution which has as yet been approximated only graphically 
(25). The shape of the absorbed intensity by the wire integration 
produces 

AZ@) = - Z,o.K*hQ (5)  

h Q  contains the relation between the wire image and all geome- 
trical values-the geometrical unsharpness included-and the film 
unsharpness ui. We have calculated the function hQ given in 
the Appendix. It consists mainly of root and arc cos expressions, 
which cause no difficulty in electronic computer programming. 

Introduction of the Density Parameter 

Only the shape of the intensity absorbed by the wire has so far 
been calculated. In order to get the corresponding shape of density 
on the film the gradation qualities of the film material must be 
considered and the film density has to be introduced. To maintain 
the analytical method of calculation, the density S = f(logZ3) 
necessitates its introduction as an additional parameter into the 
Miiller-Weeber theory. For that purpose we have recorded in the 
BAM the characteristic density curves of 24 types of films: the 
densities have been measured within the range of 0 < S 5 6.8 
with a Macbeth densitometer with sufficient accuracy. Correspond- 
ing to the recommendations of the IIW-document (32) the density 
curves of nearly all film types within the range of 0.5 < S < 5.0. 
fitted the exponential functions of the form S = c '  Em, c and m 
being characteristic constants of each film type. The differentiation 
of the exponential function gives 

AS = m*S*-  AE 

E 

Since the radiation intensity Z is proportional to the exposure 
value E within the limits of radiographic interest, we get with 
the equ. (5 )  and Z = Z, + Zpo 
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I* 
k = -  is the ratio of scattered radiation intensity to primary 

Iw 
radiation intensity outside the wire. ASQ describes the shape 
of the wire-image density compared to the evenly darkened back- 
ground. The expression is clearly constructed. The negative sign 
indicates that the density in the wire image is less than that of the 
adjacent area. The first two_values m and s give the influence of 

the film characteristics, - accounts for the influence of 

absorption and scattering properties of the irradiated material 
with regard to radiation quality. h ( y )  describes the dependence 
of the wire image on the geometrical and_ film unsharpness. 
Measured values are available (25, 26) for p and k in relation 
to the energy and the thickness of the irradiated material, for uc 
in relation to the energy. They were used for the calculations in 
this paper. Values for m are taken from our own measurements 
of the density curves mentioned above. 

Limits of Perception and Determination of Wire Sensitivity 
The final determination of the wire sensitivity proper from the 
calculated wire images requires in addition the knowledge of the 
limits of perception of the human eye and its dependence on 
the shape of image detail to be observed. Moller and Weeber 
confirmed with special penetrameter plates (25) that the smallest 
density differences ASmin perceptible by the human eye de- 
pend to a large degree on the shape of the image detail observed. 
The test-plates consisted of pairs of aluminium plates of which 
one longitudinal edge was chamfered in such a way that rec- 
tangular, trapezoidal and triangular density profiles of differing 
widths and slopes could be produced by irradiation. The crest 
values of the density profiles were measured with a photometer. 
A number of observers determined the values of ASmin as a func- 
tion of slope and width. This catalogue of density profiles was 
used for the final determination of wire perceptibility. Trapezes 
are drawn as similar as possible to every calculated wire image. 
These trapezes must have the same height and slope as any tra- 
peze of equal width of the catalogue, if the respective wire is to 
be just perceptible. A certain wire sensitivity corresponds to this 
wire. 

Theoretical Determination of Wire Sensitivity as a Function of 
Density 
If we accept the density S as the only variable parameter, the 
other exposure parameters remaining constant, we can find with 
the method discussed here in addition to (25) the relation 
between wire sensitivity and film density. Equ. (7) shows that 
the crest value of a wire profile, or more generally speaking 
the image contrast, increases when the product m.S increases. 
Since the density is combined with the gradation y by 

(8) 
within the validity range of S=c-E” it means that the wire 
sensitivity increases as long as the gradation increases. The maxi- 
mum of the wire sensitivity should therefore be attained at the 
inflection point of the density curve. As the inflection point of 
the usual middle and fine-grain films lies at densities above 
S=5, we can expect that the wire sensitivity for these films 
increases with the density at least up to S=5. Furthermore when 
evaluating the perceptibility of wires, Ricco’s law known in 
physiological optics, has to be taken into account. It states that 
for sharp imaging of an object within the range of the fovea 
the threshold value of the human eye is given by the product 
of the brightness of the object and the area of its image on 
the retina, as soon as this area falls below a certain value, 
which depends on the brightness of the field of vision (27). 
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l+k 

y = ln e - m * S 

Applied to the problem of wire perception it means that the 
density profile of wires below a certain diameter, which are 
still to be seen, requires a higher crest value ASmin the smaller 
the wire diameter. It can therefore be expected that the incre- 
ment of the image quality due to film gradation plotted against 
density becomes smaller after reaching a certain image quality 
index, the narrower the wire profiles reaching the limits of 
perception of the human eye. 

Determination of AS,<, 
Since within the range of boundary energy between 50 keV 
and 400 keV with higher densities and rather thin material 
thicknesses, wire diameters reach the perception threshold, 
where Ricco’s law has a non-negligible influence on the per- 
ceptibility, the relation between the density difference ASmin 
and the geometry of the density profile must be correctly known 
for the computation of the image quality. We therefore made 
investigations for wire diameters d < 1 mm (0.04’“,) in addition 
to (25). To save time, wires were used instead of test slits. The 
image profiles of small wires can be taken in good approxima- 
tion as triangles, which are determined in addition to the crest 
value of the profile by only one geometrical value, namely the 
slope or the base length. In regard to a special case discussed 
later we chose as geometrical value the width of the profile 
at the point where S has fallen to 40% of the crest value; for 
this width was in all experiments equal to the wire diameter 
itself with a tolerance of +- 1%. 

The experiments were carried out with finest grain films 
between 0.02/0.02 mm (- 1 mil) Pb-screens and a tube ten- 
sion of 180 kV. The distance from the wire sets to the film 
was small enough to produce no recognizable geometrical un- 
sharpness. For a constant exposure time rg and the resulting 
background density crest values of the wire profiles in the 
range of AS=0.05 to AS=0.2 were obtained. The much smaller 
crest values of the density profiles near the perceptibility thres- 
hold could not be measured any more with a microphotometer. 
They were produced at a known height in an additional series 
of exposures by placing the wires only during a certain part 
(partial exposure time tp) of the total exposure time to on the 
film. So they reached only a fraction AST of the full density 
difference ASg, which was measured by the Schmidt-Haensch 
microphotometer (25). The just perceptible wire was determined 
from the partial exposures by several observers, and the as- 
sociated value AT which is equal to the wanted value ASmcn 
was computed from 

AST tT 
-=- 

AS, t o  

In  Figure 2 the ASmcn values obtained this way are plotted 
against the wire diameter. We recognize below about 0.4 to 0.5 
mm clearly the influence of Ricco’s law. For decreasing diam- 
eters the minimum density difference ASmcn required for the 
detectability increases. The curve is given by a broken line for 
the bigger diameters, because this range leads to density pro- 
files, which are to be approximated more expediently no longer 
by triangles, but by trapezes being determined by two geometri- 
cal values. 

Example 
In  a concrete example the image quality was determined as a 
function of the density by theory and experiments and the results 
were compared. The data of exposure were: 

B=1000 mm (39.4”) 
b= 4 mm (0.16”) 
D= 20 mm (0.79”) 
U C =  0.17 mm (0.07”) 
300 kV, Adox M2 (0.02/0.02 mm Pb) 



0.015 

O.Ol0 

0.02 

0 

\ \ 

0 

0 

d - 
0.2 , 0.4 I 06 ,0.8 mm 1.0, 

0.01 0.02 0.03 inches 0.04 

Figure 2. Density difference Asmi, of lowest perceptible profile vs. wire diam- 
eter d. 

The equation (7) describing the curve of wire image density in 
regard to the even background density was programmed for 
a Zuse 23 ZV computer to allow the computation of AS as a 
function of the place y for any wanted density and any wire 
diameter in satisfying little steps of y. The just perceptible wire 
was determined out of the number of profiles calculated for 
a given density by comparing it to the ASmcn values. With the 
definition of the image-quality index BZ=6-10 log d according 
to the German standard DIN 54 109/2 (28) the corresponding 
BZ values were obtained, which are plotted against the density 
in Figure 3 (full line). Firstly the image-quality index increases 
fast in the range of little densities. With increasing densities the 
increment becomes smaller, but there is no maximum in the 
investigated density range. For the example chosen here the 
maximum has to be expected around or above the density 
S=6.  Its place is determined by the influence of Ricco's law 
by the shape of the characteristic film curve and for certain 
circumstances also by other influences as e.g. the acuity of the 
human eye. In no case can it be at densities behind the point 
of inflection of the characteristic film density curve. 

The experimental determination of the image quality in- 
dexes was carried out with a Seifert & Co. 400 kV set-up. 
The films were evaluated by the 4 observers who had counted 
the wires for the determination of ASm<*. So the influence of 
different evaluation rules and sensitivities of the eyes was 
kept down. The general evaluation rule used was the same as 
defined in an earlier paper on the experimental determination 
of the relation between image quality and film density (29). For 
reasons discussed further on the brightness on the observed 
film side was carefully watched during the evaluation. The 
brightness was measured in apostilbs (asb) or millilamberts (ml; 
10 asb=lml); it was checked on every evaluation by a Schmidt 
& Haensch brightness meter. The data characterized in Figure 
3 by circles had always a brightness greater than 100 asb (10 
ml). Agreement with the computed curve is good. 

Influence of Brightness 
The data symbolized in Figure 3 as triangles, were determined 
at brightnesses L between 100 and 1 asb (10 and 0.1 ml). 
Caused by the limited luminosity of our view box the brightness 
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Figure 3. Image-quality index BZ vs. density S (B2=6-10 log d, d[mm]=diam- 
eter of the thinnest perceptible wire. 

was, for these data, getting smaller with increasing film den- 
sities. For the last point, for example, it was only 1 asb (0.1 ml). 
We can see from these data that the image quality decreases 
rapidly with decreasing brightness below 100 asb (10 ml). 

This behaviour was already found in an earlier investigation 
(29). A typical example is given in Figure 4. Again the image- 
quality indexes of a series of Gevaert D2 films exposed to 200 
kV is plotted against density. The series was evaluated at dif- 
ferent view-box brightnesses given in arbitrary units. We learn 
that the maximum of the curve shifts with decreasing brightness 
to smaller densities; the maximum itself getting smaller. 

The shape of the experimentally found image-quality index 
curve of Figure 3 at higher densities represents a general be- 
haviour, which becomes understandable when we take into con- 
sideration that the contrast sensitivity of the human eye depends 
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Figure 4. Image-quality index BZ vs. density S for different brightnesses io of 
the view box. 
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strongly on the brightness. If two directly adjacent areas have 
the brightness L and L I+_ AL, the difference AL being just 
perceptible, then the contrast sensitivity means the ratio L/AL. 
A survey of the whole relevant brightness range is shown in 
Figure 5, where the contrast sensitivity according to data from 
physiological optics (27,30) is plotted against brightness; the 
ordinate on the right gives the corresponding density differences 
ASm(n. If we want to operate at maximum contrast sensitivity, 
which is necessary for a full utilization of the film information, 
we must ask for brightnesses on the observers film side of at 
least 10' asb (10 ml). Below 100 asb the contrast sensitivity 
decreases rapidly. At 1 asb (0.1 ml) the density difference AS 
has to be three times as much as within the maximum range 
of the curve in order to be still recognized. To get maximum 
contrast sensitivity a film with the density S=5.0 requires a 
view box with a brightness of at least L=106++"=10' asb 
(10" ml),  a film with the density S=6.0 L= 10' asb. One of the 
two devices by which the data of Figure 5 were determined had, 
however, only a maximum brightness of 10"* asb respectively 
lo"." asb without ground glass, the other one reached lo'.' 
(asb*). This means that films with densities of S-4 and above 
could not be evaluated any more by instrument no. 1 with 
maximum contrast sensitivity and therefore the wires related 
to the expected image quality indices BZ=14 to BZ=15.5 
could not be found. 

0,010 
40 

human eye adapted 

I I I I I I I I 

1 I I I I I I I I 
$-4  10-3 10-2 10-7 1 101 102 103 104 105 

L [mi// i /amberfs] - 
Figure 5. Threshold contrast sensitivity L/AL VI. brightness 1. 

There is also another effect which increases with decreas- 
ing brightness reducing the wire sensitivity when brightnesses 
are too small. If the eye has to adapt from light to darkness 
the visual angle amln under which an object is just detectable 
increases. But this means that the decreasing contrast sensitivity 
is superposed at lower brightnesses by the decreasing of acuity, 
where the three values brightness, contrast sensitivity and visual 
angle are interdependent (3 1,32,27). 

Therefore in the evaluation of X-ray films attention should 
be paid to a satisfying brightness on the observers side of the 
films, if the detectability of small details is important. For 
these cases we recommend brightnesses at 100 asb (10 ml), if 
possible at 200 or 500 asb. 

Conclusions 
From the theoretical considerations and their experimental con- 
firmation we learn that the image quality improves rapidly with 

*We were able to use this instrument through the courtesy of 
M. Ruault. Gaz de France, Paris. 
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increasing density and then moves towards a maximum. From 
the results of the example investigated here one could deduce 
the claim that X-ray films should have densities from S=4.0 
to S=6.0, view boxes of relevant brightnesses provided. The 
following arguments speak against the derivation of binding 
regulations and their inclusion in standards: 

1. The way by which such high densities are produced 
cannot be neglected (29). 

2. The light energy absorbed in films at high densities 
leads to such a heating of the film that damage to it 
during the evaluation cannot be prevented by normal 
technical aids. 

3. The gain in image quality with increasing density 
becomes smaller and smaller, the technical expenditure 
for the production and evaluation of such exposures, 
however, gets bigger and bigger, so that economical 
considerations should not be neglected. 

The choice of densities S > 4 should in our opinion be 
reserved for special test problems, where economic aspects are 
of secondary importance to the highest image qualities. 

Summary 

The present paper deals with the problem of how to introduce 
density as a parameter into the Moller and Weeber theory of 
image quality expressed by wire sensitivity when irradiating 
material with X- and gamma-radiation; how the wire images 
are to be computed analytically and how the image quality 
finally depends on the density. For that purpose we first 
examined how the film gradation depends on the density. 
It was shown that within the range of 0.5 < S 5.0 the 
characteristic curves of almost all investigated fine-grain films 
can be described as exponential functions and that a linear 
relation exists between gradation and density; therefore the 
gradation could be replaced by the density itself. Thus it was 
possible to compute for different densities the shape of contrast, 
which describes the wire image, and to determine theoretically 
the wire sensitivity as a function of density by comparison with 
the contrast threshold values of the human eye, which were 
also determined as a function of density. These values are com- 
pared with the experiments, the influence of brightness on 
image quality is discussed, and optimum film densities are 
stated. 
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Appendix 

The function hQ from Equ. (7) is calculated as h(y) = f3 . f(y) 

withp = ' -2 and 
d4 . B3 1 

U, 64 . b * F(B-F)2 

f(Y) = 

(B - F) 
x = y - u i  a = 2- 

I3.d 

b * F  

Bad 
z = y + u i  c=- 

t (ay + c) 41 - (ay + cI2 2I3 [1 - (ay + d21 - 23)  

- (ax + c) 4 1  - (ax + c)2 [3 [l - (ax + c)2] - 2,5} 

- (az + c) 41 - (az + c)2 { + [ I  - (az + $1 - 2,5} 

- (ay - c) 41 - (ay - c)2 2{3 [l - (ay - c)2] - 2,5} 

t (ax - c) 41 - (ax - c)2 {3 [ I  - (ax - $1 - 2,5} 

t (az - c) 41 - (az - c)2 (1 - (az - c)2] - 2,5} 

t 2{2 (ay + c)2 + t - 1  arc cos (ay + c) 
- [ 2 (ax + c)2 + *} arc cos (ax + c) 

- { 2 (az + c)2 + +} arc cos (az + c) 

- 2{2 (ay - c)2 + $} arc cos (ay - c) 

+ { 2 (ax - c)2 + +) arc cos (ax - c) 

+ {2 (az - c)2 + &] arc cos (az - c) 

L'auteur a-t-il essay6 d'ambliorer la perception de fins details 
sur des films B haute densitt, en supposant qu'il ne dispose pas 
d'un kclairement suffisant, en utilisant une loupe B faible grossisse- 
ment, entre 2 et 5. I1 semble qu'une telle pratique permettrait de 
btneficier plus longtemps de l'amtlioration de la qualit6 d'image 
avec la densitb et s'accommoderait d'iclairement plus faible. 
A. On ne s'est pas servi d'une loupe B faible grossissement, parce 
que ce mtmoire couvrait seulement l'6tude de la perception de fins 
details sur le film en autant qu'une telle perception est lite ?i la 
demit6 et h l'bclairement du film. On n'a pas eu recours non plus 
B quelque autre aide technique. 
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'Layer-Radiography with a Betatron 

YOGORO ISH11 AND AKIRA KANN6, JAPAN 

ABSTRACT: Layer-radiography with o betatron was applied to thick steel weld- 
ments to determine locations and shapes of defects. The fixed rodiotion source 
method was applied to movable samples, and the tomographic method was 
applied to samples welded directly to the 3000-ton fatigue testing machine. 

The extent of  fading in both methods was the some, and the sectioned layer 
width, with a 2-per cent detectability of the wire type defect, was determined to 
be  6 mm in the Ioyer-radiography of a 100-mm thick steel plate. 

Simultaneous four layer-radiogrophy wos applied with a 6-mm sectioning 
interval and four pairs of lead screens of 0.3 mm thickness. This method could 
detect almost all defects that could be  detected by ordinary radiography. 

Slag inclusion, a crack model and o nozzle weld part model were investi- 
gated and the defect locations were determined with o precision of 1 mm. The 
cracks, which were inclined to the rodiotion direction within an angle of  the 
rotation, were detected more eosily by layer-radiography than by ordinary 
radiogrophy. 

Introduction 
The determination of locations and shapes of defects in thick 
steel plate weldments is frequently required because this informa- 
tion is considered indispensable in the analysis of mechanical 
test results. 

Although there was no previous example of the application 
of layer-radiography with a betatron for nondestructive inspec- 
tion, it was considered to be a very effective method for 
measuring locations and shapes in thick steel weldments. 

Two methods were applied; the tomographic method and 
the fixed-radiation source method. 

The tomographic method was applied to samples that were 
welded directly to the 3000-ton fatigue testing machine, setting 
the apparatus on one of the columns. 

The fixed-radiation source method was applied to movable 
samples in a betatron radiography room. The apparatus used 
in the tomographic method was also used in this method, 
changing the driving mechanism. 

The two methods showed quite similar results in the extent 
of fading of images which deviated from the sectioned plane. 
The preliminary experiments for the 3000-ton samples were 
then done in the betatron radiography room by the fixed- 
radiation source method. 

This paper deals mainly with the experimental results on 
artificial defects. Slits were substituted for cracks, and rotated 
in the steel blocks. Slag was made artificially in welds. Drill 
holes with various diameters and at different locations in a steel 
block were used as the reference standard for the measurement 
of the extent of fading of defects deviating from the sectioned 
plane. 

A nozzle joint model with artificial defects was layer- 
radiographically investigated and the results were compared with 
those of ordinary radiography. 

Experimental results show that layer-radiography is superior 
to stereo-radiography in measuring the defect locations and 
shapes in nondestructive inspection. 

Mechanism of Layer-radiography 
A 15-MeV betatron is used as the radiation source; it has a 
0.2-mm focus size and a 20-r/min.m of radiation intensity. The 
X-ray generator head is only about 780 kg in weight and is set 
on a carriage. This carriage is set on the layer-radiographic 
apparatus. 

Fixed Radiation Source Method 
Although light in weight, it is necessary to prepare a rigid set 
for the rotation of the head around the sample and prepare 
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ray source 

Figure 1. Mechanism of multilayer-radiography of the fixed-radiation source 
method. 

enough area when using the tomographic method. If the sample 
and the X-ray film are rotated around each axis at the same 
speed, at the point where the two axes are parallel to each other 
and on the same plane, including the fixed radiation source 
point, a layer-radiograph can be obtained. In the fixed-radiation 
source method, the apparatus has no need of such requirements. 
However, for this report the same apparatus was used in both 
methods by changing the driving mechanism. It was applied to 
movable samples in the betatron radiography room. Since 
simultaneous multilayer-radiography was considered an in- 
dispensable factor in the practical use of layer-radiography, this 
method was tried as well as the tomographic method. Figure 1 
shows the mechanism for simultaneous multilayer-radiography 
in the fixed-radiation source method. The X-ray film is placed 
at y~ distance from the film rotation axis. A plane which is at 
yl distance from the sample rotation axis is radiographed with- 
out obscurity, if y~ and y. have the following relation; 

y ~ =  yz.R/ R+  r 
where R is the distance from the rotation axis to the radiation 
source, and r is the distance between the two rotation axes. In 
the experiments reported R and r are 100 cm and 60 cm 
respectively. Any layer of the sample may be layer-radiographed 
by varying the film position. The enlargement ratio of the images 
of each film is R+r/R.  The fixed-radiation source method is 
easily put to practical use. 



Tomographic Method 
The apparatus is set on one of the columns of the 3000-ton 
fatigue testing machine. Changing the driving mechanism to the 
tomographic method from the fixed-radiation source method, 
the apparatus is rotated around the sample with the betatron 

Figure 2. Application of tomographic layer-radiography to a sample of a 3000- 
ton fatigue testing machine. 

and the X-ray film facing each other. The tomographic method 
is shown in Figure 2. 

The X-ray was well shielded so that the betatron could be 
operated four hours in a week. 

Rotation Angle 
The image gap between the image of zero rotation and the 
image of 0 rotation was calculated in both methods, and vary- 
ing the rotation angle the extent of fading of the images were 
examined (1). 

From these results a rotation angle of f. 30 degrees was 
chosen, because the images deviating from the sectioned plane 
faded almost equally in a 60-degree or over rotation angle for a 
100-cm-thick steel plate, due to the increase of the X-ray absorp- 
tion in larger angles than 60 degrees. 

- 

Exposure Time and Film Density 

For the layer-radiography an exposure time of 20% more than 
that for ordinary radiography of a 100-mm-thick steel plate with 
a 60 degree rotation angle was required (1). 

In  layer-radiography the images that deviate from the sec- 
tioned plane give a scattering effect on the X-ray film. If the 
ratio of the quantity of the direct ray to that of the scattering 
ray is constant, a high film density is favourable for photo- 
graphic contrast 

I 

Film density of over 2.0 was chosen. 

Sectioned Plane 
1.8 20 25 3.0 3.5 4.0 mrn9 
0.8 1.0 12 1.4 16 

50mm9 

Figure 3 
layer-radiograph of the reference standard 
which has a series of wire type defects. 
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The rotation time for one shot can be varied from 2 min to 
12 min with this apparatus. 

Film densities in multilayer-radiography vary correspond- 
ing ,to their positions. Density differences occur mainly from the 
decrease of X-ray intensity by the absorption of lead screens in 
simultaneous four-layer radiography. The density differences esti- 
mated from the characteristic curve of the fine-grain type film 
(SAKURA RR) is about 0.15 at a 2.0 film density and 0.25 at 
a 3.0 film density, due to the X-ray absorption differences by a 
1.8-mm plate which corresponds to three pairs of lead screens. 
In practice these values varied because the lead screen surfaces 
were not quite in the same condition. Despite the difference in 
densities it had no effect on the image qualities. It was not neces- 
sary to change the combination of the intensifying screens and 
X-ray film types as in the low-energy X-ray method. 

Sectioning Width 

For observing the fading of images that were on the other planes 
from the sectioned plane of the sample, artificial defects were 
used as reference standards. 

One of them had drill-holes parallel to the rotation axis in 
a line of various hole diameters in a 2-cm-thick steel plate 5 
cm wide. Five plates of this type were piled up so that the drill- 
hole lines made a step-like alignment deviating 2.5 mm horizon- 
tally. The drill-hole diameters are 4, 1.6, 3.5, 1.4, 3.0, 1.2, 2.5, 
1.0, 2.0, 0.8 and 1.8 mm from right to left (Figure 3 ) .  

The other reference standard was made by piling 2.6-mm- 
thick steel plates, each with one line of drill-holes of various 
diameters; 9.0, 6.0, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5 mm. 
These lines were not superposed vertically. This standard was set 
so that the thickness direction made a right angle to the sample 
rotation axis. 

These standard samples were layer-radiographed with a 
single film. The visible diameters were plotted to the deviated 
distances from the sectioned plane. The images which showed 
their originals to some extent were plotted as visible. Figure 4 
shows the experimental results. The ASTM equivalent percentage 
was calculated according to Criscuolo's equation (2) .  

The results show that the wire-type defects have a greater 
tendency to fading than the hole-type defects. 
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Figure 4 2 .- 

Relationship between the visible 
diameters of artificial defects, which 
are wire and hole types, and the 
distances from the sectioned plane 
in layer-radiography. 
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If a 2-per cent defect sensitivity for the wire-type defect is 
required, the sectioned layer width is determined to be 6 mm. 
With this sectioning interval, the samples were layer-radiographed 
with one or several shots by the simultaneous multilayer method. 
Any defect detected by ordinary radiography was almost always 
detected on at least one film. 

After estimating the defect locations roughly, the second 
fine sectioning around the estimated locations was made. Com- 
paring the obscurities of the images on each film, the defect loca- 
tion was determined precisely. The fine sectioning interval was 
about 2 mm. 

Slag Inclusion 

Artificial slag inclusion was made in the weldment of a 100- 
mm-thick steel plate. After the inclusion was layer-radiographed 
and stereo-radiographed, the sample was brittle-fractured across 
the defect. Figure 5 shows the cross-section of the slag inclusion, 
the ordinary radiograph, and a series of layer-radiographs. 

The layer-radiograph was somewhat obscure because of the 
other part of the image which deviated from the sectioned layer. 
The extent of the obscurity increased remarkably when the sec- 
tioned layer itself deviated from the defect. Figure 5 shows that, 
when the sectioned layer deviates about 1 mm from the defect, 
the obscurity of the image increases markedly. 

In practice, the interval of sectioning planes is about 2 mm 
in the fine sectioning. Then it is not difficult to choose the image 
which has less obscurity. By this method the spread of a defect 
in the direction of the radiation can be estimated with a precision 
of 1 mm. 

By stereo-radiography, only the location of the centre of the 
slag is estimated, because the width of the defect obstructs the 
correspondence of the images of the two X-ray radiographs. 

Crack 

Although the detection of a crack is rather difficult by radi- 
ography if the crack depth is not favourable to the direction of 
the radiation, the measurement of its depth is sometimes re- 
quired. Stereo-radiography of the crack is almost impossible, 
because of the inability of radiographical detection in at least 
one direction. 
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Figure 5 
A series of layer-radiographs of a 
slag inclusion, and the ordinary ra- 
diograph and cross-section of the slag 

Grdinar-y Ra i rogmph  C r o s s  s e c t i o n  of 

In  this report, the artificial crack was examined by layer- 
radiography. These artificial crack models are 5 cm in length, 
and 15, 10 and 5 mm in depth. The width of the crack is 
changed by the thickness of the spacer. The direction of the 
depth is varied by rotating the slit inside the steel block. The 
sample was made 100 mm thick by adding steel plates. 

Fading of Crack Image 
The three crack models were piled up so that the cracks made 
one plane. The sample was layer-radiographed from the source 
side to the centre of the cracks. The cracks were recognized 
when they were sectioned at 1.5 mm or less off from their edges. 
This mehns that the cracks fade to an equal extent, despite their 
different depths, and that the images deviating from the sec- 
tioned layer work mainly as the scattering ray, and the crack 
is not radiographed only when the depth direction becomes par- 
allel to the direction of the radiation. 

Angle of Crack and Detectability 
Ordinary radiography could not detect the crack which had a 
0.2-mm width and an inclination over 20 degrees to the direction 
of the radiation. The crack of 15-mm depth had a wide, vague 
image and could not be recognized as a crack when it inclined 
20 degrees to the direction of the radiation. 

With layer-radiography the crack with a 30-degree rotation 
angle could be recognized. The crack with a 35-degree angle 
could be recognized vaguely. Image fade-out occurred at 1.5 
mm from the edge. 

These experiments show that cracks are more easily detected 
than by ordinary radiography if the crack depth directions are 
inclined within the rotation angle of the layer-radiography. 

Nozzle Model 

One of the advantages of layer-radiography is that this method 
can investigate a part that is hidden by other parts. As one of 
the complex shapes examined, a nozzle weld part model was in- 
vestigated by layer-radiography. This model consists of three 

obtained by a brittle fracture acrosi 
slag i n c l u s i o n  the slag. 

main parts; a 100-mm-thick base-plate with a hole, a multi-ring- 
layer which ha5 drill-holes as artificial defects, a pipe with a 200- 
mm outside diameter and a 100-mm inner diameter. Some of 
the rings are inserted in the base plate hole; the others are piled 
up at the foot of the nozzle pipe. This model also has a weld 
fillet model ring around the foot of the nozzle. 

Simultaneous four-layer radiography with about a 6-mm 
sectioning interval was applied as the first stage of layer-radiog- 
raphy. After a rough estimate of the defect locations from 
the obscurities of the images, the second-stage layer-radiography 
with about a 2-mm sectioning interval was-conducted around 
the roughly estimated locations. Comparing the obscurities of 
these films, the clearest image was chosen as indicating the near- 
est point to the defect location. Then the estimate was re-made 
with a precision of 1 mm. Figure 6 shows the layer-radiograph 
and the ordinary radiograph of the sample. 

Conclusion 
Betatron layer-radiography was tried on thick steel plate weld- 
ments and artificial defect models to obtain the precise locations 
and shapes of defects. The conclusions obtained are as follows. 

1. Fixed-radiation source layer-radiography is a very effective 
method for a heavy X-ray generator such as a betatron, and 
can be applied to movable samples readily. The results 
obtained from this method are the same as those of the 
tomographic method, experimentally as well as theoretically. 

2. The film density differences in simultaneous four layer- 
radiography with four pairs of 0.3-mm lead screens do not 
markedly affect the radiographic sensitivity in each X-ray 
film. 

3. The sectioned layer width with a 2-per cent sensitivity of 
the wire-type penetrameter is about 6 mm in the layer- 
radiography of a 100-mm steel plate. Layer-radiography 
with a 6-mm sectioning interval detected almost all defects 
that are detectable by ordinary radiography, where R and 
r are 100 cm and 60 cm respectively. 
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4. Radiographic sensitivity on the sectioned plane is same 
as that of ordinary radiography. 

5. Extent of a crack is determined by layer-radiography, while 
it is difficult to do so with stereo-radiography. If the crack 
depth direction makes an angle smaller than the rotation 
angle, layer-radiography shows superior detection of the 
crack than ordinary radiography according to crack model 
experiments. 

6 .  The extent of the defect in the radiation direction only can 
be determined by layer-radiography, because of the width 
of the defect. 

7. The location of many defects of a comparable size are de- 
termined only by the layer-radiography, because of the diffi- 
culty of the correspondences of the defect images. 
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Figure 6. Layer-radiograph (upper) of a nozzle weld part model and an ordinary 
radiograph (lower). 
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$Radiography within the Energy Range 100 kV to 
15 MeV with ORWOCOLOR Films + 

/ e  / r  , 
H. U. RICHTER AND D. LINKE, GERMANY 

Sensitive layer 

Blue 

Red 

Green 

ABSTRACT: Radiography with color films produces more information in the two 
additional parameters,. hue and saturation, than does conventional black-and- 
white radiography. 

Among the many techniques possible to produce color radiographs the 
direct technique was more closely investigated with the use of conventional color 
films. The transformotion of the radiant energy into visible colored light was 
accomplished by the aid of fluorescence screens. The color contrast was increased 
by second-stage colored light exposure during the development process. Detailed 
densitometric investigations hove been made and are disclosed. From the changes 
in hue and saturation it is  possible to determine changes in the thickness of radio- 
graphed material. Also determinable from the hue i s  the tendency (decrease or 
increase) of such a change. An optimum exposure i s  possible by using the screen 
combination Zn Cd S / Pb 0.15. Exposure diagrams for radiant energies ranging 
from 100 kV to 15 MeV are presented. Exposure time and wire sensitivity are 
more unfavourable with conventional color films than with block-and-white 
radiography. The advantages associated with the color radiography are sum- 
marized. 

ORWOCOLOR KODAK 
Positive PC 7 Ektacolor-Print (6) 

1 1 

2 16-20 

12 3-7 

Symbols Used 

Exposure 
Thickness of material 
Color density 
Color density behind blue filter 
Color density behind green filter 
Color density behind red filter 
Focus-to-film distance 
Time of first-stage development 
Time of second-stage exposure with 

Time of second-stage exposure with 

Intensifier screen combination 

green light 

red light 

B (mAxmin) 

D ( - )  
DB ( - 1  

DR ( - )  
FFA (cm) 
T (min) 

t, 

t* (a) 
front screen /back screen 

d (mm) 

D G  ( - 1  

Introduction 

Owing to the two additional parameters, hue and saturation 
been published by Beyer (2, 3, 4, S), Parish and Pullen ( 6 ) ,  as 
can be obtained from conventional black-and-white radiography, 
which is characterized by brightness only. The many tested and 
suggested techniques for producing color radiographs have been 
described in detail by Richter and Linke (1). Of particular 
advantage to nondestructive testing of materials are the direct 
methods (not simulated), where a special or conventional color 
film is directly exposed to X-rays. Results of such tests have 
been published by Beyer (2, 3, 4, S), Parish and Pullen ( 6 ) ,  as 
well as by Richter and Linke (7). 

In these tests, two different possibilities for transforming 
radiant energies and/ or radiant intensities into visible colored 
light were employed: 
a) The individual three color-sensitive layers of the color 

film are different in their sensitiveness to X-rays (Table 1, 
Figure 1). Color films especially sensitized for X-ray exposure 
permit, of course, of considerably shorter exposure times 
than conventional color films sensitized to visible light 
(1, 8). 

b) Fluorescent intensifier screens transform the energy of X-rays 
into the visible range of the electromagnetic spectrum. The 
emission of fluorescence light lies, with the conventional 
types of screens (ZnS, Zn Cd S, Ca WO,), in different wave- 
length ranges and results, therefore, in differences of hue 
on the exposed color film. 

The following tests were carried out according to method 
“b” with the use of conventional ORWOCOLOR positive film 

Table 1 

I Relative exposure (X-rays) 

3 

4 t 2  
? 

Figure 1. Partial color densities of the individual color layers of ORWOCOLOR 
film PC 7. 

PC 7. The development was done according to ORWOCOLOR 
instructions K 4 (9). 

Densitometric Fundamentals 

Detailed densitometric investigations were made in order tc 
discover the optimum exposure parameters. 

Energy Transformation 
Tests on aluminium step-wedge penetrameters with a constant 
exposure were carried out, using the screen combinations M 
100 / Pb 0.15 ( M  = Ca WO,), ZnS / Pb 0.15 and 
Zn Cd S / Pb 0.15, in order to ascertain the influence exercised 
by different fluorescence light on the color densities. Informa- 
tive tests with ORWOCOLOR negative film NT 17 disclosed 
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Figure 2. Partial color densities on ORWOCOLOR films NT 17 (negative film) and 
PC 7 (positive film) with different screen combinations and exposure of aluminum 
step-wedge penetrameter. 

--f 
Figure 3. Partial color densities on ORWOCOLOR film PC 7 with varied times of 
first-stage development and second-stage exposure as well as second-exposure 
colors, with exposure of aluminum step-wedge penetrameter. 
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Figure 4. Partial color densities on ORWOCOLOR film PC 7 with second-stage 
exposure to green and red light respectively, depending on the material thickness 
of the exposed aluminium. 

that with this film the partial color densities DE. Do, and DB 
diminish only a little with increasing material thickness (Figure 
2). The curves of the color densities are almost parallel so that, 
with different material thicknesses (or material densities), no 
hue changes but only changes in color density appear. 

Using ORWOCOLOR positive film PC 7, a great influence 
of the material thickness is perceptible. The screen combination 
Zn Cd S / Pb 0.15 exhibited the most extreme differences of 
color density. 

Increase of Color Contrasts 
For increasing color contrasts Bryce (10, 11) has been recom- 
mended interrupting the processing of the color film after a 
certain time of first-stage development (12, 13). Subsequently 
the color film has to be subjected to a second-stage exposure 
to colored light. By this procedure, a colored exposure of the 
relatively thick or dense ranges takes place, which up to that 
stage had been unexposed or underexposed by the X-radiation. 
The ranges already exposed remain uninfluenced, since the 
silver image produced in the top layer through the first-stage 
of development acts like a black filter. Thereafter the procedure 
of developing is continued and finished in the usual way. 

In these cases, the second exposures were carried out by 
the aid of green and red light of different duration and constant 
intensity (24 volt, 40 watt, 40 cm distance). The degrees of 
hue density rise as the duration of the second-stage exposure 
increases. The values with short times of first-stage development 
(T = 3 min) are higher than with long times ( T  = 6 min). On 
larger material thicknesses (d  = 36 mm) too, the influence of 
the first-stage development time increases. (Figure 3). 

As compared with shots without a second-stage exposure 
(Figure 2) it will be noted that, with a second exposure to green 
light and an equal second exposure time, the partial color density 
DQ shows a marked minimum (Figure 4). This minimum, how- 
ever, implies an ambiguity of the color density, since there is 
an equal color density value for two different material thick- 
nesses. Thus, different material thicknesses and material den- 
sities are featured by different colors, the time of second ex- 
posure (Figure 4) being without influence. 

Generally it was ascertained that the color of the second- 
stage exposure increased the selective color density on the color 
film on those areas of the radiograph which, on account of too 
thick or too dense a material, were largely unexposed before. 
With this, an essential increase in color contrast is obtained. 
That means that different thicknesses of material also show 
different colors, so that the radiographed thickness of material 
can be determined by the change in color (Figure 5). 

For practical material testing it is noteworthy that greater 
thicknesses or densities of material display a color different from 
those of lesser thicknesses or densities. 

The diagrams shown here were made with a white “color” 
as a ground color (Figure 7). Normal material defects, such as 
cracks, pores, etc., appear in a blue hue, because the radio- 
graphed thickness or density of material was diminished in 
consequence of these defects. Heavy metal slag, such as may 
appear for instance in tungsten-inert-gas-welding (WIG), are 
displayed in a red hue. 

Fundamentals of Test Techniques 
Exposure 
The exposure diagrams show that with the different radiant ener- 
gies that were investigated for the screen combinations with dif- 
ferent exposures and material thicknesses respectively, the dif- 
ferences in color as stated appear (Figure 6). Universal tests on 
aluminium with different screen combinations disclose that the 
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screen combination Zn Cd S / Pb 0.15 calls for a minimum ex- 
posure, whereas the screen combinations M 100/Pb 0.15 and 
Zn S / Pb 0.15 require an exposure approximately three times 
as long. Therefore, the necessary exposures with conventional 
color films and optimum screen combinations being used are in 
general still about 5 to 15 times as great as in black-and-white 
radiography. 

Wire sensitivity 
The relative wire sensitivity was likewise ascertained by the aid 
of step-wedge penetrameters. The tests with conventional color 
films showed somewhat poorer results (Figure 7) in relation to 
those obtained with special black-and-white X-ray films. Particu- 
larly interesting is the influence of secondary exposure to colored 

graph that were exposed to colored light only during the develop- 
ing process, display an improvement of their informatory con- 
tent. These areas of the radiograph contain a great color density 
of the second exposure color. But it is most remarkable that, 
with an equal gradation (~=2 .7 ) ,  the color film allows a greater 
thickness range to be evaluated with but slightly less wire sensi- 
tivity than is possible in black-and-white radiography. 

light during the process of developing. Those areas of the radio- 
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thickness and/ or material density, displaying high contrasts 
at the same time. 

b) Differences in thickness and density of material, and conse- 
quently material defects too, are shown not only by bright- 
ness differences, but also by different hue and saturation 
respectively. 

c) In accordance with the tendency-i.e. with the increase or 
decrease in material thickness and/ or material density-dif- 
ferent hues and degrees of saturation respectively are shown. 

d) The differences in hue and saturation respectively make it 
possible to determine quantitatively the depth extent (in the 
direction of radiation) of defects of the material. 

e) Wire sensitivity is somewhat smaller than in black-and-white 
radiography. 

f) The thickness range capable of being evaluated is, with the 
same gradation, greater than in black-and-white radiography. 
Further investigations will still be necessary in order to 

search out the possibilities and the bounds of color radiography 
more comprehensively. Color radiography is apt to open up new 
fields of application in nondestructive material testing. 

1 Conclusions 
The tests described permit the following statements to be made: 
a) Color radiographs comprehend a large range of material 
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Figure 5. Diagrams for quantitative determination of the percentage of changes 
e in radiographed thicknesses of material by evaluating the different hues. 
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la Method for the Classification of Industrial X-Ray Film 

D. POLANSKY AND E. L. CRISCUOLO, USA 

ABSTRACT: The introduction of new X-ray films over the past ten years has 
resulted in the loss of identification of a given film type as being in a specified 
ASTM class. At the present time four classes are established based on a brief 
general description. The recent introduction of automatic processors and new 
developers has further outdated the present classification system. 

A study has been conducted to evaluate the various parameters that might 
be  used to characterize a particular film. Factors such as graininess and resolution 
are not as yet measured in a satisfactory manner. Recently developed methods 
of measuring resolution, such as the line spread function and modulation transfer 
will be reviewed. These methods should be of value in future classification of  
film. Specifically, the characteristics such as speed and average gradient 
should form the basis of a film classification system. It is  proposed that a speed- 
film contrast index, ~ = G d r ,  be  used to classify film. 

- -  

Table 1 
Film Speed and Contrast Range 

100kV 200kV Gamma Average 
Type Class range* range* Ray* Gradient 

I 1 2.0-3.8 1.0-2.2 0 .14 .4  3.0-3.5 
2 5.2-9.5 2.5-5.2 0.5-1.0 2.5-3.0 

I1 4 17.0-29.4 6.5-12.0 1.0-2.1 2.2-2.8 
6.0-11.5 3.C6.5 0.5-1.5 1.7-2.2 

Introduction 

Existing methods of classifying X-ray film are proving 
inadequate to the requirements of modern inspection needs. 
There are several reasons for this situation. The development 
of automatic processors with their relatively short cycle of dry 
exposed film to dry radiograph has modified the characteristics 
of film. The processing cycle with its higher temperatures 
required changes in the developing solution; this affected the 
granular appearance of some films. In addition, the continuing 
demand for increased resolution and finer grained film resulted 
in the introduction of several new X-ray films. The result has 
been that there is no method for purchasers to classify the 
newly developed film. One can purchase as many as half a 
dozen different films that are characterized as having high 
contrast and fine grain. 

One of the early systems for rating industrial film was 
given in a paper by Kahn, Imbembo and Bland presented to 
the Annual Meeting of the American Society for Testing and 
Materials in 1949( 1 ). They rated film as type I or type 11, 
with type I1 being the film used with fluorescent screens. 
Within type I they differentiated between films by the speed 
rating for a net density of 1.0 and 1.25. The slowest film 
was designated as having very fine grain and high contrast 
while the fastest film (about 15 times faster) was described as 
extremely fast, moderately high contrast. 

In 1957 the Navy published an interim Federal Specifica- 
cation for Film, Radiographic, Industrial and Medical 
(W-F-00350 Navy-Ships, 28 August 1957). This specification 
followed the ASTM published system as to class and type of 
film. In addition it had a table that listed the speed at several 
energies. The following table is from that specification. 
Here the energy dependence of a film can be noted and at a 
given energy the finer grain film has the slowest speed. The 
final table in that specification lists the classes and identifies 
several films in each class. Unfortunately the wide latitude of 
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*Film speed as given is proportional to the numerical rating-the 
larger number indicates less roentgens are required to achieve a given 
film density. 

speed within a given class gave rise to the question of differen- 
tiating between the films in a given class. Finally, the 
introduction of several new films and the inevitable question 
“What class is it”?, indicated that the film classification system 
should be updated. 

Requirements of an X-ray Film Classification System 

If we are to update the present system or to introduce another 
one we should meet some rather broad requirements. The 
system should be flexible enough to include future film changes 
and developments. It must be definitive; at different energies 
or densities the film characteristics should be listed. In addition, 
standard test procedures must be agreed upon by manufacturer 
and consumer through the exchange of ideas at meetings such 
as SNT and eventually formalized in ASTM or ASA standards. 

After reviewing the literature and having discussions with 
film manufacturers and film users it became apparent that 
there was general agreement that some changes were necessary. 
The specific properties of film to be measured were widely 
discussed and some accord was reached on several parameters. 

The characteristic of speed could be measured within 
&20 per cent. The average gradient could be measured within 
c 1 0  per cent (2). It was felt that the aging property of film 
was adequately covered by the manufacturer’s expiration date. 
What is implied by this date is that the speed and average 
gradient are within the tolerance of the specification. The 
graininess of film is a difficult thing to express and it was felt 
that this characteristic is implicit in the definition of speed. 
The uniformity of the emulsion on a given sheet is probably 
best indicated by a comparison to a visual reference standard. 
The establishment of a visual reference standard is in the 
future. One of the more informative features of film, its 



resolution, is one of the most difficult to measure in radi- 
ography. At the present time there is no agreement on a means 
of measuring resolution; however some recent experimental 
work indicates a beginning in this direction. 

Film Resolution 

The resolving power of a film (resolution) is described as the 
ability of photographic emulsions to record fine detail. While 
this definition is quite general, it is important to bear it in 
mind while discussing various methods of measurement in order 
to see that the method fills this requirement. Graininess is a 
good film indicator but it is difficult to measure. It also does 
not take into account the effect of screens on image resolution. 
Because of these difficulties no attempt has been made to 
evaluate the film by this parameter at the present time. Other 
methods of resolution measurement are visibility of holes, 
unsharpness and spatial frequency. 

The threshold visibility of holes in a test object has been 
used to indicate film resolution. An absorber with several shims 
of different thickness each containing a series of holes with 
decreasing diameter is radiographed. Then the relative contrasts 

AX 

X 
is plotted on log-log paper against the smallest hole diameter 
perceptible. The data from each film results in a straight-line 
plot that is parallel to that for other types of film; the position 
of the lines is an indication of film resolution. An example of 
a curve is shown in Figure 1. The position of the lines is 
related to the signal to noise ratio and at the centre of the 
curve follows the relationship (3). 

- 

k 

d 
c = - , where c = contrast 

d = hole diameter 

k = constant related to the threshold signal to 
noise ratio 

It should be noted that as the hole diameter is increased the 
contrast level reaches a lower threshold limit. This threshold 
1 trast limit is the same for detection of large areas. As 1 

Log - Hole  Diameter 
Figure 1. Minimum hole size VI. contrast for several films. 

contrast is increased the smallest hole size detectable is also 
limited. These limits are shown by dotted lines. The method of 
measurement is of limited value to evaluate film resolution since 
the limits of detection appear to vary considerably among 
several readers. 

Film unsharpness is also used to evaluate resolution. In 
the measurement of unsharpness, a radiograph of a step wedge 
is made. By means of a scanning microdensitometer a density 
profile is measured and a numercial value of unsharpness is 
obtained by Klassens method (4). This method does not take 
into account the shape of the curve. It attempts to fit a straight 
line for the “S”-shaped unsharpness curve. Obtaining and 
measuring the unsharpness curve is difficult because the object 
edge must be carefully aligned with the X-ray beam. 

In addition, all other unsharpnesses in the system must be 
reduced so that they are negligible. While this method is 
valuable it does not give a number that indicates an absolute 
value of resolution. 

More recently, the line-spread function and modulation- 
transfer function have been used to evaluate films. The line- 
spread function can be described as the resulting intensity 
distribution on a film due to a line of radiation of microscopic 
width. This intensity distribution produces on the film a density 
variation that has a bell shape. By convoluting this function 
with a sine function the spatial frequency concept can be 
introduced. This convolution is called the modulation-transfer 
function. The results obtained give information similar to the 
line-test chart used in specifying TV resolution. 

Recent experiments (5) have enabled direct measurement 
of the spatial frequency of films at 10 MeV. This work is still 
in progress and does offer a possible method for the measure- 
ment of radiographic resolution of film. In this film classification 
work no attempt has been made to evaluate this parameter. 

Measurement of Speed and Average Gradient 

There has been considerable interest in the past few years in 
the use of betatron radiation for the inspection of propellent. 
The use of this energy range for film classification meets our 
immediate needs. The experimental technique used to gather 
the film classification data was as follows: 

Energy 10 MeV 
Absorber- 

Intensifying 
Screens- .060r‘ lead front 

Processing 
Equipment- 

3 HVL of propellant placed adjacent 
to the film 

.OIOr‘ lead back 

Kodak Model B Processor with liquid 
chemicals 

The radiation field was such that density variation across the 
film was no greater than 0.04. Strips of film 1 in. wide by 3 
in. long were placed in a 14” X 17” cassette. Films of the 
three major U.S. manufacturers were checked. A series of 
exposures were made, the entire series of film developed and 
the densities read on a Macbeth Ansco densitometer. The data 
were plotted on semi-logarithmic paper (density-log exposure) 
and from these plots the values of average gradient and relative 
speed were obtained, as shown in Table 2.  

In this data it is noted that the average gradient between 
densities of 2.0 and 4.0 gives values that distinguish between 
films in a given class. The gradients at the lower density range 
are equivalent for at least six films. It appears therefore that 
this added measurement can be of value in a classification 
system. 
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Table 2 
Speed and Gradient of Films with 10 MeV 

Relative Speed Average Gradient 
Film ASTM 
no.1 Class atD=1.5 atD=3.0 .5-2.5 2.M.O 

1 1.5 .7 3.0 4.7 
2 1.7 .8 2.9 5.3 
3 1 2.7 .9 2.2 4.2 
4 1 2.7 .9 2.7 4.1 
5 1 3.2 1.5 2.9 6.1 
6 2 19.6 9.0 2.7 5.5 
7 2 11.9 3.3 2.5 3.3 
8 2 13.9 6.4 3.1 4.9 
92 1 .o .4 

’X-ray film are from Ansco, Dupont and Kodak. Films are numbered 

2Film number 9 was arbitrarily selected as having unit speed to reach 
from one through 9. 

a density of 1.5. 

Speed-Film Contrast Index 

Of the parameters discussed it appears that the measurement of 
speed and average gradient gives reproducible numbers. The 
question one asks is, “Can these numbers be combined to pro- 
duce an index that differentiates between film”? 

Film speed is inversely associated with resolution; in general 
the faster the film the poorer the resolution. Film speed is also an 
inverse measure of the number of photons and photoelectrons that 
interact with the film. With these interactions there is associated the 
statistical deviation of a random process that is proportional to the 
square root of the number of events. One can assume that the re- 
cording ability of film is proportional to d? where r =roentgens 
incident on the film. Thus l / i  is one parameter used in the estab- 
lishment of a film index. 

Film gradient, the other parameter, is the slope of the density-log 
exposure curve at a given point. The average film gradient is the 
slope between two arbitrary density points. Increased film resolu- 
tion is reported to be a direct result of higher film gradients. One 
can assume therefore that the film contrast index is proportional 
to the average gradient. Combining the two parameters into a 
single speed-film contrast index 9, where 9 = G v ‘ ~  should give 
us a number that differentiates between the film types. 

Since the measurements at 10 MeV gave good results, it 
was decided to make additional preliminary measurements at 
200 kvp to investigate the energy dependence. The 200 kvp 
data were taken in an experimental manner similar to the tech- 
nique used at 10 MeV. The energy of 200 kVp was achieved as 
specified in ASA PH 2.8-1964, Sensitometry of Industrial X-ray 
Films‘”. 

Table 3 shows the speed contrast index at two different energies. 
71 is calculated with the average gradient between densities of 0.5 
and 2.5 and 6 is measured at a density of 1.5. q 2  is calculated 
with the average gradient between densities of 2.0 and 4.0 and the 
d y  is at a density of 3.0. The film strips in this comparison were 
developed by hand at 68°F in Kodak rapid X-ray developer. 

Let us look at the speed-film contrast values in relation to 
our objective. A differentiation is maintained between the classes. 
Within a given class there is a significant difference between sev- 
eral films. The system does not become obsolescent with the in- 
troduction of finer grained film (slower speed) or film with in- 
creased gradients. 

Let us refer to the table again and briefly consider the effect 
of X-ray energy. At these two energies the values are generally 
consistent with each other with the exception of the new films 
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recently introduced. Even in this case the only gross deviation is 
with film number 2. If this difference is consistent when checked 
again it may be necessary to have tables of rl versus selected X- 
ray energies. 

Table 3 
Speed-Film Contrast Index 

91 9 2  
Film ASTM 
No. Class 10 MeV 200 kVp IO MeV 200kVp 

1 5.6 5 . 1  19.2 14.3 
2 7.5 5.4 32.6 15.6 
3 1 2.6 2.0 7.9 7.3 
4 1 2.4 2.9 13.3 11.1 
5 1 3.8 3.2 13.8 11.7 
6 2 1.1 1.1 3.1 3.4 
7 2 1.4 1.4 4.9 4.2 
8 2 1.6 1.4 5.3 4.2 

As previously stated we had an immediate interest in the 
response of films used in the X-ray range of 10-25 MeV. The 
two sets of films that were exposed simultaneously at 10 MeV 
with those listed in Table 3 were developed in different developer 
systems. The second set was developed in a Model B X-OMAT 
with Hunt liquid chemicals and the third set was hand developed 
in Kodak Rapid chemicals. Following the established procedure 
of plotting the characteristic curves, measuring the average gra- 
dients at the selected points and determining the exposure to 
give the required densities, we calculated the speed contrast 
index q. Table 4 lists the results obtained. 

In  this table it is noted that the two liquid developers in 
general give similar results; that is, the previously designated 
classes of film give separated values of q. Within a given class it 
is noted that one developer gives superior results, that is, film 
number 7 if used at q1 level appears better suited to the Hunt 
chemistry. At the q2 level an advantage in chemistry is not 
evident for this film. At the ql level all three chemistries give 
compatible results with a slight difference in films 1 and 2. 

At the higher density level, the development of film by hand 
at 68OF gave consistently higher index values. This is in agree- 
ment with the observed fact, that developing film at increased 

Table 4 
Speed-Film Contrast Index 

Film Class 
No. 

1 
2 
3 1 
4 1 
5 1 
6 2 
7 2 
8 2 
9 

q1 = Gl f i l . 5  

Hand 
X-OMAT Dev. 

Kodak 
MX589 Hunt Rapid 
Chern- Chem- Chern- 

ical ical ical 

4.7 3.8 5.6 
3.9 5.8 7.5 
2.0 1.6 2.6 
2.4 1.9 2.4 
3.1 3.8 3.8 
1.1 1.0 1.1 
1.1 1.8 1.4 
1.2 .9 1.6 
2.2 2.0 2.2 

qz = G2 f i 3 . 0  
~~ ~ 

Hand 
X-OMAT Dev. 

Kodak 
MX589 Hunt Rapid 
Chem- Chem- Chem- 

ical ical ical 

13.2 11.0 19.2 
13.9 20.0 32.6 
6.4 5.0 7.9 
7.0 6.8 13.3 

10.5 8.8 13.8 
2.6 3.0 3.1 
3.7 3.0 4.9 
3.6 3.5 5.3 
6.4 6.0 9.2 



temperatures (both X-Omats operated at 8 1 OF) increases the ap- 
parent graininess of a film. Since increased graininess degrades 
resolution at the minimum observable threshold limits, the effect 
of decreasing value of rl is in the right direction. 

For the facilities that use megavolt radiation and automatic 
processors it is concluded that the calculation and tabulation of 
ql and q2 values will be of value in determining film response in 
the complete radiographic system. 

Summary 

Many of the parameters that can be used to classify film are 
very difficult to measure. As a result of this study it was found 
that the film speed and average gradient can be used for this 
purpose. While resolution is an important consideration, it is 
not advisable at this time to use it to gauge film. 

A simple method of combining film gradient and speed is to 
take the product of film gradient and the square root of exposure 
Gl/T (where exposure is defined as the roentgens incident on a 
film to achieve a given film density). This product is defined as the 
speed-film contrast index q. Experimental results at 200 kVp and 
10 MeV indicate that the q can distinguish between film types. The 
development of three sets of film in three different chemistries also 
showed that this method of classifying film gives consistent and 
distinctly different values of q for the different classes of film. 

In conclusion, this method of classifying film has the fol- 
lowing advantages: 

1. It gives a separate number for each film type and does 
show small differences between different film. 

2. It is simple to use and to calculate. 

Discussion 

Q. RONALD HALMSHAW, Ministry of Defence (UK) RARDE, 
Sevenoaks, England: 

Your method of classifying films is a most interesting one and 
will be valuable if the measuring techniques can be standardized 
between different laboratories and countries. The most difficult 
measurement is the dosage received by the film; are you proposing 
standard techniques of measurement for different kilovoltages which 
other laboratories can reproduce? Should you not consider film- 
screen com,bination rather than just a film? 
A. Rather than measure the dosage received by the film, we pro- 

3. It provides for future introduction of new films. 
It is proposed that the speed-film contrast index be used as the 
means of classifying film in their response relative to a specified 
energy, screen and chemical processing combination. 
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pose to measure the dosage incident on the film. This dosage was 
measured using integrating ionization chambers. When properly 
calibrated, these chambers are accurate within plus or minus 5 per 
cent. The measurement of dosages at X-ray energies above 2 MeV 
should definitely be standardized; we used a one-eighth-in. (3-mm) 
lead cap around the thimble chamber, while some laboratories pre- 
fer the 11.5-cm cube of lucite. 

We originally began to develop a system to classify film only 
and found that what we have is the response of film to a given 
X-ray energy-screen and processing combination. 

Evaluation of the Strength of Castings Based on Radiography 

ZBlGNlEW GODLEWSKI, POLAND 

ABSTRACT: In this report one method classifying castings with flaws is presented 
which i s  supported by comparison with specific deformation (contraction) work 
and the ratio of plastic deformation resistance to cleavage strength. 

This method was verified during strength investigations and radiographic 
examinations. 

Introduction 

Radiographic testing makes possible the detection of flaws 
hidden in material, although this does not necessarily constitute 
the measure of its quality. 

Today methods sensitive enough to detect any defective 
parts are available, but only in a few cases is it possible to predict 
the behaviour of the material under working conditions. The 
well known ASTM method classifies castings by grade on the 
basis of reference standard radiographs which are yardsticks 
that vendor or purchaser may use as they see fit(1). These stand- 
ards are based on the experience and needs of purchasers and 

users and as yet are not subject to a broader approach by accu- 
rate investigations as well as strength calculation. Attempts to or- 
ganize the problem of quality evaluation for castings have been 
made in other countries as, for example, in the report issued 
recently by the antral-institut fur Giessereitechnik in Leipzig 
or the Csepel-Works in Budapest(2). All these interpretations of 
the results of testing are subjective and their influence should be 
minimized; it is felt that a verdict on the quality of a casting 
(good or bad) should be objective. There are two ways to in- 
vestigate the influence of flaws upon the properties of castings: 

-statistical-which requires many experiments, and 
-analytical consisting of analytical evaluation of the in- 

fluence of well defined flaws upon the properties required 
for a given casting. 

Gillemot (3) is following the analytical method in research on 
flaws in weldings and J. Nemec (4) on flaws in castings. 

RADIOGRAPHY 393 



Object of the Investigation 

It is well known that flaws in castings take the form of holes 
acting as notches and causing the effect of concentration of 
stress. In  any kind of stress that depends upon the shape and 
the number of defects, the strength of material is characterized 
by specific deformation. L. Gillemot in ( 5 )  has shown that the 
amount of specific deformation, or contraction, depends mainly 
on the factor of stress concentration but is independent of the 
size and shape of the tested sample. Its value can be calculated 
from the equation: 

6k h k  

hk + 1 
A=---  

where: 6 r  -true stress on the boundary of uniform 

L=ln(  l+e)  -elongation on the boundary of uniform 
distortion; 

distortion; 

form distortion. 
Since the material with the flaw is usually destroyed during 

mechanical examination within the boundaries of uniform dis- 
tortion therefore ti* can be considered as the cleavage strength 
and E as the total true elongation. On the other hand the state 
of stress caused in the sample under test, can be best character- 
ized (based on the theory of N. N. Dawidenkow-J. B. Fried- 
man ( 6 ) )  by the ratio of plastic resistance 6, to the cleavage 

& -true elongation on the boundary of uni- 

strength of a given material R, 
6,  

RIJ 
r = -- 

The magnitude of the numerator depends upon the type of 
flaw that effects the concentration of stress. The denominator is 
dependent on the material only. The lowest value 6, corresponds 
to yield point Qr of a flawless material. 

The increase of this value 6% may be observed in the brittle 
cracking of the sample, which results from the type of stress 
of the material and the shape and type of defect. The material 
is susceptible to brittle cracking the more the above ratio 
increases. 

The object of investigation is the relationship between the 
change in specific deformation contraction and the change in 

stress intensity due to the shape, size and orientation of flaws 
detected by radiographic methods: A = f ( r )  . 

Figure 1 represents this change, calculated with the fol- 
lowing assumptions: 
-cylindrically shaped castings are subject to tensile stress 

produced by tensile forces applied along their axis; 
-the casting has a flaw in the form of an ellipsoid hole, whose 

short axis is situated in the axis of the cylinder; 
-main stresses so formed are of the circumferential, radial and 

axial type and can be determined by factors of concentration of 
stress a’ and a”, which have been assumed for the ratios of 
half-diameters of ellipsoids to the radii of curvatures at given 
load conditions after H. Neuber (7); 

-the tensile crack rupture takes place within the limits of 
uniform distortion, while the true tensile stress (in cross- 
section, not impurities of the flaw) is assumed to be cleavage 
strength; 

-the change of work is represented by the ratio 
An0 a’no (a’no - pa”no) 

Ai a’i (a’i - pa”i) 
(3) 

where: a’ao and a”310-factors of stress concentrations for the 
most disadvantageous case t i t  = 40 

a’{ and a”l-factors of stress concentration for less 
dangerous cases t / t  < 40ilower value 
t and ‘j -constant 

The magnitude r (equation 2) was calculated assuming 
that resistance to plastic deformation attains the value of 
reduced stress after the hypothesis of M. T. Huber (the so-called 
hypothesis of energy of distortion in pure shape) since: 

- 

P- Poisson’s ratio. 

6Qi 6Hi 
z/(a’i)2 + (a’‘$ - a’i a“i (4) T i = - = - =  

Ro Ro 

The Experiments 

Investigations were carried out on 120 ordinary cast-steel 
samples (up to 0.3-0.4% C).  The samples were prism-shaped 
with over-all dimensions 60 X 60 X 300 mm (2; in. x 
2g in. x 12 in.) having a special feeding system to facilitate 
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the formation of defects such as shrinkage holes and blowholes 
inside the specimen. In order to detect flaws and define their 
orientation in the castings the samples underwent a preliminary 
examination by radiography using CO-60 gamma-radiation, and 
were annealed at 850' C (1562' F) for two hours. A cylin- 
drical shape was given to them by machining and then they 
were tested for tensile strength by fastening in ring chucks. 
Dimensions of the tested section were 35 x 140 mm (1% in. 
x 102 in.). These machine-shaped samples were radiographi- 
cally examined again using Ir-192 and tested for tensile strength 

by applying the load 100 t (220,000 lb) and minimal speed of 
extention 20 mm/min. ($ in./min). 

As a result of those investigations the following values 
were defined 

1. Maximum tensile force and strength limit 
2. Load at the yield point 
3. Elongation and construction of the sample 
4. Extentiongraph whose coordinate of elongation was 

magnified 8 times 
5. Photographs of ruptures 
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Those results were evaluated in respect to the calculations 
of specific deformations, i.e. contraction (equation 1). True 
tensile stresses were calculated and the true cross-section of 
the ruptured sample determined by subtracting the areas 
measured by planimeter on the photograph showing the 
rupture and the flaw. From the diagram of extension the rela- 
tive elongation was determined as well as for A 1 = 0.02% of 
the measured length of the samples-the resistance to plastic de- 
formation. I t  was assumed that the cleavage strength is equal to 
the true tensile strength. 

Results of Research 

The change of specific deformation (contraction) and the ratio 
of plastic resistance to cleavage strength is shown in Figure 2. 
Results of the research are shown by the broken-line curve. 
This curve and the calculated curve (Figure 1) are identical 
in shape. 

The comparison between the results obtained during the 
investigations of strength and radiographic investigations can 
serve as a basis for the following conclusions: 

Figures 3, 4 and 5 show radiographic pictures of some 
samples tested for tensile strength, and depict rupture. Those in 
Figure 3 show that the samples had many very small blowholes, 
the radii of which are very small and for which t/cp - 1. Figure 
4 shows radiographs of samples having equal tensile strength 
of the order 52 kg/mm2 (= 73,000 lb/sq in.) with single 
shrinkage holes that are larger but for which the ratio t/cp > 1. 

Figure 5 shows similar defects inside samples of greater 
tensile strength-68 kg/mm2 (= 95,200 Ib/sq in.). 

Figure 6* illustrates the change in suitable amount of 
specific deformation (contraction) and the resistance to plastic 
deformation. 

The curve on the left is related to the samples shown in 
Figure 3, having numerous blowholes, and the curves on the 
right are related to those in Figures 4 and 5,  which have single 
shrinkage holes. 

Therefore, with the appearance of numerous blowholes the 
specific deformation (contraction) decreases at a rate greater 
than the ratio increase of resistance to plastic deformation 
compared with the case in which single flaws, such as shrinkage 
holes, are present. 

Classification of Castings Undergoing Radiographic 
Examination 

According to the theory of Dawidenkow-Friedman (7) ,  devel- 
oped by T. Pelczynski ( l ) ,  there is a stipulated plastic 
deformation of the material under a given load during a state 
of stress, which is defined by the formula: 

6n QI 
>- - 

6r RO 
where 8H=reduced stress after the hypothesis of M.T. Huber 

&=reduced stress after the hypothesis of the highest 
(greatest) true elongation. 

In the case studied we assume that: 

If the curves on Figure 7a correspond to curves of Figure 
6 ,  which show the results of a series of investigations and 
observations, and a coordinate is plotted corresponding to the 
ratio 6 ~ / 6 , .  then all defects effecting a drop in specific deforma- 

tion (contraction) down to the values represented by the dotted 
lines to the right of the above mentioned line will effect the 
brittleness of the material. Material with such flaws is not subject 
to plastic distortion. In turn a material, the flaws of which are 
likely to bring about a change of specific deformation to the 
values lying inside of the dotted area and to the left of co- 
ordinate 6 d 6 ,  will be subject to plastic distortions in the state 
of stress, is defined by this ratio. 

This results from the following consideration (10): 
Figure 7b represents a few straight lines in coordinates 

6a-6, and at various angles corresponding to: 
QI 

RO 

RO 

tg a0 = - = ro -material without flaws 

6Qi 
tg a1 = - = rl -material with flaws of the “y” type 

8Q2 

RO 
8H 

tg a2 = - = r2 -material with flaws of the “x” type 

tg a = - = z -material subject to stress under working 
6 r  condition. 

A 

t 
A, 

A, 
A‘ 

A2 

A“ 

1 I I 

KO 

6Q t b) 

*EDITOR’S NOTE: Figure 6 was not available at press time. Figure 7. 
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Moreover coordinates were plotted corresponding to the 
values Q., 8 ~ , ,  692, 6~ and %. The line inclined under the angle 
a. corresponding to 6~ = Z6. will first cross the ordinate Qr 
and then the ~ Q I  and finally &. 
It does imply that the reduced stress 6~ will first attain a value 
equal to the yield point of the material without flaws, or a 
value of the resistance to the plastic distortion of the material 
with flaws of type “y”. The sample will follow cracking as 
soon as the reduced stress attains the value R,. 

The general requirement in respect of non-brittle castings 
such as cast iron, is that they be not susceptible to brittle crack- 
ing and plastic distortions. Coming back to Figure 7a the defect 
of type “y” and the other giving the value A and ~ Q / R , ,  and 
those lying inside the dotted area at the left from abscissa 
6 d 6 , ,  may be defined as permissible and those at the right 
not permissible. This can be expressed as: 

a1 < a < a0 

Figure 6 shows that for 6~/6 ,=0 .625  flaws Tl-T4 may 
be permitted, radiographic pictures of which are represented 
in Figure 3 at the left in respect to the vertical line as well as 
the flaw U, (Figure 4) and flaws W,-W, (Figure S), provided 
the material has better strength properties. 

Conclusions 

The outlined method of comparison of the strength properties, 
with the results of radiographic examinations, may establish the 
foundation for the quality classification of castings. The rela- 
tionship between the size of flaws such as shrink holes and 
blowholes and change of specific deformation (contraction) 
and the ratio of plastic resistance to the cleavage strength has 
been determined and experimentally proven. 

Automation in Radiology 

R. HALMSHAW, U.K. 

ABSTRACT: Where a radiograph i s  taken to check specific points-e.g. an 
assembly detail-some form of automatic viewing and assessment i s  feasible. 
The type, usefulness, and extent of such systems is discussed. 

Extensive automation of the technique of radiography-on-film does not 
however seem a very practical proposition, partly because of the number of 
operations required to produce a processed radiograph and because the number 
of variables involved makes a standard quality of radiography difficult to 
maintain if the skill of the individual radiographer is eliminated. 

Scanning and television-fluoroscopic techniques, in which at some stage the 
radiographic information i s  in the form of an electrical signal, seem much more 
promising as automatic inspection methods. Possible methods of converting these 
techniques into automatic systems are discussed. 

The capital cost of an automatic system is likely to be considerable and its 
value must be assessed in terms of the comparative cost of a skilled radiographer. 

Introduction 

Most present-day techniques of industrial radiology make use of 
radiography-on-film; scanning techniques using a detector, and 
fluoroscopy, are not extensively used, but new forms of image 
intensifier systems now being developed for medical radiological 
work seem likely to find use in industrial applications and these 
might greatly extend the uses of fluoroscopic techniques. 

At the present time “automation” is a fashionable subject 
and it is natural to see how usefully it may be applied to various 
inspection processes including industrial radiology. With tele- 
vision-fluoroscopic techniques, in which at one stage the informa- 
tion is in the form of an electrical signal, there is clearly 
suitable opportunity for applying electronic monitoring, sorting 
and processing systems. 
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This permits recognition of such flaws in the casting, which 
may be, by virtue of working conditions, defined as permis- 
sible or not permissible. 

Determination of this relationship for flaws of another 
type requires other experiments on artificially produced refer- 
ence flaws, the pattern of which must have various and well 
defined values for t and radii of curvature 9, as well as the 
distance to the outer surface of the casting. 
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Strictly, the term “automation” as used in engineering 
circles implies a system with a feed-back, such that corrections 
for variations in operating conditions are automatically applied 
to the equipment. This type of system has not yet been developed 
for any radiological process, but some stages of the process 
can be made more automatic than they are at present and it is 
worthwhile considering what can usefully be accomplished. 
The justification for the development of automatic systems seems 
to be:- 

1. The high cost of skilled labour presently required for 
nondestructive testing; considerable training and experience are 
required to produce a satisfactory operator and this cannot be 
done cheaply; 2.  The requirement for the inspection technique 
to match the production, in terms of inspection speed; 3. The 
need for greater inherent reliability of inspection-the elimina- 
tion of human errors; 4. The more rapid production and feed- 
back of information from the inspection process. 

Radiography -on-film 
Essentially the process of radiography can be considered as four 
sub-processes:- 

1. setting up and exposing the radiograph; 2. processing 
the film; 3. viewing and interpreting the image; 4. decision and 
action on the findings. 

Some use of automatic methods can theoretically be applied 
to at least three of these stages. 



Clearly, automatic systems would have to be far more com- 
plex if they were designed to handle stores of different shapes 
and sizes, and it is probably not worth considering any but the 
simplest example of radiographic inspection of large numbers of 
the same item. One large application of routine radiography is 
to the inspection of ordnance fuses and it is of interest to con- 
sider how useful automatic methods have been or would be in 
this field. The fuses are loaded into racks and sometimes require 
orienting in a particular direction relative to some external 
feature of the fuse; the rack is then moved in front of the X-ray 
machine together with a loaded film cassette; the X-ray set 
is switched on to make a pre-determined exposure. Much 
of this could be automated: the racks of fuses and the cassettes 
could be handled on a moving belt system with automatic 
switching on of the X-ray set when the fuses are in position, 
and the equipment to do this would be far from complex. In 
practice, however, automatic handling has been tried but not 
found to be worthwhile; it leads to a greater complexity of 
switching, in particular of interlocking safety circuits, and com- 
plicates the changeover from inspection of one pattern of fuse 
to another. 

Stage 2, the film processing, can be made automatic and 
rapid progress has been made in the development of automatic 
processing units. A typical modern unit will process all film 
sizes up to 14 in. x 17 in. with a “dry-to-dry” time of less than 
2 minutes. For ordnance fuse inspection however, the radio- 
graphs are inspected while still wet to reduce the time during 
which racks of fuses must be held prior to acceptance or 
rejection. 

In practice, standardization of processing, through the use 
of automatic units, has outstripped the standardization of X-ray 
equipment and the inherent variations in X-ray film due to age 
and storage conditions. 

For viewing and interpreting radiographs there have been 
several attempts to develop automatic electronic systems. It can 
be argued that human film reading will always result in some 
errors, even when such factors as lack of experience, inadequate 
viewing conditions, and tiredness are eliminated. Recent experi- 
ments organized by the author on behalf of the International 
Institute of Welding have highlighted this problem. Radiographs 
containing a series of standard images (image-quality indicators) 
were circulated to experienced radiographers in a number of 
countries for “reading”. No instructions were placed on the 
film viewing conditions or on the reading-time, and the readings 
obtained by about 60 observers were studied. Consistency of 
reading was found to vary with the quality of the radiographs; 
it was found that there was a greater spread in reading values 
on the gamma-radiographs and on the exposures made with salt 
intensifying screens, i.e. the comparatively unsharp radiographs. 

The extremes of consistent (Film A) and inconsistent (Film 
B) readings, out of a series of 40 radiographs are shown in 
Table 1. 

Table 1 
Number of observers seeing N elements on the image 

No. of elements, 
N (holes or wires) seen* I 

No. of observers I Film A 

6 7 8 9 10 1 1  12 13 

- - - 4 5 1  9 - -  

reading N 1 FilmB 1 - 1 8 19 34 1 - - 

* A change in N of f 1 represents, on these films, a change in sen- 
sitivity of about 25% of the actual sensitivity. Thus on film B, the sen- 
sitivity was read as from 2.5% to 1.0% compared with a “true” d u e  of 
1.2%. 

More importantly, from the point of view of automatic film 
reading, these experiments clearly showed that workers in dif- 
ferent countries use different standards for the limit of discern- 
ability of the image, and that unless very experienced, an ob- 
server seeing the same film several times was not entirely con- 
sistent. It seems reasonable to assume that the same or greater 
inconsistencies will occur in the interpretation of radiographs of 
complex objects when the human reader is required to look for a 
series of features. Experiments by Tuddenham (1) with medical 
diagnostic radiographs have shown, in an even more startling 
manner, the fallibility of human judgment. Out of a series of 200 
chest radiograph readings, “significant abnormalities” were over- 
looked in 20-30% of the readings; the experiments were con- 
ducted using experienced radiologists. If an instrument can be 
made for automatic film reading, it would be possible to greatly 
reduce the errors in judgment which can at present occur. 

Several points need to be considered, however, 
1. An image on a radiograph is basically a density discon- 

tinuity; under suitable viewing conditions the eye can discern 
contrasts of 1.4% (a density difference of 0.006). Can an instru- 
ment be made to be as sensitive as the human eye? 2. The human 
eye, because it scans an image and mentally integrates the in- 
formation, can cope with blurred and grainy images with little 
or no loss in contrast discrimination; 3. A human film reader will 
see abnormalities on a radiograph outside the specified items 
which he is looking for; thus, in a fuse, a cracked spring would 
be seen and reported even if the inspection was nominally only 
for the presence or absence of the spring. There is, therefore, a 
bonus of information which is unlikely to be produced by any 
electronic reader; 4. A human observer will quite easily recog- 
nize the image of a helical spring, whatever the orientation of 
the spring: although electronic character recognition machines 
are being developed, this is a very difficult task for any instru- 
ment to perform; 5. In general in radiography of such items as 
fuses, orientation of the fuses, and positioning on the radio- 
graphs is not accurate enough for the images to be exactly alike. 
Again, the helical spring is a typical example; the human ob- 
server easily takes account of slight differences in the image 
while the electronic system would not do so as easily. 

In  summary, for the relatively complex images of assem- 
blies, it would appear that there are many advantages in retain- 
ing human film readers, even when large numbers of the same 
store are involved. 

In some applications of radiographic inspection, however, 
interpretation is a simpler business. For high-quality welding of 
thin structures, virtually any weld flaw shown by radiography 
is cause for either rejection or investigation, and for vessels such 
as rocket propellant tanks, thousands of feet of weld-radiography 
are involved. The problem of automatic film reading is inherently 
simpler than in fuse inspection, for three basic reasons:- 

(1) Because the specimen is very thin, better definition of 
detail on the radiographs is possible; (2) For similar reasons, a 
high contrast image can be obtained; (3) The area of film to be 
examined is a long narrow strip, rather than a large area, and 
scanning is simplified. 

This problem has been examined by Sheldon (2) and it is 
worthwhile examining the techniques which he proposes, to- 
gether with other possibilities, to see whether they could be ap- 
plied to radiographs of more complex specimens. 

Design of an automatic film reader 
Three ways in which the image on a film radiograph could be 
converted into an electrical signal are: 

(1) By projecting the film image onto a television camera 
tube, with suitable optical reduction, so that the light variations 
are converted into video signals; (2)  By using a bank of small 
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photocells to examine discrete areas; (3) By using a line-scan 
photometer. 

The simplest system would be a photometric system in 
which a photo-electric detecting head is moved to cover small 
areas on the radiograph and the output is compared with that 
from a similar cell covering the same area on a master radio- 
graph. By appropriate choice of area, allowance could be made 
for slight variations from the standard image (Figure l), such as 
the rotated helical spring or slight displacements of a cornpo- 
nent, without impairing the alarm signal when a genuine abnor- 
mality appears. A more serious problem would be image loca- 
tion on the radiograph and slight variations in radiographic 
quality due to processing, etc. so that it would be necessary to 
have some form of automatic compensation for variations in 
background density and contrast. 

Even assuming that satisfactory pulses could be obtained, 
a machine to compare these in height and time with the pulses 
from a standard image would be very complex. Essentially, it 
would be a computer of the type used for character recognition, 
having a memory system. 

For weld flaws, Sheldon (2)  has suggested that the informa- 
tion required can be reduced to nine parameters and that this 
includes the density difference between the flaw image and 
background. The parameters describing each image are stored 
on nine delay-lines and the information obtained in digital form 
on each parameter is compared with predetermined limits. If 
the image is unacceptable all the parameters are printed out 
and in practice this printing-out time limits the speed of 
operation. 

Figure 1. Helical spring in a well. If area ABCD is  monitored, the presence or 
absence of the spring wi!l be shown and the spring may be rotated without 
significant change in the light intensity received. The area ABCD must be located 
accurately in relation to the edge of the cavity. 

A similar scheme can be envisaged using a line-scan system. 
The two images are scanned simultaneously and the two signals 
cancel one another out in a differential amplifier, so that any 
differences appear as positive or negative pulses (Figure 2). 

The comparison could be made in terms of pulse heights, 
pulse time or both. A helical spring image would not cancel 
out if the spring has been rotated, but it would be possible to 
check the presence or absence of a spring by comparison with a 
sample image with no spring present. To succeed, such a system 
requires a much higher degree of standardization of the radio- 
graphic parameters and positioning than is now used in routine 
radiography. 

Using a television camera tube the definition required can 
be adjusted in terms of the line scan used, in relation to the opti- 
cal reduction of the image employed. Thus a 405-line image, 
looking at a film area of 4 in. x 4 in. would be equivalent to 
detecting detail down to 1/100 in. The video signal would be 
converted into digital form by means of a differential amplifier 
(Figure 3) so that the edge of an image on the film is recognized 
as an abrupt change in video voltage and a flaw is registered as 
a sequence of two pulses of opposite polarity. Information con- 
cerning tonal value is lost. To produce a satisfactory pulse, the 
periphery of the image must be sharply defined and it has been 
found that on many radiographs the sharpness of definition is not 
adequate. This lack of definition may be due to radiographic 
factors, inherent unsharpness, etc., or may be intrinsic to the 
component, e.g. cylindrical items radiographed along a diameter. 
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Automatic Radiological Inspection-Direct Systems 

It might be argued that if scanning of the radiograph can be 
used as an inspection method, then as the film is merely a 

A 

C 

D 

Figure 2. Illustrating the method of optical line scan across the image: A-light 
intensity-distance curve across image to be examined; B - s c a n  across reference 
image; C-reference image inverted; D-difference between A and C. Positive 
or negative pulses on D show image abnormalities. 



1 1--2--5 4--5--6 

D 
1-2-5-4 -5-6 2 

Figure 3. Illustrating conversion of a video signal into digital farm: A-scan i s  
taken along line shown through image of an assembly; B-video signal; C- 
differentiated signal; D-digital pulse counts along levels 1 and 2 on C. 

permanent record of the spatial variations in intensity across 
the X-ray image, the whole of the photographic process could 
be eliminated and the sampling done directly on the X-ray beam 
after transmission through the specimen. 

This is possible and has been successfully applied, but use 
of the photographic process has two advantages- 

( 1 )  It is an integration process in which the total number 
of X-ray quanta incident within the film exposure time 
is recorded, so that statistical fluctuations in the num- 
ber of these quanta are minimized; (2) Scanning, 
masking and detection of light quanta is generally 
simpler than for X-ray quanta. 

There is the incidental advantage that the film provides a 
permanent record which is available for visual inspection or 
re-check. 

Three systems of automatic radiological inspection which 
have been used successfully are .as follows:- 

(a )  Using a gamma-ray source and a G.M. or scintillation 
counter to monitor the thickness of a uniform tube by 
means of a spiral scan. The method can be extended 
to non-uniform thickness ‘‘tubes’’ where the variation 
in absorption is regular and can be predicted. The 
source is generally placed inside and the detector 
outside, with collimation on both. Essentially, any 

local change in absorption is recorded, and this may be 
due to internal cavities or to a change in wall thick- 
ness. The collimated area, size of source, rate of 
scan and sensitivity are related mathematically and 
have been discussed by a number of authors, notably 
McGonnagle (3). To be detected, the cross-sectional 
area of a flaw must be a significant percentage 
(typically 5-10%) of the collimated area, so that un- 
less the latter is made very small, which implies a 
very slow inspection rate, the method is not efficient 
for the detection of linear flaws such as cracks. An 
alarm system can be made to register or record any 
variations in count-rate above or below predetermined 
limits, and these limits can be programmed to cover 
expected thickness variations such as webs inside a 
hollow cylinder. The method is chiefly applicable to 
large uniform tubes which have to be inspected in 
quantity and successful applications have been de- 
scribed by Hinsley (4) and McClung (5). Gamma-ray 
sources are usually used, because of the constancy 
of their output over short periods, which eliminates 
one variable. 

(b)  Successful systems have been built in which a gamma- 
ray source and a detector “look at” a limited cross- 
section of an assembly and compare the transmitted 
intensity with that through a known correctly 
assembled specimen. The system can be made automatic 
with mechanical handling arrangements. The method 
has been applied to a number of ordnance components, 
such as the detection of the presence or absence of the 
sealing ball in cartridge primers, but in practice a 
number of limitations were found: 
(i) In a complex specimen the machining tolerances 

on individual components along the path of the 
X-ray beam can collectively represent a consider- 
able change in absorption, comparable to the 
presence or absence of the item being checked; 

(ii) It is a slow process: in the case of the primers, 
these can be radiographed on film or X-ray paper 
forty or more at a time, and film reading for the 
presence of a sealing ball is not difficult or slow. 
There is a loss of incidental but useful informa- 
tion compared with film, e.g. the presence or 
absence of filling; 

(iii) Automatic sorting systems using X-ray trans- 
mitted intensity as a criterion of acceptance. In 
the machines which have so far come to the 
notice of the writer, a single discrimination level 
is used as a ‘go-no go’ criterion, but multi-level 
systems are also possible. 

The response signal is coupled directly to a 
mechanical sorting gate so that the components 
are automatically separated in accept and reject 
lots. 

The method has been used for such varied 
applications as filled containers, pharmaceutical 
packages, sorting potatoes from stones during 
harvesting. 

Television-Fluoroscopy Systems 

By using image intensifier systems, particularly those involving 
a television system, one can obtain image sensitivities compar- 
able to those on film; these may be viewed comfortably in 
ordinary room lighting, without any dark-adaptation of the 
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inspector or any radiation hazard. Since the information in the 
X-ray image is available in this equipment as an electrical signal, 
it is natural to consider the application of automatic reading 
techniques using this signal. 

Again, the complexity of the system depends on the in- 
formation required. One possible application, which the author 
collaborated in assessing, is the fluoroscopic inspection of hot 
steel billets using a television X-ray image-intensifier and a high 
energy X-ray source (linac or betatron). The aim was to locate 
the ends of centre-line cavities in the rolled billet as an aid to 
accurate cropping: experiments showed that images of cavities, 
of the size which metallurgical considerations suggested it was 
necessary to locate, could be clearly shown on the fluoroscopic 
screen. By their nature, these cavities tend to occur on the 
centre line of the billet and it was proposed to monitor the 
television display signal over a limited number of lines on the 
raster for any sudden change which would represent the image 
of a cavity moving across the image area. The signal would be 
processed, so that it had to be repeated on several successive 
scans and on several adjacent lines at the same location, before 
being accepted as genuine. Two probable obstacles were 
envisaged:- 

(1) The image of a cavity, with these fluoroscopic tech- 
niques, is not sharp, so that the edge of the image does not 
cause a sharp, well-defined signal; ( 2 )  The human eye is very 
adept at viewing a noisy unevenly bright image and picking out 
relevant detail from the background. Using a monitoring 
system it was thought probable that a much greater signal- 
to-noise ratio would have to be accepted; this is equivalent to 
a poorer sensitivity. 

For reasons entirely unconnected with the feasibility of 
this proposal for automatic-monitoring, this application has not 
yet been tried in practical industrial conditions, but the 
technique proposed is clearly applicable to other inspection 
problems. With television circuits, automatic brightness control 
and contrast adjustment have already been shown to be possible. 

This application is a relatively simple one so far as image 
interpretation is concerned; it is limited to the detection of an 

Discussion 
Q. DR. A. NEMET, British National Committee for NDT, Rich- 
mond, England: 

Since the main advantage of radiography is in making use of 
the human brain in obtaining the maximum amount of complex 
information contained in the radiograph, I agree with Mr. Halm- 
shaw’s conclusions. That is to say, adtomation would lose the 
correlating capacity of the trained brain of the experienced radiog- 
rapher. We have no such reservations in automating ultrasonics 
simply because the information is limited. However, I missed in his 
paper and, in fact, in the whole of the Conference, reference to 
Xeroradiography, which figured at previous conferences. This tech- 
nique lends itself to automation and its disappearance is certainly 
not due to its technical hitations but probably only to commercial 
policy of the manufacturers. 

“edge” greater than a predetermined size and contrast. The 
interpretation of more complex images will require more sophis- 
ticated techniques, as already discussed, probably involving the 
use of a computer. 

Conclusions 

While techniques for automatic image interpretation, either 
from film or fluoroscopy, are feasible, they are exceedingly 
complex, for all except the simplest problems. While they are 
potentially capable of greater reliability and speed of opera- 
tion than human film reading, the factors of 

(i) cost; (ii) inherent unreliability of any very complex 
equipment; (iii) staff required for setting-up and maintaining 
the equipment, must be compared with the problems and cost 
of training radiographic interpreters to be more expert and 
reliable. The human film reader is always capable of providing 
some useful extra information from the image, which would 
not be available from a programmed machine. 

It is fashionable to suggest that computer systems should 
be used to replace humans whenever possible and this is a 
reasonable argument when the computer performs a task that 
is impossible or excessively tedious by the more conventional 
method, but radiographic film reading does not yet come into 
this category. It seems doubtful, therefore, whether there is any 
real practical advantage in using complex and very expensive 
equipment to gain what would only be a slight improvement 
in reliability. 

References 

1. Tuddenham, W. Radiology, 78,  ( 5 ) ,  694, 1962. 
2. Sheldon, L. and Eppler, W. G. Proc. of 4th Int. Conf. on NDT 

London 1963. (Butterworth.) 
3. McGonnagle, W. J., Beyer, N. S. Progr. in N.D.T. Vol. 5 

(Heywoods, London) 1964. 
4. Hinsley, J. F. Nondestructive Testing. (McDonald & Evans, 

London) 1959. 
5. Foster, B. E. and McClung, R. Materials Evaluation, 23, (4), 

1965. 

A. Xeroradiography is an interesting and valuable process which 
has been neglected, probably because no manufacturer has produced 
large-size selenium-coated plates of high quality at a reasonable 
price. In my opinion it is a process which is not very suitable for 
automation. It would be possible to scan the “electric charge 
image” on the selenium plate and present the result on a television 
monitor screen, or to gate the signal through an alarm system, but 
if the selenium plate has to be part of the system it would seem 
simpler and more satisfactory to produce the normal powder image 
for viewing; this final stage is simple and brings in the usual advan- 
tages of using the human eye for interpretation. Again, an auto- 
matic “reading” system, could be devised for xeroradiographic 
image, but this brings in the same limitations as a film reading 
system. 
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The Radiographic Evaluation of a Welded 
Structure Designed with Fatigue Strength 

H. KIHARA AND Y. ISHII, JAPAN 

ABSTRACT: Discussed i s  a method of  evaluating the quality of a manually-welded 
structure designed with fatigue strength token into consideration. In this method, 
the evaluation i s  done as follows. Rejections are determined by the relationship 
between the severity of the defect and the pulsating tensile fatigue strength. 
The probability of rejections occurring in defective areas, such as porosity; and 
in defect length, such as slog inclusion and lock of fusion, are assumed from the 
average number of defects in a certain area, based on the law of defect distri- 
bution. Consequently a welded structure is  evaluated by the average number of 
defects, the severity o f  defects, and the rate of defective area or the defect 
length. 

Introduction 

Radiography of long weld-line structures is carried out by the 
spot inspection method for reasons of economy. As on extension 
of reference ( 1 ), this paper describes the scientific evaluation 
of structure quality. In the case of a structure designed for a 
static load, but which is not likely to cause a brittle fracture, 
whatever defects may be included will not substantially affect 
the tensile strength, except by reducing slightly the elongation, 
as long as the structure is of the quality expected from normal 
welding (2)-(6). For such welded structures, radiography by 
random sampling is important as a form of quality control 
performed in parallel with the welding. Welding defects have 
great bearing on brittle fracture and fatigue strength, but this 
discussion is confined to the quality evaluation of welded 
structures designed with consideration of fatigue strength. 

Moreover, as it is.common to remove the reinforcement from 
such structures, only the unreinforced, manually-welded struc- 
tures are considered. 

Distribution Law of Manually-Welded Defects 

For the successful quality evaluation of a welded structure on 
the basis of defects revealed by spot inspection, the law of 
defect distribution must be established. As yet, the laws of 
distribution are available only for porosity and slag inclusion 
(lack of fusion included) of a manually-welded structure. Crack, 
and incomplete penetration, which are also serious defects, 
occur very rarely and no laws of distribution for them have yet 
been found. Little attention has been paid to undercutting, 
because it is an external defect, although it does sharply lower 
fatigue strength; accordingly, no law of distribution available 
has been established for it. For this reason, the present paper 
deals with porosity, slag inclusion, etc. 

Periodicity of Defect  Distribution 
If there were any periodicity in defect occurrence under varied 
conditions, the data obtained would differ depending on the 
manner of spot inspection. However, it has been reported (7)  (8)  
that there is no such periodicity. 
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Figure 1 
Cumulative relative frequency of de- 
fects in a 5-cm division. 
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Figure 2 
Defect length and its cumulative rel- 
ative frequency. U.L. for V.--upper 
limit for vertical position: A.U.L.- 
average upper limit: F.iF.-flat-flat: 
F.-0.-flat-overhead: H.-H.-hori- 
zontal-horizonta I. 
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Law o f  Distribution 
The distribution law of defects actually occurring in manual 
welds has been found as follows. Radiographs, taken continu- 
ously for 5cm divisions were checked for the number of defects, 
x ,  contained in each division. Then the relationship between 
the number of defects and the cumulative relative frequence, 

was found as shown in Figure 1. (7)  
The curves in this Figure correspond to the respective 

structures continuously radiographed and have been derived 
from weld lines of 10--100m; for example, the measuring points 
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are indicated for only two of the curves. From the results of 
measurements, the relation between the average number of de- 
fects, x ,  and their variance for a 5-cm division (width of about 
lOmm of weld line) was found as follows: 

- 1 

N 
02 = - C 6 - xi)2 = 2 .5~1 . '  (1) 

This distribution concerns structural steels of 20-25mm plate 
thickness. According to equation (1) the variance and the 
average number of defects are not independent, and accordingly 
one or the other will suffice for the evaluation of welded 
structures. 

Relative Frequency o f  Defect Size in Manual Welds 
The relation between the size of defects in welds and their 
relative frequency has been investigated for a large number of 
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welds on plates of about 20mm thickness. Figure 2 shows the 
relation between the defect length and the cumulative relative 
frequency for the eleven rods in Figure 1, as executed from the 
combined position, and other welds as executed from flat-over- 
head, flat-flat and horizontal-horizontal positions. 

According to these figures, the vertical position is likely to 
cause long defects such as slag inclusions. Complicated curves 
in these figures suggest the difference in the law of distribution 
applicable between porosity and slag inclusion. Meanwhile, the 
intersection of weld lines is often chosen as the spot inspection 
point, but it should be emphasized that there is no evidence that 

Quality Evaluation of Welded Structures by Spot Radiography 

How to evaluate the quality of a welded structure, with the 
strength of it as a whole taken into account, from the images of 
defects on X-ray radiographs taken at random with consideration 
of the above conditions is discussed. For this purpose, the rela- 
tion between defect, and strength, and the Iaw of defect distribu- 
tion must be used. The discussion is confined to structure evalua- 
tion considering the effects of porosity and slag inclusion on 
fatigue strength, and brittle fracture evaluation is reserved for 
another time. 
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Figure 3 
Relation between lengths of slag 
inclusion and lack of fusion in welds 
and pulsating tensile fatigue strength. 
(Extrapolated value of strength for 
0.3-mm defect as 100.) 

Figure 4 
Relation between rate of defective 
area in welds and pulsating tensile 
fatigue strength at N=2X106. 
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Reduction o f  Fatigue Strength Due to Weld Defects 
For investigation of the effect of weld defects on the fatigue 
strength, the rate of defective area, mainly porosity and the 
length of defects when slag inclusions are involved, was in- 
vestigated. The percentages of the lower-limit data from the 
above investigations, compared to strength extrapolation for 
absence of defect, or for 0.3mm defect, are shown in Figures 3 
and 4. The region below the lower limit curves will be regarded 
as safe. 

Method of Investigation 
The quality of welds, i.e. the defect distribution, is evaluated 
in terms of the average number of defects contained in a certain 
area and the distribution of defect sizes. By this method, the 
structure is accepted or rejected depending on the probability 
of having an area with a dangerous rate of defective area and 
length of defect that are calculated from the average number 
of defects in a certain length of weld, and the distribution of 
defect length on random-sample radiographs, for the whole 
weld line. If no single area likely to be rejected is included, there 
is no alternative but to make a 100% inspection and correct 
all major defects. 

Suppose the whole weld line is split into N divisions, n divisions 
out of them are chosen and the average number of defects, X, in 
these divisions (for convenience sake, 5-cm divisions) is considered. 
Then, the value of X will differ depending on the mode of sampling. 
But if the average number of defects in a l O O ~ ,  inspection is in- 
dicated as x, 2 and will be expressed respectively as follows: 

i = l  i = l  

Thus, on the average, x agrees with x. If the variance of 2 is put 
as ax, 

N - n  02 
N - 1  n 

.22 = ~ - . (3) 

If N is larger than n, 0x2 + 02/n. 
And if n grows very large, the x distribution will be Gaussian with 
average X and variance 052. AS the over-all variance o will be un- 
obtainable, the sampling value will be adopted, namely, the fol- 
lowing S; will be substituted for OX: 

(4) 

i = l  

and zwi l l  be estimated from 2 and S i .  Accordingly, the probability 
of X fitting into the limits of 2 2SX, is about 95% and of fitting 
into X k 3SX about 99%. For practical purposes, estimation may be 
made with % = X 
Estimate of Strength from Slag Length 
Plotting the relation between the length, I, and its relative frequence, 
P1, for the upper limit of combined and vertical positions, we get 
the solid lines in Figure 5. Figure 1 shows cumulative relative 
frequency of 5-cm divisions that contain more defects than Xa for 
various weld structures. The relation between the average number 
of defects, X, as found from the weld line represented by each 
curve, and the values of xa has been plotted in Figure 6 with the 

2SX. 

a, 

cumulative relative frequency, C f ( x ) ,  as parameter. 
x, 

Suppose a spot inspection is made of a weld line with L metres 
as unit length, and x is found by the above statistical method. Let 
us discuss how to evaluate the quality of a welded structure when 
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L metres is set at 5 cm and it is required that there be included no 
more than one area where the specified fatique strength cannot be 
satisfied (there is no guarantee that such an area will be included, 
so long as it is a spot inspectionkln this case, the  total number of 
defects contained in L metres is XL/0.05 = 20 LX and the number 

of defects longer than I will be 20LXCPl. Therefore, the above re- 
a, 

quirement will be expressed by: 1 

20LsT.FPl < 1 
I =  

and accordingly, 

The X-RO relation has only to be established about a specific L, 
utilizing the relation between the defect length, 2, and the relative 
fatigue strength, Ra, in Figure 3, the relation between the prob- 

ability of presence of defects longer than I ,  i, e; 7 PI, and l in  Figure 

2, and the relation between x and F PI in equation (6). The two 

chain-line curves in Figure 7 represent the X - RO relations as 
obtained about L=10 m from the average upper limit curve for 
combined positions, and the upper limit curves for vertical posi- 
tion. Namely, 2 is determined by sampling; x = X f 2s: is found 
from equation (4) and is compared with X obtained from Figure 7 
for decision to accept or reject. 

Estimate of Strength from Rate of Defective Area 
The percentage of the total sectional areas of defect existing in a 
definite area (here 10 X 50 nu+), to the nominal sectional area of 
the specimen is called the rate of defective area. To find this rate, 
the probable sectional area of a single defect must be determined. 
For this purpose, the relation between the defect length, I, and its 
depth, h, must be established. If the experimentally obtained 
points are plotted and indicated as h = .\/P, this will be slightly 
larger than the average value; therefore, it will be safe to put the 
area of a defect with length 1, i.e. SI as equal to 18. However, con- 
sidering the condition of manual welding, it might be put as hmax = 
5 mm (I = over 25 mm). Distributions of defects by sectional areas 
with SI = 18 are shown for the average upper limit of combined 
positions and for the upper limit of the vertical position by the 
broken-line curves in Figure 5 .  Since the product of this area x, 
its relative frequency, is the probable contribution of a defect to 
that sectional area, the total sum, i.e. 

co 

co 

(7) 

will be the probable sectional area (average sectional area) of a 

defect, if there is only one defect. Substituting k = Z PlSl, the re- 

lations between I and k for the average upper limit for combined 
positions and that for the vertical position are shown in Figure 5, 
in which the complexity of the PlSl curve seems to be due to the 
blended distributions of porosity and slag inclusion. The relative 
frequence declines with an increase in defect size, but k ought to 
converge to a certain value, because the defect cannot grow in- 
finitely. In the diagram, however, k of the upper limit for the 
vertical position will not easily converge. But the rate of defective 
area being counted for 5-cm divisions, then in the above method 
of estimation, the maximum value of I may be put as 5 cm, and any 
length larger than 5 cm may be split into two. Thus, we may set 

k = C PlSl = 7 mm2. 

I 
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Applying this method to the case of L = 10m, if lOm is 
split into 5-cm divisions and in one of these divisions the relative 
fatigue strength is permitted to be lower than the specified value 
Ra, the probability will be (0.05/10) X 100 = 0.5. This means 
that rejected areas will be included at a probability of OS’%. When 
the average upper limits for combined and vertical positions are 
plotted under the above consideration, one defect, if it exists, will 
probably have sectional areas of k = 3 mm2 and k = 7 mm2 as 
calculated on the safe side from Figure 5. Meanwhile, if a 5-cm 
division contains x a  defects, the rate of defective area, cy, in said 
division will, with plate thickness tmm, be as follows: 

Substituting t=20 mm, and k = 3  mm2 and 7 mm2 for the 
average upper limits for combined and vertical positions in (8), 
the relation between a and Xa is found. On the other hand, from 
the a-Ra relation in Figure 4, the relation between Xa and Ra is 
derived. Further, the relation between Xa and X is obtained from 
the 0.5% curve of Figure 6.  Thus, from all these relationships the 
relation between X and Ra can be established; the solid-line curves 
in Figure 7 have been obtained in this manner. 

According to these results, the decrease in fatigue strength 
depends predominantly on the length of defect while the average 
number of defects is small; but when this average exceeds a certain 
limit, the strength depends predominantly on the rate of defective 
area. The rate of defective area, a, is vastly influenced by the plate 
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Relation between 
Figure 6 

R and Xa with 
cumulative relative frequency a s  
the parameter. Xa 

thickness, but the length of defect has little bearing on the plate 
thickness. Thus, when porosities and wide slag inclusions are very 
numerous, the strength will be governed by the rate of defective 
area. 

A structure will be accepted in evalu_ation, i fX< Ti - 2SFfor 
a given Ru, and will be rejected if X>X + 2SX. But when X - 
2Sx < x< x + 2Sx the inspection must be repeated before a de- 
cision on acceptance or rejection can be made. In this context 
negotiations must be made between maker and customer. 

The above results were obtained chiefly from plates of about 
20 mrn thickness and the data cannot be called ample. Therefore, 
it is desirable that the accuracy of estimation be improved through 
investigations of both the defect distributions in the sampled X-ray 
radiographs and the relation between defect and strength. 

Generally the values are taken on the safe side except for values 
like x a .  

Conclusions 

The above discussion concerns manual butt-welds of about 
20-mm thick plates. The experiments on fatigue strength show 
that with increasing plate thickness, the effect of a central 
defect on the strength will be weaker than one located near 
the surface. As the actual tests on strength indicate, a large 
central defect does not cause a fracture, but a small defect, 
like a surface fissure which does got show on an X-ray film, 
initiates cracking. Accordingly, the method of quality evaluation 
described here should be considered applicable only to welds 
with no fissures, incomplete penetrations, undercuts or rein- 
forcements. Lastly, a brief study was made of welds containing 
cracks and undercuts or having non-machined reinforcements. 
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The authors' study ( 2 ) ,  indicates that the length of the 
crack is not significant. When the crack occurs near the surface, 
the pulsating tensile fatigue strength of a weld drops to about 
50% of that of a non-defective part; presence of undercuts 
results in a similar decline of strength. The effect of incomplete 
penetration is greater than that of slag inclusion. Further, if 
there is reinforcement at the number of cycles in pulsating 
tensile fatigue test N = ~ x  lo', the strength will be reduced to 
about 50% even if no defect is contained; and if reinforced 
at N = 5 x  lo', the presence of reinforcement ceases to be 
influential. 

In conclusion, only about half the high-cycle fatigue 
strength of a non-defective part can be guaranteed unless the 
reinforcement is machined away and it is confirmed by mag- 
netic inspection that no surface near-surface cracks exist in 
the welds. 

The authors are determined to push this program of 
research vigorously and they hope to be able to publish a 
follow-up paper. 
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Flaw Detection in Finned, Thin-Walled Tubes 

V. V. GORSKY, V. 1. PRONYAKIN, E. M. LOVYAKIN AND V. M. 
ZAKHAROV, USSR 

ABSTRACT: Finned thin-walled tubes are used for canning reactor fuel rods. 
Helical fins on the outside surface of the tubes are made for spacing fuel rods in 
a subassembly (1). The canning tubes must be of very high quality to maintain 
the integrity of the fuel elements during reactor service. 

For ultrasonic testing of the finned tubes we made two types of apparatus, 
and an eddy-current apparatus for measuring the wall thickness. For ultrasonic 
testing of the finned tubes we used Lamb waves. When the Lamb waves are 
propagated in the finned part of the wall it transforms and interacts with longi- 
tudinal and transverse sound waves which are reflected from the side surfaces 
of the fin. Thus, the total amplitude depends on the profile of the fin. The presence 
of the fins reduces the sensitivity of the ultrasonic inspection of the tubes and 
complicates the testing apparatus (2). 

The purpose of our work was to study the sensitivity of the two-probe ultra- 
sonic method (through-transmission immersion technique) and the one-probe 
ultrasonic method (reflection immersion technique) for the detection of longitudinal 
defects in finned thin-walled tubes. 

The Two-Probe Apparatus 

A schematic view of the two-probe ultrasonic testing of the 
three-finned tube and a block diagram of the apparatus are 
shown in Figure 1. The transmitter and receiver probes are 
placed on the outside surface of the tube symmetrically about the 
fin. The angle of incidence of the ultrasonic wave on the tube 
surface between the fins is taken to generate in a thin wall a 
definite mode of Lamb waves. To test a whole cross-section of 
the tube there are three pairs of ultrasonic probes spaced 120° 
apart. The probes are mounted in a plexiglass holder. 

r--@----- *--I 
I 
l 

I 
I 

L---+z5J 
Figure 1. Block diagram of the apparatus and schematic view of the two-probe 
ultrasonic testing of a 3-finned tube: GI, Gl, Gs-pulse generotors; TDC1, 
TDCz-time delay circuits; TP-transmitting probe; RP-receiving probe; A- 
amplifier; G-Gate; PR-pen recorder. 

The transmitter probe of the first pair of probes TR, is ex- 
cited by the free-running pulse generator PG,. The transmitting 
probes of the two other pairs are excited one after another by 
the pulse generators PG? and PG,. The time delay between three 
pulses is achieved by means of the two time-delay circuits DCI 
and DC,. Time-delayed ultrasonic pulses pass through the coup- 
ling medium and propagate in the part of the wall being tested. 
Then the pulses received are fed to the common amplifier A. The 
time selection of the ultrasonic pulses into the three channels is 
accomplished by means of the gate circuits G. The pulses in 
each channel are amplified and fed into the three-channel re- 
corder R. If, for example, there is a crack on the inner surface 
of the tube some part of the sound waves is reflected by it and 
the ultrasonic field strength on the surface of the receiver probe 
is reduced. The pen recorder shows reduction of the signal level. 
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The complete installation for two-probe ultrasonic testing 
three-finned tubes (Figure 2 )  consists of the axial transport de- 
vice (l), small immersion tank (2)  with probe assembly (3), instru- 
ment support (4) and three-channel pen recorder (5). Two sets of 
profiled guiding wheels (6) pull the tube through the test tank (2). 
The proper position of the probe holder in relation to the tube is 
achieved by using the tube as a support member for the probe 
holder. The probe holder is pressed to the tube (through a teflon 
prism) with four springs. Water escaping through the bushes of 
the test tank is fed into the degassing tank (9) by a small centri- 
fugal pump. Both the tanks are connected by a pipe. 

Electronic instrument (10) is transistorized. 

Technical Performance 
1. Axial speed of the tube, rn/min 
2.  Frequency of the pulsed ultrasound, MHz 

3 -4 
9-10 

3000-4000 3. Pulse repetition rate, pulse/sec 
4. Sensitivity to defects 

a depth, pm 60-70 
a length, mm 5 

5. Recording, three-channel H320-3 pen recorder 

Figure 2. General view of the installation far the two-probe ultrasonic testing of 
a 3-finned tube: 1. axial transport device; 2. immersion water tank; 3. probe 
assembly; 4. instruments support; 5. 3-channel pen recorder; 6. profiled guiding 
wheels; 7. tube; 8. seal; 9. degassing tank; 10. electronic instrument. 

Sensitivity to defects on the outer and inner surfaces of the 
tube is the same. The through-transmission technique ensures the 
detection of defects, the direction of which do not coincide with 
the axis of the tube. Figure 3a shows a record. The right trace 
refers to two longitudinal cracks on the bore (under the fin) of a 
different depth (105 and 5 7 ~  m) and a length ( 2  and 5 mm). 
Figure 3b shows the metallographic cross-section of the first 
crack. The defxts  50-60 pm deep reduce the level of the trace by 
20%, irregularity fluctuations by 10%. 

The One-Probe Apparatus 

A schematic view of one-probe ultrasonic testing finned tubes 
and a block diagram of the apparatus is shown in Figure 4. 
Probe ( 1 )  is inserted into the bore of the tube (2) .  The commer- 
cially available pulse-echo instrument type UDM-1 M was used. 
This flaw detector can provide ultrasonic pulses up to 6 MHz. 



Figure 3a) Port o f  the inspection record. 1. longitudinal cracks, 57 pm deep; 2. longitudinal cracks, 105 pm deep. 

\ 

Figure 3b) Section through defect 1. (X400). 

97 
2- 

J 
'1'. . 

Figure 4. Block diagram of  the apparatus and schematic view of the one-probe 
ultrasonic testing of  finned tubes: 1. probe (transmitter-receiver); 2. part of the 
finned tube; 3. pulse generator; 4. amplifier; 5. gate; 6. light signal; 7. oscilloscope. 

The pulse repetition rate was increased to 3800 pulses/sec. The 
angle of incidence and the frequency of the ultrasonic waves 
were chosen so as to generate in the wall modes So ( 1  symmetri- 
cal) and a, ( 1  asymmetrical) of Lamb waves. The best results 
were obtained for f.h.22.2-2.4 MHz.mm. In this case the ampli- 

tude of the reflected signal from the fin is less than the ampli- 
tude of the reflected signal from the defect 20 um deep on the 
inner surface of the tube. However, the same amplitude of the 
signal reflected from the defect on the outer surface was received 
only for the defects more than 70 wn deep. The greater sensi- 
tivity to the defects on the inner surface is due to the direct re- 
flection from the defect and the presence of the surface waves 
that propagate in the thin layer of the inner surface of the tube. 

Figure 5 shows a combined transmitter-receiver probe as- 
sembly. The probe consists of a rectangular lead zirconate-ti- 

Figure 5. Transmitter-receiver probe assembly: 1. transmitter-receiver piezo- 
crystal; 2. pin; 3. body; 4. electrode; 5. tight spigots; 6, 7. channel holes. 

\7 
Figure 6. Installation for one-probe ultrasonic testing of finned thin-walled tubes: 
1. tube; 2. holder; 3. spindle; 4. motor; 5. belt drive; 6. split bearing; 7. connec- 
tion; 8. probe. 
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tanate crystal 2.5 mm x 10 mm in size. It is cemented by electro- 
conductive epoxy resin filled with silver powder to a flat surface 
of a pivoted pin (2). The other electrode of the coaxial cable is 
soldered at the radiation face of the crystal. The crystal is cov- 
ered with a waterproof compound. 

To eliminate spurious signals from air bubbles passed 
through the tube water, we made a bypass channel in the holder 
with the inlet entry positioned in the centre of the head of the 
holder. When the speed of rotation of the tube is more than 400 
rev/min the air bubbles are forced by water to the axis of rota- 
tion of the tube. Thus, the water with air bubbles passes through 
the bypass channel without entering the region where the crystal 
is placed. 

A photograph of the installation for one-probe ultrasonic 
testing of finned thin-walled tubes is shown in Figure 6. Tube (1) 
is rotated by an electric drive. Water is pumped through the 
bore of the tube. Probe (8) is inserted into the bore by another 
electric drive. Water escaping the bore is collected in a small 
tank not shown in Figure 6. 

Technical Performance 

2. Speed of the axial movement of the probe, 

3. Frequency of the pulsed ultrasound, MHz 4.5-6 
4. Pulse repetition rate, pulses/s 
5. Sensitivity to defects 

a) on the outer surface 

1. Rotation speed of the tube, rev/min 650-9 50 

m/min 1.7-2.5 

3800 

a depth, pm 70-80 
a length, mm 0.5 

b) on the inner surface 
a depth, pm 15-25 
a length, mm 0.5 

6. Recording light and sound signals 
Comparisons of both ultrasonic methods, the complexity 

of the mechanical parts of the installations and of the electronic 
instruments and some other parameters show the advantage of 
the one-probe ultrasonic installation excluding the sensitivity 
to the defects on the outer surface of the tube. 

The Eddy-Current Apparatus 

The thickness of the wall between the fins is measured by eddy- 
current. A block diagram of the apparatus is shown in Figure 7. 
The apparatus measures the relative impedance variations of 
two pick-up coils Lu and L k  which are incorporated in a 

I 
- 4 - 5  

I 

8 0  
I 

Figure 7. Block diagram of the apparatus: 1. oscillator; 2. phase shift; 3. differ- 
ential amplifier; 4. phase detector; 5. amplifier; 6. alarm signal; 7. pen recorder; 
8. microompermeter; 9. rectifier. 
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Figure 8. Installation for measurement of the wall thickness of  finned tubes: 1. axial 
transport devices; 2. pick-up coil; 3. instrument; 4. pen recorder; 5. automatic 
control arrangement. 

resonant bridge circuit. One of the coils is placed on the 
reference tube, while the tube to be tested is traversed beneath 
the second coil Lu. The passage beneath the pick-up coil of the 
tube, the wall thickness of which deviates from the reference 
tube, temporarily unbalances the bridge. The unbalance voltage 
is amplified by the differential amplifier DA and then is detected 
by the phase detector PD. Bucking voltage is fed from the 
phase adjusting circuit PS (to avoid the influence of changing 
the air gap between the pick-up coil and the tube). The output 
from this phase detector after a further stage of amplification 
drives a conventional pen recorder PR and an alarm signal and 
is measured by the direct-reading instrument PI. 

The photograph of the complete installation is shown in 
Figure 8. It consists of two axial transport devices ( l ) ,  pick-up 
coil (2), pen recorder (4) and automatic control arrangement 
(5) .  

Technical Performance 
1. Inner diameter of finned tubes, mm 4-20 

3. Number of fins 2,3,4,6 
4. Speed of axial movement of the tube, m/min 1-6 
5. Diameter of the tested area, mm 5 
6. Accuracy, % of the wall thickness 2 

2. Wall thickness, mm 0.2-0.8 
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Technical Session 14/Ultrasonic Standardization 

A Proven Method of Selection and Standardization 
of Ultrasonic Probes 

L. NIKLAS AND H. STOLL, GERMANY 

ABSTRACT: A method based on technical data i s  presented giving figures for the 
application limits of the following points: Nominal frequency, including the spurious 
resonances of  probes. Figures to describe the performance of  the sound fields. 
These are: the near-zone length N, the angle of  divergence in the far zone, ond 
the effective diameter of the probe Deff .  Separate figures for the instrument 
sensitivity Se and the probe losses 1, are given. From the difference in these two 
figures, using the A V G  diagram, we find the minimum detectable defect size a t  
any given distance. 

To establish the resolution the damping factor d i s  given. In the appendix, 
the equations to calculate the resolution from this damping factor d i s  given. 

A method of measurement i s  discussed covering the near-surface resolution 
for any given defect diameter. 

List of Symbols 
N 
Deff = effective probe dia 
h = wave length 
Y 
S, 
L P  
d = damping factor 
rm 

C = sound velocity 
A 
P = density of material 

= near-zone length of a probe 

= angle of divergence in the far-zone cone 
= sensitivity of unit in db 
= probe loss in db 

= theoretical resolution for two echoes if the second one is 
m dB lower than the first one 

= nominal frequency of probes 

Introduction 

For nondestructive testing by the ultrasonic pulse-echo method 
there is no ideal electro-acoustic transducer. Each probe must 
be a compromise between sensitivity, resolution and ruggedness. 
Therefore, it is necessary to have a method, based on technical 
data, to select the most suitable probe for any test problem. 

In this paper the technical characteristics of ultrasonic 
instruments are only used when they are directly related to the 
probe characteristics. 
To be useful, the method of selection should answer the fol- 
lowing questions: 

1) What is the minimum defect size detectable at any given 
distance? In practice the question is often worded this way: 
What gain-control setting should be used to detect a given size 
defect at a given distance? 

2) What is the minimum distance between two defects 
that will give separate indications? (Depth resolution and sound 
beam divergence). 

The working temperature range, ruggedness, waterproofing, 
etc. are also important, but owing to space limitations these 
items are not discussed. 

In presenting the answers to these questions by means of a 
method based on technical data, we are quite aware that, in 
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ultrasonic testing, we do not normally have laboratory con- 
ditions. The influence of surface roughness, irregular defect 
surfaces and insufficient coupling will bring tolerances into the 
measurements. We have to accept these tolerances in the 
answers to the problem. Nevertheless, the method presented is 
not artificially simplified. It takes into account the complex 
form of the sound field of the probe and the electrical matching 
of the probe to the instruments. 

To illustrate the hazards of a simplified evaluating method, 
let us make a test in accordance with a popular method, which 
specifies measurement of the echo height obtained from the 
flat-bottom hole in the Series A Alcoa No. 1 test block (0.4 mm 
or 1164-in. hole at 76 mm or 3 in. distance). Comparing two 
4 MHz probes of 20- and 2 4 m m  diameter (Krautkramer Q4S 
and Q4T), we find by this method that the 20-mm probe is 
six times more sensitive than the 24-mm probe. If we repeat 
this test with the same flat-bottom hole at 500-mm distance, we 
find the opposite: the 24-mm probe has twice the sensitivity of 
the 20-mm probe. If we accept the echo height from the Alcoa 
No. 1 test block as a sensitivity standard for the probes in 
question, we are in error by a factor of 12. The reason for this 
discrepancy is due to the following: for the 20-mm probe, the 
hole in the Alcoa block is just in the near-zone maximum (see 
Figure 2). The 24-mm probe has a near-zone minimum at the 
same distance. 

Probe Characteristics 

Nearly all probe characteristics are dependent on frequency. 
Therefore, we should first define the nominal frequency. We 
know that for damped oscillating systems such as probes, the 
resonant frequency and the natural frequency have different 
values. An ultrasonic pulse is generated mostly by the free 
ringing of the crystal; only a negligible part is due to forced 
vibrations. Therefore, the nominal frequency should be the 
natural frequency of the probe. 

Pulse-echo instruments do not generate at a single 
frequency, but rather over a wide bandwidth of several MHz. 
Therefore, the manufacturer has to insure that there are no 
spurious resonances in the neighbourhood of the natural 
frequency. 

Measurement of the probe frequency can be done by wave 
analysis of the echo signal from a thin plate. The previously 
recommended procedure of counting the high-frequency oscilla- 
tions of the echo with an oscilloscope is not very accurate, and 
fails to detect cases where the probe has more than one reso- 
nant point. Figure l a  shows the wave analysis of a 4-MHz probe 
with only one resonant point. Figure l b  is the oscillogram of 



the same echo. Figure IC shows the frequency analysis of a 
probe with distinct spurious resonance at 3.8 and 4.2 MHz. 
In  the corresponding oscillogram (Figure Id) the influence 
of this spurious resonance is not visible. Under test this last 
probe produces distinct deviations in defect-size measurements. 
Such a probe must be rejected in practice. 

Accurate wave analysis can be made with instruments 
designed for the measurement of broadcast interference. They 
are superheterodyne receivers covering a wide frequency range, 
having a bandwidth of at least 9 KHz, and incorporating a 
calibrated gain control. The measurements (Figure 1 ) were 
made with a Siemens type B83600. 

To select a probe of suitable frequency we must first 
determine from the AVG diagram (Figure 3)  what is the 
minimum detectable defect size. Secondly, we should not forget 
that sound attenuation increases with frequency. The selection 
of a suitable frequency is often a compromise between the 
defect detectability and the attenuation. 

AVG Diagram, Near-Zone Length, Divergence 

In the practice of ultrasonic testing the technician should be con- 
stantly aware of the sound-field shape. A Schlieren picture (Figure 
2) shows its typical shape. Close to the probe we have the near 
zone, characterized by the fact that the total sound intensity is 
nearly independent of distance, but sections of the beam show 
periodic variations in intensity. The last maxima lie in the centre 
of the sound beam at the distance: 

Deer2 
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the near-zone length. This near-zone maximum has a long-drawn 
shape of nearly two wavelengths diameter and half N length. At 
this distance the normal probe behaves much the same as a focussed 
probe. At greater distances, in the far zone, the sound beams open 
conically with the angle of divergence: siny : 1.2 X /Derf: 0.3 Dete/N 

These are the most important characteristics of the sound 
field. In  the AVG diagram, Figure 3, they find their quantitative 
application. This diagram gives the decrease of sound energy 
(measured in db) resulting from distance and defect size. The 
sound energy decreases because part of it bypasses the defect 
and also part of the reflected energy bypasses the probe. 

We assume that the theoretical foundation of the AVG 
diagram and its practical application is known ( 1 ,  2) .  

From the shape of the sound field we establish the follow- 
ing rules for the selection of probes: 

1) For most sensitive detection of small defects at a given 
distance we select a probe with a near-zone length equal to 
the distance. 

2 )  For the same application at very short distances we 
use specially focussed probes. 

3 )  To find large defects at long distances and to make 
quantitative defect size measurements, we select probes with 
shorter near-zone lengths than the defect distance. 

Because of the variations of sound pressure in the near 
zone, the detection of defects is difficult and quantitative 
measurements in this range are subject to large errors. More 
suitable probes for this range are special quasi-Gaussian 
probes, which have an equalized near zone. 

Sensitivity 

The AVG diagram shows that the back echo from a thin plate 
(thinner than the near-zone length) is an excellent sensitivity 
standard. In this range the sound-energy loss is nearly inde- 
pendent from plate thickness. Of course, we must use a plate 

a 

b 

C 

d 

3;4 3i6 3,8 4,O 4,2 4,4 4 , 6 ~ ~ ~  I 

Figure 1 
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Figure 2 

of low-attenuation material. In  practice the over-all test 
sensitivity of the instrument is limited by the thermal noise of 
the amplifier. To establish a sensitivity figure, we first measure 
the height of the noise on the screen with the gain set at 
maximum. Second, we bring the back echo from the thin plate 
to the same screen height and define the gain control setting 
as zero db. All modern pulse-echo instruments have a gain 
control calibrated in db. To obtain the sensitivity figure, we 
only need to read reserve S (difference between the gain setting 
for the back echo of a thin plate and maximum gain). With 
this sensitivity figure we find from the AVG diagram directly, 
the minimum detectable defect size for any distance. 

Generally a probe will be used with several different 
ultrasonic instruments and vice-versa. It is therefore an 
advantage to have the sensitivity figures for probes and instru- 
ments separately. These values are obtained by simple measure- 
ment of a-high frequency voltages with an oscilloscope and of 
b-impedances with a bridge. 

Taking V e  as the peak voltage of a pulse equivalent in height 
to the thermal noise of the instrument, and Re as the input im- 
pedance of the instrument, then 

V2e 

2Re 

will give us the minimum peak pulse power detectable by the in- 
strument. 

Taking yp as the peak voltage of the transmitter pulse and 
RP as the electrical impedance of the probe, 

V*P 

2RP 

will give the peak transmitter pulse power. The sensitivity of the 
instrument Se in db is defined as the ratio of both powers: 

~ 2 p  Re 

V’e Rp 
Se: 10 log- (db) 

Manufacturers who have not standardized their probe 
impedances Rp must give the sensitivity figure Se  for every probe 
impedance Rp. S, is the figure representing the power reserve of 
the instrument. In practice this reserve must compensate the 
following energy losses: 

1) Conversion losses from electrical to sound energy in the 
probe and sound losses in the damping device of the probe. 

2)  Losses in sound propagation and reflection by the defect. 
These can be established quantitatively from the AVG diagram. 

3 )  Re-entry losses: only part of the reflected energy enters 
the probe. 

4) Conversion losses from sound to electrical energy in the 
probe and matching losses in the unit. 
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For a thin plate of negligible attenuation the sound energy 
losses in 2 above are 0. The other losses (1, 3 and 4 above) 
can be grouped together as total probe losses L,. To measure 
Lp, we put the probe on the thin plate and measure the trans- 
mitter peak pulse voltage Y,, the echo peak voltage ve, the 
electrical impedance of the probe Rp and the electrical input 
impedance Re. From this we calculate the ratio of transmitter 
pulse energy to echo pulse energy: 

Taking the difference S: S.-L, to the AVG diagram we 
obtain the minimum detectable defect size. 

Example: Taking an ultrasonic instrument (Krautkramer 
USIP 10) we measure Se: 157 db, for the probe (Krautkramer. 
Q4S) L,: 55 db. The difference is S: 102 db. From the AVG 
diagram, Figure 3, we see that 0.2 mm dia flat-bottom defects 
are detectable at 1-m distance, and 2-mm dia defects can be 
detected at 10-m distance. In practice we have to subtract from 
the energy reserve S, the energy losses for attenuation and for 
imperfect coupling between probe and the test specimen. 

Technicians who have to make frequent measurements of 
Se  and Lp can save time by making the measurements on one 
standard probe for each frequency. All other values can be 
measured by comparison with this standard. A quartz crystal 
cemented to an aluminum plate was found to be a good arrange- 
ment for this purpose. In practice we have to remember that the 
probe figure L,> is dependent on the material under test, especially 
if the probes have an acoustic matching device. Therefore, it 
would be recommendable for manufacturers to specify the 
probe figure L,, for typical materials such as water, aluminum 
and steel. 

Damping Factor 
To have good depth resolution the oscillation of a probe must 
be damped. A quantitative figure for this is the damping factor. 
It is defined as the amplitude ratio of any oscillation to the next 
one in the same pulse. The damping factor is dependent on the 
acoustic impedance of the material, therefore it should be given 
for steel, aluminum and water. Also of great interest is the 
damping factor d for a standard rough surface in steel (i.e. a 
surface with 60” teeth spaced 1 mm) coupled to the probe with 
water or oil. In practice we find that this value is close to the 
value for water. 

In most probe types the matching device between the unit 
and the crystal is built in the probe. The technician should 
remember that the total value of the damping factor is made 
up of electrical and mechanical damping. 

For several instruments on the market the damping factor 
is also dependent on the sensitivity setting of the instrument 
itself. In these cases, the value for the damping factor should 
be given for low, medium and high gain settings. 

To measure the damping factor, we pick up any echo from 
the probe with a highly damped crystal. This pick-up crystal 
should have a resonant frequency at least three times higher 
than the probe under test. The pick-up echo is displayed on a 
wide-band oscilloscope and the damping factor is measured 
from the amplitude ratio within the pulse. Because of spurious 
resonances in the probe, the flank of the echo may not have 
a uniform drop. In these cases, we measure the damping factor 
from the mean envelope of the pulse. To obtain an accurate 
value, it has been proven in practice that the flank of the pulse 
should be measured from the maximum down to 1% of the 
maximum. If the damping factor in this range is not uniform, 
we should take the minimum value found. 
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The amplifier of the instrument has tuned circuits with a 
certain amount of damping. The damping factor for the instru- 
ment is defined the same way as for the probes and is measured 
with a short electrical pulse. Normally the damping factor foi 
the unit is much higher than for the probes. If this is not the 
case, the lower value found for the instrument must be used to 
qualify the system of instruments and probe. 

Theoretically, it is possible to measure the damping factor 
with the pulse-echo instrument itself. But only a few of the in- 
struments on the market are suitable for the purpose, because 
some amplifiers have a dead zone directly following any echo 
pulse. This effect presents a higher damping value than that 
which really exists. Damping factors measured from instruments 
having such “cosmetics” are irrelevant. Such “cosmetics” do not 
increase the resolution, but only replace the normal pulse with a 
shorter one followed by a dead zone. 

In the literature we sometimes find the value for the mech- 
anical Q instead of the damping factor d. The relation between 
the two is: 

Q: n/log, d 

We prefer the value for the damping factor, because it can 
be measured directly. Also for pulse-echo purposes probes with 
increasing Q have less resolution. 

For a probe with a given damping factor we find the reso- 
lution from the calculation in the appendix (See Figure 4). 
From the calculations in the appendix we learn the following: 

The higher the damping factor d, the higher the resolution. 
But this rule is not always valid for the near-surface resolution. 
This resolution is also dependent on the probe loss L,, the damp- 
ing of the matching device and other influences. It is possible for 
probes with higher damping to have lower near-surface reso- 
lution. From this, we learn that the near-surface resolution can- 
not be stated for the probe alone or for the instrument alone; it 
is a figure for the system: instrument and probe. 

Quite often specifications require that the back-echo of a 

plate of given thickness be fully separated from the initial pulse. 
This type of specification does not meet practical requirements, 
because normally we want to detect small defects close to the 
surface, rather than the back-echo of plates. Using the AVG 
diagram, we can extend the plate method to a method that has 
been proven in practice for the near-surface resolution. 

We start with the normal plate test and bring the back- 
echo of the plate to 50% screen height. The figure for near- 
surface resolution, or dead-zone length, is the plate thickness 
where the initial pulse and back-echo merge together. The ex- 
act point of “merging” is defined as follows: the back flank of 
the initial merges with the back-echo at 6 db below the maximum 
echo height (not half the echo height). This limit of 6 db 
drop is dependent on distance, due to the sensi- 
tivity drop following the initial pulse. It must be measured 
for each plate thickness separately. This first plate resolution 
value is marked on the back-echo curve of the AVG diagram 
Figure 3. The probe is put on a thick plate in an area free of 
defects and the gain is increased x db. The distance at which 
the back flank of the initial pulse falls below the 6 db limit is 
plotted on the AVG diagram x db below the back-echo value. 
Repeating this measurement for different values of x, we 
establish the curve which gives the dead-zone length for differ- 
ent defect sizes (hatched area, Figure 3 ) .  

This measurement is incorrect if the sensitivity drop 
following the initial pulse is not taken into account. This 
sensitivity drop can be measured with a pulse generator, coupled 
at high impedance. A measuring pulse from the generator is 
set at half screen height at a point equivalent to a large distance. 
If this measuring pulse shows a drop of a db at the previously 
measured dead-zone length, then we use the (a-x) db value 
instead of the x value to plot out dead-zone length on the 
AVG diagram. 

Probes that are to be used on rough surfaces, should be 
measured on a test plate with a standardized rough surface. 
Such a surface has 60’ teeth and 1-mm tooth width. 
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In practice there is another important zone: the pulse- 
influence zone. This is the distance in which the defined 
measuring pulse drops by a factor of 3 db in large distances. 
Within this pulse-influence zone it is not possible to make a 
quantitative defect-size measurement, without making special 
corrections for the sensitivity drop. (This zone is not shown 
on the AVG diagram Figure 3, because, for the unit under 
test, the pulse-influence zone is shorter than the near-surface 
resolution). 

Final Remarks 
The method described is mainly designed to select the most 
suitable probe for a given problem. 

Mistakes can happen if the method is used to qualify 
probes and instruments from different manufacturers. For 
instance, if the instrument sensitivity Se and probe losses Lp 
from manufacturer A are both high and the same values from 
manufacturer B are both low, it is a mistake to assume that 
the high-sensitivity unit from manufacturer A together with 
the low-loss probes from manufacturer B would be an ideal 
combination. In such case, it is possible that the only difference 
is that manufacturer A has the matching transformers on the 
instrument and manufacturer B puts them in the probes. 
Mixing probes and instruments is not possible because it usually 
results in serious electrical mis-match. 

Other characteristics of probe-instruments systems, such 
as reliability, stability, brilliance and freedom of jitter of the 
screen, cannot be evaluated in a few simple figures. 

Appendix 

A probe of frequency fo, with a damping factor d, when ex- 
cited with a short pulse gives a damped sine oscillation with the 
envelope : 

- r f h d  
f. ( t )  = &e 

If this pulse is received by the same probe the envelope has 
the form: 

-rflogd 
h(t> = Alte 

1 
t ,  = ___ 

h log,d 

In the time 

the oscillation rises from 0 to maximum amplitude 

Ai 

eh logd 

Afterwards the oscillation decreases with the amplitude ratio be- 
tween oscillation n and n + l : 

n 

n + l  
d. 

To calculate the resolution we take the first pulse: 

- t f h d  
fi ( t )  = A t e  

and the second pulse, which starts at some later time and has an 
amplitude 
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We define: the second pulse is separately indicated if a t  t: 
a, the first pulse is decreased to half the maximum height of the 
second pulse. This height is: 

- -- 
2 2eh logd 

For the time resolution a,  we have the equation: 

- a,e 
2efu logd 

In this time the pulse travels thedistance rm = pm (forward and 
back) and in the medium with sound velocity c. For the resolution 
r ,  we have the eoluation: 

2rm c 10 
-2% 

rme -& log,d = 
C 4,h logd 

Figure 4 shows the solution of this equation. 
This solution is not valid for the near-surface resolution. In 

this case a lot of other oscillations are superimposed, and a sepa- 
rate study is necessary to clear up the case. 

Example: For a low damped probe (Krautkramer Q4S) the damp- 
ing factor in steel is measured: d :  1.55. At 4 MHz we have a wave- 
length 1.5 mm. From Figure 4 we read the resolution for two 
echoes of equal height: m = 0, ro = 3 mm. If we have to resolve 
a defect of 1-mm dia from the back echo: m = 55db (AVG dia- 
gram). For this condition we find r55 = 18 mm. For the same probe 
on the standardized rough surface, we find d 1.3. In this case we 
find y o  = 7.5 mm and r55 = 28 mm. 

In practical application we should pay attention to the cal- 
culation, especially if nl has large values. One should make use of 
the rm value only in cases where we have to compare the resolu- 
tion of probe types which are to be used with the same instrument. 

Ultrasonic Evaluation of Mechanical Inhomogeneities of Materials 

1. MALECKI, POLAND 

The Definition of the Inhomogeneity of Materials 

Inhomogeneity of materials is a notion depending on the 
methods applied and the accuracy of investigation. Even ap- 
parently continuous media show structural inhomogeneities 
when passing through microscopic or submicroscopic 
investigations. 

Research carried out during the last 20 years proves that 
electric, mechanical and optical properties of solids depend not 
only on the structure of their crystal lattice but mainly on the 
defects of this lattice. 

Actually, crystals having perfectly ranged atoms in all 
directions do not exist. The structure of real crystals is far from 
the perfect spatial lattice structure. 

In the case of solids it is often convenient to adopt an 
elementary lattice cell as a unit of the structure of matter. Such 
an approach concerns, in principle, crystals; however, amor- 
phous bodies, especially glasses and liquids, also have certain 
arrangements of atoms called short-range order though they 
do not possess a defined lattice cell. 

The dimensions of lattice cells of crystals vary considerably 
in the range of several A. 

Besides crystal lattice imperfections, the inclusions of 
foreign bodies, porosity and phase discontinuity also create in- 
homogeneities. Until recently in nondestructive ultrasonic test- 
ing inhomogeneities comparable with the wave length were con- 
sidered as material inhomogeneities. At present, the measure- 
ments of inhomogeneities of several orders of magnitude smaller 
than the wave length are allowed, e.g. absolute measurements of 
the micoporosity and of the density of dislocations. In the case 
of relatively small inhomogeneities in comparison with the wave 
length, the classical definition of different specific acoustic im- 
pedances pc is no longer valid. It seems that the definition of 
different free energies, characteristic for a volume unit of the 
regions considered, should be adopted as definition in the case 
of small inhomogeneities. The influence of the free energy on 
the wave propagation parameters consists in an increased 
absorption of the wave energy in regions of higher free energy. 
Hence, certain atom arrangements of a crystal having an excess 
of free energy in relation to the remaining atoms may be con- 
sidered as inhomogeneities (dislocations, grain boundaries). 

Such a definition permits the investigation by acoustic 
methods of all kinds of inhomogeneities that are significant for 
the technical properties of materials, including crystal lattice 
imperfections. In future, the possibility of evaluating the elec- 
tronic structure of crystals by nondestructive tests is to be 
expected. 

The development of acoustic nondestructive tests tends in 
the direction of measurement of phase velocity and attenuation 
of ultrasonic waves, which are both closely connected with the 
micro- and macrostructure of materials. Generally, structural 
changes affect the attenuation more than the propagation veloc- 
ity, and therefore the former is of particular interest from the 
point of view of nondestructive tests. 

In certain cases the application of velocity measurements for 
the detection of inhomogeneities in materials is desirable. The 
investigations on absolute porosity carried out in Poland during 
1956-64 may serve as an example (1). 

The attenuation mechanism is considerably more com- 
plicated than the effect of structure on the ultrasonic wave 
velocity. Its simplification, found in technical literature, seems 
unjustified. This simplification consists in the treatment as a 
whole of components of the resultant measured attenuation. 
These components result from different physical effects and are 
not additive, as their contribution to the attenuation may vary 
depending on the measuring method. 

The aim of this paper is to attempt to classify and partly 
determine quantitatively the components of the attenuation of 
ultrasonic waves resulting from the macro- and microstructure 
of the material. 

Kinds of Inhomogeneities and their Effect on the Attenuation 
of Elastic Waves 

It seems correct to distinguish the following mechanisms of 
ultrasonic wave attenuation: 

Attenuation by Diffraction 
This kind of attenuation is caused by the scattering of the 
acoustic wave without change of its frequency and type of 
vibration. The inhomogeneity is then treated as the source of a 
disturbance wave superposed on the progressive acoustic wave. 

ULTRASONIC STANDARDIZATION 41 9 



If the medium is assumed lossless, the power balance for 
waves of a given frequency is of course satisfied, Le. the 
disturbance wave has a power equal to the power extracted by 
the obstacle from the progressive wave. 

If the dimensions of the obstacle are small in relation to 
the wavelength, the velocity potential of the disturbance wave 
may be expressed by the formula 

a, ( - j ) ,  (2m + 1) kuP, (COS 0) 

j ’ ,  (ka) + jn’, (ka) 
@ = @l 2 

m=o 

l j ,  (ka)n’, (ka) - n, (kr)jm’ (Wl (1) 

where r = distance from the observation point to the obstacle 
centre 

a = radius of spherical obstacle 

Pm = Legendre polynomial 
e = angle between the direction of progressive wave and 

k = wave number 
jm, nm = spherical Bessel’s and Neumann’s functions of 

This formula is deduced by the resolution of the pro- 
gressive plane wave into a series of spherical waves, which 
are connected with components of the disturbance wave by 
means of boundary conditions on the surface of the obstacle. 
In first approximation the obstacle is treated as perfectly rigid. 
The influence of the obstacle elasticity can be introduced with- 
out special difficulties as a corrective term. 

The power taken by the disturbance wave from the 
progressive wave is: 

= velocity potential of progressive wave 

vector r 

the mth order 

a, 

where y,,, = angle determined by the equation 

j ’ ,  (ka) - jn’, (ku) = jLm e-j”’, (3) 

If ka << 1 the scattered wave is approximately a spherical wave 
of the zero order. 

The picture obtained in the case of a single obstacle is 
distorted in an inhomogeneous medium by the effect of neigh- 
bouring obstacles and thereby by the occurrence of secondary 
reflections. 

From the point of view of nondestructive testing the 
scattering mechanism has two characteristic features: 

a) a part of the scattered wave is added to the progressive 
wave and thanks to multiple reflections the path of the scattered 
wave is greater than that covered by the progressive wave. This 
results in rendering the front of a pulse signal less steep. b) the 
reflection of scattered waves from the side boundaries of the 
sample may give origin to parasitic pulses or to a certain change 
of the amplitude of the main signal. 

Attenuation by Change of Wave Mode 
This kind of attenuation differs from the former in that 
scattering is accompanied by the change of the wave mode. 
This phenomenon takes place at reflections from inhomo- 
geneities in a solid medium. For a spherical, perfectly com- 
pliant obstacle in a solid the formula expressing the power of 
a transverse disturbance wave caused by the passage of the 
longitudinal wave is: 
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(4) 

where y = ,,/L (p and h - Lame constants) 

Q = the complex function of y and ka 

h 

2x 

h 
k = -  

a = radius of spherical inhomogeneity 

21 = intensity of incident wave 

A simpler relation is obtained for a reflection from an 
inhomogeneity having the shape of a perfectly compliant thin 
circular disc. The vector potential of the transversal wave is 
then: 

I f -  - 
4 \ k i )  

where kt and kl = wave numbers of the transversal and longi- 
tudinal waves 

5 = distance from the disc expressed in coordinates 
a = radius of disc 
0 = angle between the axis of the disc and the direction 

This type of attenuation occurs at reflections of longi- 
tudinal waves from a flaw placed under a certain angle in 
reference to the direction of propagation of the wave. 

If the dimensions of the obstacle are large in relation to 
the wavelength the wave potential is determined by the formula: 

of propagation of the incident wave. 

where D’t and D1 are matrices of coefficients depending on 
cos 0 and sin 0.  

The scattered wave of the type considered has a different 
velocity than the progressive wave. The scattered wave, being 
reflected from neighbouring obstacles or side boundaries of the 
sample, reaches the receiver at a different time than the pro- 
gressive wave. In the case of the application of a pulse method 
this fact causes the appearance of parasitic pulses, and in the 
case of using a continuous signal it may cause apparent changes 
of the attenuation constant depending on the shape of the 
sample. 

Attenuation b y  Friction on the Boundary of Inhomogeneity 
The attenuation consists in the conversion of the elastic waves 
into heat (nonlinear process of frequency conversion). 

This kind of attenuation occurs if elements of the medium 
move tangentially in reference to one another. The losses in 
hydrosole may serve as an example in which suspended particles 
move freely in the medium, and thereby their presence does 
not give origin to scattered waves. The attenuation is then due 
to the viscosity of the medium. The formula deduced by H. 
Lamb may be applied here: 



($-dynamic coefficient of viscosity) 

V2 = volume part of suspension 

a = radius of suspension 

In this category of losses those caused by dislocation mo- 
tions should be classified. 

Attenuation by Inhomogeneities of Anisotropy. If areas having 
different spatial orientation of mechanical and thermal proper- 
ties exist in the material, and the dimensions of these areas are 
small in relation to the wave length, the following mechanism is 
valid. The stresses caused by acoustic waves inside a region (e.g. 
a crystallite) may be considered uniform, but on the other hand, 
due to anisotropy, the differences in the distribution of deforma- 
tions and temperatures occur, resulting in higher thermal losses 
than in a homogeneous material. 

Attenuation by Processes in the Boundary Layer. The boundary 
layer between homogeneous regions (e.g. crystallites) affects in a 
considerable degree, though as yet not well known, the manner 
of attenuation of elastic waves. One of the causes may be the 
low thermal conductivity of the boundary layer, causing the oc- 
currence of a high-temperature gradient and thereby the appear- 
ance of a strongly attenuated temperature wave. The attenua- 
tion factor of this wave is approximately: 

where C=specific heat, K =  average heat conductivity of the ma- 
terial. The calculation of the thermal balance gives the energy 
loss per volume unit: 

what for the adopted assumptions corresponds to an attenuation 
constant of the longitudinal elastic wave: 

(1 1) 

where ole = coefficient of thermal expansion 
2, = grain diameter 
K = heat conductivity 
c1 = sound velocity 
C = specific heat 
p = medium density 

The losses in the boundary layer have, however, usually a 
much more complex character and their theoretical analysis is 
difficult. 

Attenuation Caused by Dislocation 
An elastic wave, progressing in a medium which contains linear 
lattice imperfections under the form of dislocations, causes a 
motion of these dislocations which may be described approxi- 
mately (for infinitesimal wave amplitudes) by the equation of a 
vibrating string. These oscillations are accompanied by a partial 
conversion of the elastic wave’s energy into heat, which is taken 
into account by the numerical factor B in the string equation. 
The calculation of this factor for a given medium is presented 
in the papers of Leibfried ( 2 )  and Mason (3). For dislocations 

considerably shorter than the wave length, the attenuation con- 
stant due to dislocation damping is expressed for the stream am- 
plitude independent component, by the formula (4): 

(1 - v)2 
A Le4 Bo2 (12) at [db/p.s] = 8,68.10-6 !J - 

n4 Gb2 

where a= orientation factor concerned with the stress effec- 
tive in moving dislocations 

v = Poisson’s ratio 
G = shear modulus 
b = Burger’s vector 
A = dislocations density 

Le = effective length of dislocation loop 
B = damping constant 
w = angular frequency 

Attenuation by the Phonon-Phonon and Phonon-Electron Znter- 
actions 
Such interactions result in the thermal effect caused by crystal 
lattice vibrations. However, only for hypersonic waves of fre- 
quencies above 1000 MHz such an attenuation may be treated as 
closely dependent on the atomic crystal structure. 

In  this case the value of losses is determined by the non- 
linearity of vibrating systems and thereby by the terms of the 
third order in the expression for the energy of an anharmonic 
oscillator. The Hamiltonian of the system contains then a sup- 
plementary term of the type: 

1 

3! 
H = -  2 uiu,uk i Aijk (13) 

where U i A is the product of displacement vectors and of the 
tensor A of potential forces of the system. 

Depending on whether at phonon interaction the resulting 
wave vector is preserved (normal process) or undergoes a change 
(umklapp process) the value of dissipated energy changes. 

General Method of Phonon Representation of the Mechanism of 
Elastic Wave Attenuation 

The attenuation mechanism by phonon-phonon interaction men- 
tioned as the last item of the classification may be applied, by 
analogy, for representing other types of attenuation. Every acous- 
tic wave may be represented as a flux of so-called macro-pho- 
nons or, in other words, one may attribute to it a formal quan- 
tum character. For this purpose it suffices to  adopt (in the 
formulae describing the mutual phonon-phonon interaction, and 
in the definition of the phonon itself) an arbitrarily chosen con- 
stant H instead of the reduced Planck‘s constant h. Such a quan- 
tization of the acoustic wave has no direct physical sense but 
only expresses the approximation by which a continuous process 
is substituted by a discrete process generally easier to calculate, 
especially when using computers. 

Lack of space does not permit development of this method 
here, therefore only main principles are presented: 

a )  The conversion of the acoustic energy into other kinds 
of energy is determined by operators b of creation and 
b* of annihilation expressed by the formula 

where U and P = shift and momentum of the macro- 
phonon. 

b)  the wave scattering corresponds to the three-phonon 
process in which the wave vector of the progressive wave 
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C 

+ 
(of the primary phonon) kl and the vectors of the waves 
appearing as a result of scattering satisfy the relation: 

+ .  
where g corresponds to the inverse of the lattice vector. 
In the adopted system of analogies, “lattice” should be 
considered the set of the centres of inhomogeneities. 
The change of the wave mode may be represented by 
attributing to the macro-phonon spin properties and by 
determining the behaviour of the complex polarization 
unit vector e;‘. The spin is then determined by the 
expression: 

- H 
S = - z b * i  bk el-i* el-k 

i jk l  

d)  friction processes and the processes occurring in the 
boundary layer are expressed similarly to the phonon 
description of thermal vibrations of the crystal lattice. 

e )  the dispersion of phase velocities which may occur in an 
inhomogeneous medium is analogous to a quantum dis- 
persion of a wave. 

The macro-phonon method sketched above may prove to 

Focused Ultrasonic Beams 

J .  T. McELROY, USA 

ABSTRACT: The successful application of  ultrasonic flaw-detection techniques is 
highly dependent upon the search unit. The ability to direct the propagated 
ultrasonic beam to the area of interest in a controlled manner is most desirable 
in immersion testing. The use of focused-beam search units provides us with a 
method of enhancing the sensitivity, resolution, and directivity of any immersion 
ultrasonic system. The requirements of today’s ultrasonic testing demand that we 
understand and exploit any method that will greatly contribute to our ability to 
test more thoroughly. 

This paper is a guide for selecting focused ultrasonic search units. It is based 
on a development program designed to analyze, measure, and categorize the 
focal characteristics of commonly used immersion search units. The data were 
compiled, and reduced to charts and graphs which describe the “lens radius to 
crystal diameter ratio” as a means of categorizing the focal length and beam 
diameter characteristics of focused search units. 

Introduction 

The propagation pattern of energy from an ultrasonic search 
unit is fundamental. Understanding this energy pattern is man- 
datory if one is to utilize fully the search unit in nondestructive 
testing problems. Although energy emitted from a search unit 
can be controlled and directed through use of acoustic lenses, 
the design of the search unit must be carefully engineered for 
maximum inspection efficiency consistent with size, frequency 
and focal parameters. Inspection requirements dictate the choice 
of search unit. Some applications require low-frequency, large- 
diameter beams for deep penetration; others require high fre- 
quencies with extremely small beams to define minute defects. 

The focusing of the sound energy propagated from the 
search unit can be accomplished with different lens materials. In 
this text, I discuss the plastic lens in combination with a water 
medium. Sound velocity is slower in water than it is in plastic; 
therefore, concave lenses are used to focus the sound energy. The 
diameter of the crystal radiator and the radius of curvature of 
the lens dictate the focal characteristics. A large number of 
combinations of crystal diameters and lens radii is possible. This 
paper considers only the most common search unit sizes used 
in today’s ultrasonic testirfg. 

422 TECHNICAL SESSION 14 

be useful in the consideration of phenomena in which several 
of the above mentioned attenuation mechanisms appear simul- 
taneously. 

Conclusion 

The effects of various types of inhomogeneities on the attenua- 
tion of ultrasonic waves show the usefulness of attenuation 
measurements for systematic investigating macro- and micro- 
inhomogeneity of materials. 

The advantages of sonic and ultrasonic methods are: a )  The 
possibility of adjustment of the wave length in a very wide 
range depending on the kind and magnitude of inhomogeneities. 
b)  The easy choice of a modulation system of acoustic waves 
(pulses, continuous waves, frequency modulation) which permits 
adjustment of the measuring method to the given shapes and 
dimensions of the tested samples as well as to their acoustic 
parameters. 
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The Flat Search Unit 

Before attempting to analyze and categorize the characteristics 
of the focused search unit, a brief review of the flat or non- 
focused search unit is in order. The most important character- 
istics of the nonfocused search unit are the ratio between 
crystal diameter and ultrasonic wavelength and the analysis of 
the near and far field beam patterns. These are basic factors 
from which we measure the influence of the acoustic lens. The 
directivity of the propagated energy is a function of wave- 
length which in turn is determined by h=c/ f  where: 

h=wavelength, 
c=velocity within the medium, 
f = frequency. 

For good beam directivity (less than 5’ dispersion angle), 
we must consider both frequency and crystal diameter. The 
minimum recommended D/ ratio (crystal diameter:wave- 
length) is 20. The inherent divergence from crystals with a 
smaler D / h  ratio is difficult, if not impractical to overcome with 
the use of an acoustic lens. 

Table 1 
Recommended Minimum Search-unit Diameter 

Recommended 20h 
Frequency MHz lh  Dimension in Water Crystal Diameter 

inches 
0.5 0.117 
1 .o 0.0587 
2.25 0.026 
5.0 0.012 

10.0 0.0059 
15.0 0.0039 
20.0 0.0029 

(mm) 
(2.97) 
(1.49) 
(0.66) 
(0.31) 
(0.15) 
(0.099) 
(0.074) 

inches 
2.35 
1.17 
0.521 
0.234 
0.117 
0.078 
0.059 

(mm) 
(59.69) 
(29.72) 
(13.23) 
( 5.94) 
( 2.97) 
( 1.98) 
( 0.15) 

Velocity (Water 1.49 mm /psec) 
Frequency h =  



Table 1 lists the dimensions for 20h (in water) crystal dia- 
meters at frequencies from 0.5 MHz to 20 MHz. 

In applications requiring the use of low frequencies, it is 
not possible to obtain small beam diameters. While the addition 
of an acoustic lens to a crystal does not eliminate consideration 
of this D / A  restriction, it does provide a means of producing a 
small, well-defined beam from large diameter piezoelectric 
radiators. 

The radiation pattern from any driven element is composed 
of two zones of energy known respectively as: ( 1 )  the Fraun- 
hofer zone, or far field, and (2)  the Fresnel zone, or near field. 
In immersion testing, the energy used is primarily that of the far 
field. Contact ultrasonic testing involves both the near and far 
fields. The Fresnel zone extends from the last peak in the 
energy pattern (last maximum pressure point) towards the search 
unit. The Fraunhofer zone extends outward from the last peak 
of the energy pattern. The last peak is located at the axial point 
Yo+. The axial positions of the maxima (Y’) and minima (Y-) 
for plane circular piston radiators can be described by the fol- 
lowing equations: 

y+ = , where m = 0, 1, 2 (1) 

y- = where m = 1, 2, 3 (2) 

4a2 - h2(2m + 1)2 

4h (2m + 1) 
a2 - h2 m2 

2mh 
In these equations1 

Y’=position of maxima along central axis, 
Y-=position of minima along central axis, 
n=radius of crystal, 
h=wavelength of sound in medium. 
In water, h2 is insignificant as compared to the radius, a, 

thus, at the last peak where m=O, Eq. ( 1 )  reduces to 

For most ultrasonic immersion applications, Eq. ( 3 )  is adequate. 
Yo+ = a2Ih (3) 

L1 3 I !  

+ z: 5 5 g” 
v ’6 

4 
3) 1 

Figure 1. Schlieren image of focused search unit. 

The beam in the far field is homogeneous and well-defined. 
However, in the near field, where the beam is still in the process 
of forming its wave front, there are many areas of high and 
low energy. 

- - 0.75 1.5 2.25 3.75 

- 1.35 3.0 6.0 9.0 15.0 

2.4 5.4 12.0 24.0 36.0 60.0 

_ _ _ _ _ _ _ _ _ _ ~ ~ _ _ _  

~ _ _ _ _ _ _ ~ ~ _ _ _ _  

Where it is possible, it is desirable to perform the ultrasonic 
inspection with the area of interest positioned in the far field. 
In this region, the beam is uniform, and interpretation of a 
defect is not influenced by the undulations of the near field, 
however, it is not always possible or convenient to operate in 
the far field. Table 2 lists the theoretical position of the Yo+ 
points in water for various crystal diameters at frequencies of 
1.0, 2.25, 5.0, 10.0, 15.0, and 25.0 MHz. 

Table 2 
Theoretical Position of Yo+ in Water 

Crystal Frequency (MHz)-Inches 

1 1.0 I 2.25 1 5.0 1 10.0 1 15.0 1 25.0 

1” 1 4.26 1 9.6 1 21.3 1 42.6 1 63.9 1 - 

Crystal Frequency (MHz)-(Millimetres) 

7.92 I - I - I 19.051 38.1 I 57.2 1 95.3 

5 5  
U f i  19.05 

25.40 I 108.0 1 244.0 I 541.0 I 1082.0 1 1623.0 1 - 

The theoretical Yo+ points, in water for the higher fre- 
quency search units are at distances too great to be convenient 
for most applications where thin metal sections are to be tested. 
The metal-path does, however, offer velocities which are in the 
order of four times faster than water; thus, A becomes longer. 
As A increases, the water-path distances to the Yo+ region will 
be less (Eq. 1, 2 ) .  Yet it can be readily seen that when using 
a $-in. (19.05 mm) diameter, 10 HMz nonfocused search 
unit for the inspection of &-in. (6.35 mm)-thick aluminum 
sections, the water-path should be 23 in. (584 mm) to allow 
the use of the Yo+ region of the beam. Consequently, we find 
that much testing of thin metal sections at the higher frequencies 
is conducted at shorter, more convenient water-paths, and thus 
use the undesirable near-field region of the beam. Focused 
search units offer a solution to this problem. 

The Focused Search Unit 

The propagated energy pattern is extremely ,important in under- 
standing the action of a focused search unit. Point Yo+ is the 
best defined energy zone in the radiated beam. As previously in- 
dicated, it is desirable in immersion testing with flat search 
units to utilize the region from approximately Y,- through 
the Yo+ point and extending into the far field. In focused ultra- 
sonic inspection, only the zone in the region of Yo+ is used. 

Through the use of acoustic lenses, the beam pattern can be 
manipulated to provide distinct advantages. The schlieren image 
illustrated in Figure 1 ably illustrates how the beam can be made 
to converge at a specific point in the propagation medium. With 
these lenses, it is possible to shift the position Yo+ toward the 
search unit. The Yo+ point will now become the focus of the 
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acoustic lens. Figure 2A and 2B shows that the Yo+ region for 
a &in. (19mm) diameter 5 MHz search unit with an acoustic 
lens is now at 2.5 in. (63.5 mm). The addition of the lens to this 
search unit has moved the Yo+ point from 12 in. (305 mm) to 
2.5 in. (63.5 mm). 

F ~ v e  MHz. 314” Diameter Search Unit with PS Designation 
(19 mm) 

Beam diameter 
measured at  1 /10  
amplitude level  

B n 

Figure 3 is a recording of the beam profile at 25 positions 
along its focal pattern. Such recordings are produced by the tech- 
nique described in Automation Industries, Inc., Report TR 66-5, 
“Identification and Measurement of Ultrasonic Search Unii 
Characteristics”. These recordings show how the addition of an 
acoustic lens draws both near and far field toward the search 
unit. The energy reflected from a small steel ball target is used 
for the sound-beam profile. The dynamic cycle-to-cycle radio- 
frequency response of the search unit is displayed on an oscillo- 
scope and recorded with an open-shutter camera. A critical an- 
alysis of the beam characteristics is made by this technique. 
Figure 4 relates these sound-beam profiles to a Schlieren image 
of the same search unit. It is of interest to note that none of the 
characteristic Fresnel zone energy distribution patterns 
(Yo+, Y;, and Y:) are distorted by the effects of the lens. 
They are simply moved in closer to the search unit. This method 
of sound-beam profile recording describes these effects with near- 
perfect correlation to the theoretical. 

Referring again to Table 2, the Ye+ for a $-in. (19 mm) 
diameter 10 MHz search unit is theoretically a distance of 24.0 
in. (610 mm). The data presented later in this report shows that 
with the addition of the proper lens to this search unit, the Yo’ 
(focal point) can be pulled into a water-path distance of only 
2.5 in. (63.5 mm). The beam diameter at this point will be small, 
highly concentrated, and well-defined. This high concentration 
of the beam energy enhances both the sensitivity and resolution 
capabilities of the search unit. Later sections of this text record 
the beam diameters that can be achieved by focused search units. 

Focal distance can be defined as the water-path distance 
from the lens to the focal point. The focal zone is the distance 
between the half-amplitude points of the focused pattern, and 
is the usable portion of the focused beam. The focal distance for 
a simple spherical lens of small aperture (lens radius to crystal 
diameter ratio less than 3: 1) can be described as: 

S e a r c h  Unit 
Figure 2. Energy propagation from a focused search unit. A. Axial plot of beam 
intensity. B. Focused sound-beam profile. 
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n - 1  
R = F ( + ,  (4) 

where 
R=lens radius of curvature, 
F=focal distance of lens, 
nxindex of refraction of lens material. 

n=1.86 in a water medium 
n - 1  

n 

For cast epoxy resin lenses: 

-- - .464 

This equation is adequate only when defining lenses of short 
focal distance and it does not consider the effects of attenuation 
and aberrations. 

SCHLIEREN IMAGE 

/ \ / BEAM PROFILES I 

0 1 2  3 4 5 6 7 8 9 10 
(25. 4 ) (50 .  8) (76 .  2 )  (102)  (127) ( 1 5 2 )  (178) ( 2 0 3 )  (229)  (254)  

Foca l  Distance - Inches (mm) 

Figure 5. Calculated curves for plastic lenses. 

sion in the lens and transmission medium. Distance amplitude 
curves of the sound beams will provide a plot of the focal prop- 
erties of a search unit. To use Figure 5, first choose the size of 
the crystal element that is appropriate for the search unit. Next, 
determine the point at which the energy should focus. Project to 
the R /D ratio that corresponds to the size of the element. The 
sharper the radius of curvature, the lower the lens ratio, the 
shorter the focal zone. 

Figure 6 describes the influence of a metal section on the 
focused beam. Since sound velocity is higher in metals, the beam 
will reach its focal distance much sooner. Therefore, when select- 
ing a focused search unit, thickness of the material to be in- 
spected must be considered. The over-all focal distance will be 
foreshortened by the effect of the metal. In  Figure 6 the sound 
beam has maximum concentration at f in. (6.35 mm) in thz 
aluminum block when the water-path is 2.4 in. (61.0 mm). Table 

Figure 4 
Correlation between the Schlieren 

i' Foc i l  n t  and sound-beam profiles of a fo- 
(4; j i S t ' C  1 2 75" cused search unit. 

3 gives other examples of the influence of metal sections for 
other testing conditions. 

Table 3 

Comparison Focal Distance for Water-path on1.v and 
Focal Distance for Combined Water and Metal-path 

Crystal Lens 
Diameter R/D A B C 

~~ 

& in. (7.92) 1.5:l .63 in. (1.6) .35 in. (0.89) .06 in. (0.15) 

Q in. (9.53) 1.5:l 1.34in. (34.0) .81 in. (2.05) .12in. (0.30) 

$ h(19 .0)  1.5:l 2.57in.(65.3) 1.52in.(38.6) .25in.(0.64) 
~ 

A = Focal distance in water only; B = Nominal water-path distance 
to aluminum; C = Nominal focal distance in aluminum. 

Cylindrically focused rectangular search units are valuable 
in specialized testing applications such as thin-walled tube, 
round bar, etc. Such a search unit is especially sensitive to fine 
line cracks that exist either at the surface or subsurface within 
the wall of the tubing. 

To determine the focal properties of a search unit, it is con- . .  

venient to relate the focal point to the ratio of the radius of 
curvature of the lens and the crvstal diameter (RID ratio). 

Characteristics of Focused Ultrasonic B~~~~ 

Figure 5 shows a calculated family of curves of various R/D The objective of this study is to measure critically and to 
ratios. At frequencies above 5.0 MHz, the plotted curves may de- analyze the focal lengths and beam dimensions of commonly 
viate somewhat from the calculated points. This can be attribu- used focused search units. From the data, charts and graphs 
ted to such factors as attenuation, lens loss, and mode conver- were compiled showing characteristics of lens radius, focal 
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Focal Distance in Combined Water and Metal-Path 

aluminum metal-path 

I I I F M  
n IFS I 

(50.8) (102) (152) (2031 (254) 
F o c d  Didonce -Inches (inm) 

Figure 7. Relationship between crystal diameter, lens radius and focal distance. 

Example shown: 
Sound velocity in  aluminum i s  4 . 2 5  t imes faster than it is 
in water: velocity in A1 I 6 .25  m m l w e c  I 4. 25 

velocity in water 1 .49  m m / + s e c  

Thus, if the desired focal point in aluminum is a t  a depth 
of . 2SO", the operational water-path will be: 

(6 .35  mm) 
3. 5" - (. 250" x 4. 25) = 2.4" 
88.9  - (6 .25  x 4. 25) = 61 .9  m m  

Figure 6. Examples of focal distance in water and metal-path. 

distance crystal diameter, beam diameter, and the ratio of lens 
radius:crystal diameter, (R/D) ratio. These charts and graphs 
can be used to predict the following: 

a )  Focal distance for a given combination of lens radius 
and crystal diameter; b) Beam diameter at the focal point for 
a given combination of lens radius and crystal diameter; c )  
Optimum radio of lens radius; crystal diameter (R/D). 

Each search unit used in this study was investigated by 
profile recording for beam homogeneity. These profiles were 
made before focusing to insure beam symmetry. 

Beam-diameter and beam-width measurements were made 
using a micrometer screw to generate the transverse movement. 
In all cases, the target used was a steel ball of the smallest 
diameter which would still yield an adequate signal. The beam 
diameters and widths were measured from the %oth amplitude, 
through the peak, to the 310th amplitude point on the opposite 
side. Care was taken to make this measurement on the exact 
centre line of the crystal. The search units chosen for this study 
were 20 or more wavelengths in diameter at their respective 
frequencies. 

The lenses on all search units were cast epoxy resin, free 
of porosity, and cast directly on the face of the search unit. 
Sound velocity of the epoxy was 2.79 mm/clsec. Special care 
was taken to insure that the apex of the lens occurred at the 
exact centre of the crystal. Thirty-six combinations of lens 
radius: crystal diameter configuratians were used to compile 
the data. 

Figure 7 illustrates the relationship between the empirically 
measured focal distance and the lens radius:crystal diameter 
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(R/D) ratio for the various crystal sizes. As the R/D ratio 
becomes larger than 3:1, and the focal zone of the lens 
approaches the natural Yo+ point of the crystal in an unfocused 
condition, these curves will become sensitive to frequency. 

The curves shown in Figure 7 with R/D ratios greater 
than 3 : 1 are based on a crystal frequency of 5 MHz. The focal 
distances of lower frequency crystals will be found at a slightly 
shorter water-path distance and at a slightly longer water-path 
distance at higher frequencies. 

The designations FS, F M  and FL have been assigned to 
lens configurations that produce nominal short, medium and 
long focal length distances for specific crystal sizes. 

Designation Lens Radius: Crystal Diameter ( R l  D Ratio) 

FS = 1.5:l  
FM = 2.5: l  
FL = 4 . 0 : l  

These designations appear on all charts and graphs in this 
paper. Table 4 lists the focal distance and beam diameters for 
the various designations. 

The focal distance for most practical applications is 
independent of frequency for a given crystal diameter, lens 
radius combination. This is only true, however, when the crystal 
diameter:wavelength D / h  ratio is 20 or more and R/D is not 
greater than 3: 1 .  For example, if a $-in. dia crystal with a 
resonant frequency of 2.25 MHz were plotted, its focal 
distance and beam-diameter characteristics would deviate 
drastically from those recorded for a $-in. 10 MHz search 
unit with an identical lens configuration. This is due to the 
beam divergence that results when a crystal radiator has a 
D / h  ratio considerably smaller than 20. 
Rectangular crystal sizes are cylindrically focused with the focal 
plane across the width dimension. The length of the crystal 
can vary and have no effect on the focal characteristics if the 
length is maintained at two or more times greater than the 
width. 



Table 4 

Focal Characteristics of Designated Lens Configurations 

Beam Diameter 
or Width 

Focal at Focal 
Lens Distance Distance 

Crystal Size Designation in Water in Water 

inches (mm) inches (mm) inches (mm) 

& dia (7.92) FS .630 (16.0) .023 (0.58) 
$E dia (7.92) FM 1.00 (58.4) .044 (1.12) 

$ dia (9.53) FS 1.34 (34.0) .030 (0.76) + dia (9.53) FM 2.20 (55.9) .055 (1.40) 
$ dia (9.53) FL 3.00 (76.2) .087 (2.21) 

2 dia (19) FS 2.57 (65.2) .054 (1.37) 
2 dia (19) FM 4.00 (102) .095 (2.41) 
$ dia (19) FL 5.25 (133) .155 (3.94) 

1: dia (38) FS 4.25 (107) .135 (3.43) 
1% dia (38) FM 6.5 (165) .235 (5.97) 
14 dia (38) FL 9.25 (234) .375 (9.53) 

r”s x $ FM .580 (14.7) .038 (0.965) 
(7.92 X 19) 

t X 3  FM 1.60 (40.6) .054 (1.37) 
(6.35 X 76.2) 

~~~ 

Q X 2  FM 1.96 (49.7) .160 (4.06) 
(9.53 X 50.8) 

Discussion 

Q. MATTHEW J .  GOLIS, Ohio State University, Columbus, 
USA: 

1. Did you investigate the effects of introducing a flat inter- 
face into a spherical wave front system? 

2. Did the “far field” remain coherent beyond the focal zone, 
even for short focal length lens system? 
A. 1.  Through the course of this work we used a steel ball reflec- 
tor to make all focal distance and beam diameter measurements. 
However, in my experience I have not found a deviation between 
the focal distance as measured on a flat plate. 

2. Our interest during this study was primarily the measure- 
ment of the focal distance, the length of the focal zone and the 
beam diameter in the focal zone, thus we did not make any 
quantitative measurements in the far field beyond the focal zone. 
The energy, beyond the focal distance, is defusing very rapidly and 
for most practical applications is not usable. 

The beam profiles shown in Figure 3 were carried out to 0.5 
in. beyond the focal point. At this distance it is evident that the 
beam, though defusing, is still coherent. 

Conclusions 

I have found the tables and graphs produced by this study can 
be used very effectively as a general guide in selecting focused 
search units for a given test application. 

Due to the bulk of the data recorded during the course 
of this study it was not possible to present it entirely within 
the limits of this printing. However, the curves shown in 
Figure 7 and the data in Table 4 provide a very useful con- 
densation of the total data. A complete series of charts and 
curves are available in Automation Industries, Inc., Research 
Division, Technical Report T R  66-40, available on request. 
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I know Mr. Golis has experience in viewing focused beams 
with Schlieren techniques and we have also noticed that in a 
Schlieren image there does appear to be a null in the centre of a 
focused beam at greater distances, beyond the focal zone. 

Q. N. 0. CROSS, Esso Research & Engineering, Florham Park, 
USA: 

Have you tried using two focused transducers in a send-receive 
set-up? 
A. I assume your question refers to the use of focused transducers 
in a testing application where a send-receive technique would be 
used. 

Yes, we have. As a transmitter, a focused transducer is valuable 
in applications where a small, intense beam is required to improve 
defect definition. As a receiver, the focused transducer has the 
advantage of a larger “capture angle”. That is, energy arriving at 
the transducer in an angular approach is refracted by the lens and 
presented to the crystal at a lesser angle that is more effective in 
exciting piezoelectric response. 
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Some Examples of Ultrasonic Testing in Swedish Industry 

J. TILJANDER, G. FOLKESTAD AND S. INGEVALD, SWEDEN 

ABSTRACT: Some examples of the application of ultrasonic testing in the electri- 
cal, mechanical engineering as well as the sulphate and sulphite paper pulp 
industries are given. 

Examples from the electrical industry deal with the problem of inspecting 
the quality of brazed connections in electrical contacts, the ultrasonic inspection 
of cracks in bolts in big electrical generators without the expensive demounting of 
a big part of the generator, and an investigation on ultrasonic inspection and 
strength in the thickness direction of heavy plate. 

After a short description of the design of the STAL turbine, the quality 
requirements for some particular forgings are given. These include blade, ring, 
disc and rotor forgings. 

The requirements for nondestructive testing of a forged ring with a diameter 
of 3 to 4 m ore indicated in detail. This ring is part of the second-stage gear 
wheel for a marine propulsion turbine. Some further examples from the turbine 
industry deal with nondestructive testing in receiving inspection and in production. 

For about 15 years the Swedish Steam Users Association has used ultra- 
sonic methods for inspection in the pressure vessel and steam boiler field. Some 
instances are discussed where ultrasonic inspection has proved to be of great 
value. 

The measurement of wall thickness in sulphate digesters and in tubes in 
recovery boilers is also dealt with, as well as experiences in the examination of 
cracks in riveted joints in a great number of sulphite digesters after prolonged 
service. These inspection measures are taken a t  fixed intervals and are intended 
to enable the longest possible service life without impairing reliability. 

Brazed Connections in Contacts 

This paper describes an investigation that has been made at 
ASEA to compare two different testing techniques, namely ultra- 
sonic examination and radiographic examination. 

The contacts are built up on a body of copper on which a 
layer of silver or silver cadmium has been brazed. With these 
contacts it is essential that a very good brazed joint be obtained 
between the copper and silver layer. A poor bond will cause the 
layer to loosen after a number of contact operations and the con- 
tact will eventually be destroyed. 

in. (0.5 mm) 
and & in. (2  mm) and that of the copper usually between & in. 
(0.5 mm) and 2 in. (20 mm) . This difference in the thicknesses, 
the shape of the layer (plane or curved) as well as the geo- 
metrical shape of the contact have necessitated the adoption of 
different techniques for the examination of the bond. Some 
contacts can be tested more easily by ultrasonic than by radio- 
graphic examination, while the reverse applies to others. A 
preliminary investigation was therefore performed for the pur- 
pose of trying to coordinate the two testing techniques. 

Fifteen different types of contacts of varying shapes and 
sizes were selected. About ten or more of each type were tested 
so that the investigation involved in all more than 200 layers. 
Some of the contacts were cut in two after examination. 

From the test results the following can be concluded. When 
the bond was good, both the radiographic and the ultrasonic 
examinations gave similar results. If the bond was of a poorer 
quality, it was sometimes difficult with both techniques to 
estimate exactly the percentage of good bonding surface. Occa- 
sionally larger deviations were obtained, which proved to be 
caused by hydrogen embrittlement. This influenced the ultra- 
sonic image, but could not be detected on the X-ray film. 

The presence of a few very small flaws could be established 
by radiographic examination but not by ultrasonic examination. 
Larger flaws or a larger number of small flaws could be indicated 
equally well by ultrasonic as by radiographic examination. 

The thickness of the material of the contacts proved to be 
the factor that determines’ in the first place the choice of the 
testing technique. Ultrasonic examination is unsuitable for con- 
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The thickness of the layer varies between 

tacts with a thickness of less than in. ( 2  mm),  whereas it 
can be used practically always for greater thicknesses. Radio- 
graphic examination gave a good picture of the nature of the 
bonding surface for thicknesses up to t to I% in. (6  to 8 mm).  
Over I% in. (8  mm), on the other hand, sakfactory results 
could not be obtained with increasing material thickness. The 
geometrical shape of the contact could also hinder the use of 
both techniques. 

As a consequence of these results a proposal for a testing 
procedure was put forward, where, however, economic considera- 
tions were also taken into account in the choice of technique. 
In those cases where both techniques were technically equivalent, 
the costs of the testing decided the issue. 

Relationship between Ultrasonic Wavelength and Grain Size 

It is sometimes observed during the ultrasonic examination of 
steel castings and forgings that the material displays a rather 
poor sound transmission. The reason for this may be, if there are 
no flaws present, the coarse structure of the material. 

In a coarse structure the short waves of the high frequencies 
are greatly spread out, the transmission of the sound waves 
through the material is hindered, and disturbing echoes from 
the grain boundaries occur. These disturbing echoes can be 
observed on the screen in the form of “grass”. In the case of large 
grain sizes and higher frequencies the echo image breaks down. 
This effect is said to be extremely severe when the grain size 
lies in the vicinity of the wavelength of the sound waves and 
begins to become noticeable already at one tenth of the wave- 
length of the sound wave. 

This can give rise to the idea that it would be possible 
to determine the grain size in a material by means of ultrasonic 
waves so as to be able to draw certain conclusions regarding 
the heat treatment of the material. 

An investigation involving four grades of steel, including 
one stainless steel, was carried out to check the relationship 
between grain size and wavelength. The dimensions of the test 
specimens were selected so that the sound path was 2 in. 
(50 mm).  Grains of varying size were obtained by means of 
annealing at different temperatures. The test specimens were 
tested from low to the maximum possible frequency. The results 
could finally be compressed into a diagram, where the wave- 
length was plotted as ordinate and the grain size (number of 
grains per mm) as abscissa, see Figure 1. The fully drawn curve 
shows the boundary frequency where the ultrasonic image 
breaks down. The broken curve joins those points where the 
grain size is just equal to one tenth of the wavelength. As 
expected, these two curves lie rather close together. 

Crack Detection on Bolted Joints in Stator 

This case can be said to be a typical example of field work 
in ultrasonic examination. The actual examination itself is not 
particularly remarkable from the technical point of view. What 
complicates the work, and also makes it interesting, is the cir- 
cumstances around the case, the prehistory leading to the job, 
the practical preparations for the dismantling, etc., preliminary 
technical and economic consequences resulting from the investi- 
gation. All this applies irrespective of whether the technical 
results are positive or negative. 
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Figure 1 

Some of the bolts retaining the dovetail keys in a generator 
in a power station had burst, which had resulted in contact in 
the air gap between rotor and stator. The repairs were supple- 
mented by reinforcing of the bolted joint in the dovetail keys. 
It was felt that the same operation should also be carried out on 
the other generator in the power station. First, however, it was 
desired to find out whether there were any fatigue cracks pres- 
ent in the bolts; such cracks had in fact been found on genera- 
tor I. 

The conditions for the crack detection were as follows. The 
bolts were threaded into a fixing plate for the dovetail keys and 
therefore inaccessible from the outside of the stator. To be able 
to reach the bolts from their head end (inside the stator), it was 
necessary to dismantle the stator which, for several reasons, it 
was desirable to avoid. It was therefore necessary to make the 
bolts accessible for ultrasonic examination from the outside by 
some means, and the only solution proved to be the drill holes 
in the fixing plates exactly opposite the bolts and to introduce 
a probe through the hole. A special probe with elongated shaft 
was acquired for the examination and this could be introduced 
into the 4-in. (100-mm) deep holes, which were plane drilled 
in the bottom to permit good contact between the probe and the 
bolt. 

Before the investigation on the generator could be started, 
preliminary tests had naturally to be made to discover whether 
any results could be obtained and to determine the limits for the 
flaw detection. 

If a probe is placed against a bolt, an image is obtained on 
the screen displaying two echoes: one from the plane surface of 
the head, the bottom echo, and the other from the slot in the 
head, which is in. (6  mm) nearer, the trace echo. If an incision 
is made in the bolt by the head, a third echo is obtained, the 
flaw echo. In  this case it was not a matter of detecting any in- 
cision made in the bolt but a natural crack, which had arisen 
owing to bending stresses. Such a crack does not run in a plane 
perpendicular to the longitudinal axis of the bolt, but always 
appears to try to deflect towards the bottom of the groove in 
the middle of the head. Such a crack will not give any echo at 
all. Nevertheless, an indication is obtained of the presence of a 
crack in that the sound beam is paftly shielded, and as a result a 
certain reduction of back reflection takes place. If the trace echo 
and bottom echo are equally high there is no indication of a 
crack. If the bolt is in good condition the same screen image is 
obtained in all positions. On the other hand, the reduction of the 
bottom echo gives a faint indication of a crack. 

With these experimental results as a basis, the investigation 
could be carried out according to plan on the stator, quickly 

and reliably. As has already been mentioned, the actual ultra- 
sonic examination was not particularly demanding from the tech- 
nical point of view apart from the preparations. On the other 
hand, the pleasant economic consequences were a source of 
satisfaction. If it had not been possible to carry out this investi- 
gation by means of ultrasonic examination, it would have been 
necessary to dismantle the entire stator and transport the parts 
to the workshop, and then back again to the power station and 
so on. The costs for this, together with the drop in income ex- 
perienced by the power supplier, would probably have amounted 
to several hundred thousand Sw. Cr. All this was avoided in this 
case. 

Strength in the Thickness Direction of Heavy Plate 

When heavy plate is ultrasonically examined, indications are 
often obtained from larger or smaller flaws in the plate, which 
are found mainly to consist of slag inclusions. These defects re- 
duce the strength of the plate in the thickness direction and may 
lead to the formation of cracks and fracture in the plate. 

When welds in heavy plate are ultrasonically examined, 
indications are obtained from flaws located not in the weld but 
in the plate within the weld. This is a matter of actual cracks, 
ruptures in the plate material. 

When this happens, it is a very serious situation, since it 
concerns structures subjected to relatively high stresses. Carry- 
ing out the necessary repairs is not only frequently troublesome, 
but also time-consuming and expensive. 

This problem with cracks in conjunction with welding is 
nothing new, but it has been established that the crack frequency 
has increased, and more and more cases have occurred during 
recent years. 

It is well known that rolled plate has a lower strength in the 
thickness direction than in the rolling direction; as a result of 
various investigations ~~~1,120.7 OB is given as a general value. If 
the plate is, practically speaking, free from flaws and the stresses 
are moderate, this strength is often adequate. However, if macro- 
scopic flaws such as, for example, slag are present, these con- 
stitute stress raisers, which can result in ruptures in the material. 

Several questions concerning the mechanical properties in 
the thickness direction have not yet been solved. Certain of 
them are of a matter of some urgency. The following questions, 
for example, may be asked: 

1 .  How much of the strength is utilized in different types 
of structure? 2. How are the toughness properties of plate 
related to different degrees of stress? To what exent is the 
material capable of withstanding tensile stresses? 3. To what 
extent is the strength reduced by so-and-so many and so-and-so 
large flaws? 

The last question is one of the most important and if it 
could be satisfactorily answered, many difficult problems met 
in the ultrasonic examination of materials could be solved. 

One can, and should, continue to ask such questions, even 
if one cannot expect to have them answered immediately. 

4. What measures should be taken to prevent the occur- 
rence of fracture in material, which may result in a breakdown 
in our struc;ures? 5. What can be done to improve the tough- 
ness properties and strength of plate in the thickness direction? 

The difficulties involved in welding plate subjected to stress 
in the thickness direction, however, have become so pronounced 
during recent years that it was found necessary at ASEA to 
make a start on tackling the problem. It soon became apparent 
that it would be impossible to begin an investigation that would 
be as complete and comprehensive as desired. A start was 
therefore made on a smaller scale to enable a program to be 
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drawn up for future investigations on the basis of the experience 
gained. The primary objective of this preliminary investigation 
was to find out: 

a. to what extent the strength is reduced by the presence 
of slag in varying degrees; b. to what extent ultrasonic exam- 
ination is capable of indicating the reduced strength properties 
of plate. 

This preliminary investigation was limited to ultrasonic 
examination, magnaflux testing and strength testing as well as 
to a structure investigation. 

Test Material 
The investigation was made on plate of grades SIS 1312 and 
SIS 1411. The test material was taken from plates that had 
been ultrasonically examined as a matter of routine (see 
Table 1) .  The plates had been supplied from different steel- 
works. 

Table I 
Test material 

Thickness Result of 
Plate - routine 

marked Steel grade mm in ultrasonic test 

A SIS 1312 20 B Rejected 
C SIS 1312 20 2 Approved 
E SIS 1312 40 1+ Rejected 
G SIS 1312 60 2+ Rejected 
K SIS 1411 40 13 Approved 
T SIS 1411 40 13 Approved 

A chemical analysis of the plate material showed that all 
the values complied with the specifications. Standard tensile 
tests were performed to determine the strength. 

Results of the Investigation 
Ultrasonic Testing. The plates of grade SIS 1312, marked 

A, C and E, 2 in., 2 in. and 13  in. (20 mm, 20 mm and 
40 mm) were found to contain a large number of small flaws, 
which were fairly uniformly distributed in the plate. The li-in. 
(40-mm) plate yielded slightly larger flaw indications than the 
8-in. (20-mm) plates. 

The 25in.  (60-mm) plate, marked G, had unevenly 
distributed flaws with very small areas free from flaws among 
larger parts with flaws of varying size. A few test specimens 
displayed a reduction of 50 to 80 per cent of the bottom echo. 

The plate of grade SIS 1411, marked T, had a limited area 
of a few dm' (about 50 sq in.) in size with flaws and was 
otherwise free from defect. A reduction in the bottom echo 
of 50 to 100 per cent occurred within the area of the flaws. 
The other plate of grade SIS 1411, marked K, proved to be 
particularly free from flaws. From the testing point of view the 
part of Plate T free from flaws could also be considered to be a 
perfect plate. 

During the ultrasonic examination it was observed that the 
attenuation of the sound varied greatly between different plates. 
The transmission of the sound was attenuated greatly in the 
material displaying low strength values, irrespective of whether 
there were any flaw echoes or not. The number of bottom 
echoes as a measure of the attenuation is given in Table 2. 

All the test material was also ultrasonically examined 
after normalizing. An extremely interesting discovery was made 
in this connection. A remarkable change in the ultrasonic 
image was obtained in plates of grade SIS 1312. The passage 
of the sound waves through the material was considerably 
improved and the amplitude of the flaw indication decreased 
considerably and even disappeared in some cases. Representa- 
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Table 2 
Number of bottom echoes as a measure of the attenuation 

Tensile strength 

Number OB oBth 
of bottom 

marked kp/mm2 kpsi kp/mm2 kpsi echoes 
Plate 

A 41.8 59.6 22.6 32.2 1 
C 40.5 57.9 26.1 31.3 2 
E 40.5 51.9 26.7 38.2 1 
T 40.9 58.5 39.3 56.1 8 
K 44.1 63.8 46.6 66.5 8 

tive screen images of the plate material A in the rolled state 
and normalized state are reproduced in Figure 1. 

Magnuflux Testing. The magnaflux testing of test speci- 
mens from plates marked A, C, and E resulted in a large 
number of indications from rolled out slag inclusions, which 
appeared to be rather uniformly distributed in the plate. The 
plate marked G as well as the part with flaws of plate T 
displayed slag lines and slag layers. No indications of slag lines 
or slag accumulations were obtained from the magnaflux testing 
of plate K and the part of plate T free from flaws. 

Strength testing. The results of the tensile tests in the 
thickness direction are shown in Table 3. 

Table 3 

Tensile test in the thickness direction, rolled state 

WB rolling 
UBth thickness direction direction 

min max mean mean 
wBth/ 

Material kp /mm2 kpsi kp /mm2 kpsi kp/mm2 kpsi kp /mm2 kpsi uB % 

A 21.9 
C 25.1 
E 24.4 
G 16.0 
K 46.3 
T 31.8 

(free from 
flaws) 

T 1 .5  
(with flaws) 

31.3 22.9 32.1 22.6 32.3 41.8 59.1 54 
36.1 26.3 37.6 26.1 3 1 . 3  40.5 51.9 65 
34.8 27.8 39.8 26.1 38.2 40.5 57.9 66 
22.9 31.8 45.5 23.5 33.6 41.4 59.2 51 
66.2 41.0 67.2 46.6 66 .6  44.1 63.1 104 
54.0 41.2 58.8 39.3 56.2 40.9 58.5 96 

10.1 32.9 41.0 19.4 27.1 - - - 

The above values were obtained from tests on specimens 
in the rolled state. The values for the tensile tests after normal- 
izing are given in Table 4. 

As can be seen from Table 3, the plates of grade SIS 
1312 have a considerably lower strength in the thickness direc- 
tion compared with the rolling direction. In addition, plate G 
displayed a considerable dispersion. The strength values for 
plates K and T (part free from flaws) of grade SIS 1411 lie 
on the same level as those for the strength in the rolling direc- 
tion. The test-pieces from these plates were also the only ones 
to show any evident signs of contraction, K 30 per cent, T about 
15 per cent. 

The tensile tests on material that had been normalized prior 
to welding gave, with one exception, approximately the same 
or slightly higher values than those obtained before normaliz- 
ing. Normalizing after welding, on the other hand, appears to 
result in a reduction of the strength. This tendency was still 
more pronounced with the normalizing of finished test pieces. 



Figure 2. Screen images of plate material A. left-material in rolled state; upper, 
frequency 4MHz; lower, frequency 6 MHz. Right-material in normalized state: 
upper, frequency 4 MHz; lower, frequency 6 MHz. 

Table 4 
Tensile test in the thickness direction after normalizing 

uBth min max mean 
- -  

Material kp/mm2 kpsi kpjmm2 kpsi kp/mm2 kpsi 

a) Normalizing before welding 
A 21.0 30.0 
E 26.9 38.4 
G 17.6 25.1 
K 46.3 66.2 

b) Normalizing after welding 
A 20.3 29.0 
E 23.9 34.2 
T 35.5 50.1 

(free from flaws) 

c) Normalizing of finished test-pieces 
A 11.4 24.8 
C 20.2 28.8 
T 32.7 46.7 

T 7.2 10.3 
(free from flaws) 

(with flaws) 

24.0 34.3 22.4 32.0 
29.1 41.6 28.0 40.0 
31.2 44.6 27.1 38.7 
48.5 69.3 47.8 68.3 

21.0 30 20.8 29.1 
25.3 36.2 24.5 35.0 
36.1 52.4 36.1 51.6 

18.1 25.8 17.8 25.6 
22.1 31.6 20.9 29.8 
34.4 49.1 33.4 41.1 

27.4 39.1 17.1 24.4 

Examination of Structure 
An examination of the relationship between the microstructure 
and the strength in the thickness direction was carried out. In  
the assessment of the structure the appearance of the perlite, 
the grain size of the material and the slag content were taken 

into account. The dimension point measuring technique was 
used for determining the amount of slag. 

The following conclusions could be drawn from the in- 
vestigation. It was established that the presence of slag has a 
pronounced influence on the strength. This is often lower in 
the thickness direction than in the rolling direction, and a high 
strength in the thickness direction was only obtained in material 
relatively free from slag. The relationship between tensile strength 
and hardness, OB: HB, is considered to be constant for steel. In  
this investigation it was established that the relationship between 
tensile strength in the thickness direction and hardness is not 
constant, but decreases with increasing slag content. Further- 
more, it has been found that neither the grain size nor the 
structure of the perlite appear to have influenced the tensile 
strength of the material. 

Summary 
As a result of the investigation the following conclusions can be 
drawn concerning the material tested: 

1. The strength in the thickness direction of the plate can 
be very low, depending on the presence of slag. High values 
can be obtained on plate of good quality. 2. A certain relation- 
ship prevails between the results from the strength and ultrasonic 
tests for plate in the rolled state. Plate having a low strength, 
resulting from slag inclusions, generally gives an ultrasonic 
image with flaw indications and reduction of the bottom echo. 
Even if major flaw indications are absent, it appears that plate 
causing a pronounced attenuation of the sound in the ultrasonic 
examination has a low strength in the thickness direction. 
3. Plate with small flaw indications and a pronounced attenuation 
of the bottom echo yielded, after normalizing, a considerably 
changed ultrasonic image with reduced flaw echoes and im- 
proved sound transmission. The normalizing does not lead, 
however, to any real improvement in the strength. 4. The 
magnaflux test gives an extremely informative picture of the 
presence of slag. The magnaflux images show very good agree- 
ment with the result from the ultrasonic and strength tests. 

Investigations Planned for the Future 
The investigation reported here has had only limited scope. A 
continued, more comprehensive investigation has been com- 
menced, where, for example, the scope of the mechanical 
strength tests will be increased. The purpose of this investigation 
is to: 

1. try to determine the relationship between the strength 
and the ultrasonic image; 2 .  try to clarify the problems as- 
sociated with normalizing and its influence on the ultrasonic 
image and the strength properties; 3. try to clarify the problems 
associated with the formation of cracks occurring in conjunction 
with welding; 4. to obtain design data for permissible stresses 
in the thickness direction. 

Some Examples of Ultrasonic Testing Methods Used by 

The technical development within the power and heat production 
field has created steam and gas turbines with higher pressure and 
temperature operating conditions. The demand to be profitable 
has also forced the designers to make more compact and reliable 
plants with higher outputs. A consequence of this is the develop- 
ment of the materials towards high-strength, heat-resistant steel 
and alloys with requirements of homogeneity and purity. This 
has in its turn resulted in nondestructive testing methods having 
an important role in production to eliminate defective materials 
used and for the control of certain operations of manufacturing, 
such as welding, soldering etc. 

STAL-LAVAL 
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The STAL-LAVAL group manufactures steam and gas 
turbines for power and/or heat consumption, marine propulsion 
turbines and auxiliary alternator turbines, heat exchangers for 
different purposes, refrigeration plants for ships, etc. 

This paper describes the nondestructive testing needs in our 
technical specifications of delivery of some important parts, and 
also gives some examples of the application of nondestructive 
testing in our receiving and manufacturing inspection depart- 
ments. 

In the STAL turbine, which is a reaction turbine with radial 
steam flow, the blades are placed between two or more parallel 
rings, which together form a blade ring. An inner turbine 
system consists of a number of such blade rings with increasing 
diameters, placed concentrically in relation to each other, as 
shown in Figure 3. The steam flows from the centre radially 
outwards, and through different blade-angles two consecutive 
rings receive an opposite rotating direction. All the blade rings 
with the same rotating direction are fixed to the same turbin’e 
disc, which in turn is connected to a generator. Consequently 
the STAL turbine consists of two oppositely rotating turbine 
systems, each connected to its own generator. For higher ranges 
there is an axial system to each of the radial systems. This 
axial system has a conventional design with forged rotors, with 
up to six different stages. 

The radial blades are made by a 13% C r  steel, delivered as 
bars. The bars are ultrasonically tested by the supplier, primarily 
as regards slag inclusion of macro-size. The axial blades are 
made by the same steel from bars or delivered as normal forged 
pieces. The largest axial blades have an over-all length of 3 f t  
(0.9 m )  . For the forged blade blanks we prescribe ultrasonic 
testing with at least a frequency of 2 MHz and also a magnetic 
particle examination or dye check test depending on the material. 

The blanks for blade rings are made by modified 13% Cr 
Mo steel. All the ring blanks are checked ultrasonically with a 
frequency of 4 MHz. 

The radial turbine disc consists of a disc with a shaft and 
is ultrasonically tested on all surfaces with a frequency of at 
least 2 MHz, normally 4 MHz, and specially at the change 
between disc and shaft, where there is a risk of rupture during 
the forging. 

The axial turbine rotors are made of forged blanks with a 
weight of 5-6 tons. These are ultrasonically tested in both radial 
and axial direction with a frequency of at least 2 MHz, normally 
4 MHz. As we do not have any centre bore we are specially 
interested in having the centre-line of the rotor free from defects 
of any kind. 

In our main propulsion machinery there is a gear for 
reducing the number of revolutions from the turbine to a lower 
number for the propeller. This is made in two steps and for the 
second reducing gear wheel we have a diameter of 10 to 13 ft 
( 3  to 4 m ) .  The rim for this wheel is made of forged non- 
alloyed steel and has a breadth of about 3 ft (1000 mm) and 
a thickness of 4 to 8 in. (100 to 200 mm).  In order to have 
a perfect toothed surface in this wheel a material with a very 
high grade of freedom from slag inclusions is required. ‘To fulfil 
this requirement our technical specifications for delivery de- 
mand the following specifications for nondestructive testing: 

Ultrasonic testing with regard to inner defects (segregations, 
cracks, flakes, slag inclusions etc.) to be made after heat 
treatment and rough-machining. The forging to have a 
good surface finish of about 40 r-Lm in order to ensure close 
contact between the probe and the forging. The test prefer- 
ably made at a frequency of 4 MHz with the min. fre- 
quency 2 MHz. The forging to be tested in both axial and 
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Figure 3. STAL turbine, upper; a section of a blade ring, lower. 

radial direction. Axial examination of the forging to be 
made from both ends. 
If only a few small indications appear during the axial test, 
their approximate number is stated in a report and the 
maximum flaw echo amplitude as well as the amplitude of 
the pertinent bottom echo are given as a percentage of full 
screen height. 
If there are remarkable defects in the forging, each flaw 
echo and pertinent bottom echo is stated in a report as men- 
tioned above, and the defects are marked on a sketch of the 
forging. The defects must also be marked on the forging 
with an indelible colour. 
In the radial examination the whole surface of the forging 
is scanned, preferably from the inside, to get distinct re- 
flections from that part of the forging which is to be cut to 
teeth. The quality of the forging is judged with respect 
to the location, spread and concentration of the defects in 
two radial zones defined below. 

Zone 1 
The first zone consists of the outer portion twice the thick- 
ness of the external machining allowance + tooth height + 0.4 in. (10 mm), altogether approximately 1.6 in. (40 
mm) for bigger wheels. 
In zone 1 only small, widely spread defects are allowed. 
Each flaw echo and corresponding bottom echo is to be 
noted in the report and plotted on a sketch of the forging. 

Zone 2 
The second zone encloses the remainder of the thickness of 
the rim. The bigger flaw echoes and pertinent bottom echoes 



are to be written in the report and plotted on a sketch of 
the forging. The concentration of the defects is defined as 
the number of echoes per sq.dm. 
The supplier gives STAL-LAVAL a report and sketches of 
the ultrasonic test results for consideration, after which 
STAL-LAVAL advises whether the forging may be de- 
livered. 
For steel castings we send a drawing of the nondestructive 

testing examination to the foundry. In this we state the type of 
nondestructive testing which is applied on the different parts of 
the casting. This depends on the grade of strain of the finished 
detail, the quality of the material and the geometrical forma- 
tion of the casting. Mostly we state ultrasonic testing and X-ray 
examination, where possible. A report of the examination and 
the radiograms are sent to us together with the casting. 

On basis of the reports from the supplier’s nondestructive 
testing we carry out, in our receiving control department, a veri- 
fying nondestructive test. This is also influenced by experiences 
with earlier deliveries from the supplier. For ultrasonic testing 
we use manual scanning, depending on the variation of parts in 
size, geometrical form and material. 

In our radial turbines the blade rings are an important part. 
The ring blanks undergo a very extensive material inspection in 
our work which, apart from special tensile and impact tests, 
examination of the structure and checking slag-inclusions, also 
includes an ultrasonic examination of each blank. We use a 45” 
miniature angle probe for 4 MHz and as couplant a normal 
grease-oil or a paper-paste named Modocoll. 

The material defects that can occur are slag-inclusions, 
cracks, flakes and so on. Since the finished blade ring in some 
sections has a thickness of only 0.04 to 0.12 in. (1 to 3 mm) and 
is rolled fixed on the turbine disc, a very small defect can cause 
a rejection of the material. An example of such a material de- 
fect is shown in Figure 4. 

Many of our governor valves, turbine casings and heat ex- 
changers are made of fabricated parts and are so shaped that it 
is impossible to do an adequate radiograph examination. In these 
cases we use ultrasonic examination by means of both normal 
and angle-beam probes. We have for a long time made a rou- 
tine examination of all turbine bearings by checking the binding 
between the layer of bearing metal and the ground metal. Here 
we use normal probes with a frequency of 6 MHz. 

Some Examples of Ultrasonic Testing by the Swedish Steam 
User’s Association 

Angpanneforeningen (Swedish Steam User’s Association) has 
for about 15 years used the ultrasonic method in connection 
with its control and inspection activity, which concerns pressure 
vessels, steam boilers, lifts and hoisting installations. Some 
examples are given of the application of ultrasonic testing that 
have shown great value in evaluating the functional stability of 
actual units. 

In the pulp industry a special type of steam boiler is used, 
so-called recovery boiler units. These are fired with evaporated 
liquor from the cooking process. The furnace in a modern 
recovery boiler is composed of four vertical tube walls consisting 
each of about one hundred tangent tubes. The dimensions of the 
tubes are for example 2 in. X 7/32 in. dia (50 x 5.5 mm). 
The furnace in such a steam boiler can have a base of 20 X 25 ft 
(6 x 7 m) and a height of 70-100 ft (20-30111). In older units 
these tubes were protected by cast-iron blocks. In most of the 
modern recovery boilers these blocks have not been used, there- 
by exposing the tubes, in some cases, to corrosion. A tube 
failure in the furnace can cause a complete blow-out of the unit 
through secondary effects in the smelt on the bottom of the 

Figure 4. Defect in a blade ring. Upper, A-scan indication; lower, section through 
defect, X150 etched in 10% oxalic acid. 

furnace. One single tube burst can thus lead to considerable 
economical loss besides the risk of personal injury. Since this 
corrosion on the furnace side of the tubes was observed, com- 
prehensive measurement of the tube thickness by ultrasonic 
instruments was started in the spring of 1964. Measurements 
were made on the impulse-echo Krautkramer instrument, type 
USIP 10 W. The transducer used is a so called “finger-tip-probe’’ 
with separate transmitter and receiver crystal and a frequency 
of 6MHz. The instrument permits an accuracy of reading of 
0.004 in. (0.1 mm). The maximum measuring error under normal 
working conditions is 0.008 in. (0.2 mm). A two-man team can 
in an hour check about 500 measuring points. The result of 
measuring is stated in corrosion diagrams which give a direct 
picture of the scope of corrosion on a wall or wall section. 
Figure 5 shows the result from two measurements made at a 
12-month interval on the lower part of the same tube wall. 

The results from these measurements are the basis for: 
I .  Judging of possible exchange of tubes; 2. Means of 

decreasing corrosion, such as changed firing conditions; 3 re- 
search made to clarify the reason for the coircsion attack. 

Another example where ultrasonic testing has shown its 
value is on pipes in circulation systems for sulphite digesters. 
An actual case refers to a pipe system made of acid-resistant 
material of austenitic quality with a carbon content of 0.06%. 
In the pipe system there are several large bends manufactured 
through the warm forming of %-in. (3  mm) plate. After some 
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SCREEN INDICATION PICTURE OF CORROSlON PlCTUfE OF STFR!€TURE 

1 I 

. .  
SO00 ECHO NO CORROSION NO CHROMIUM CARBIDES 

DAMPED ECHO CORROSION CHROMIUM CARBIDES AT 
THE GRAIN BOUNDARIES 

NO ECHO HARD CORROSION CHROMIUM CARBIDES AT 
__ THE GRAIN EOLNDARIES - -  - - __ 

Figure 5. Pipes for circulating of  sulphite solution. Material, UHB stainless, 4 mm. 

time of operation two bends broke down in series. The reason 
was so-called grain-boundary corrosion due to chromium carbide 
formation in the grain boundaries. It was reliably established 
that only a few bends, through unsuitable heat treatment during 
manufacture, had been exposed to the risk of carbide formation. 
By ultrasonic testing one could easily distinguish faulty and 
(through corrosion) more or less affected bends from faultless 
ones. In this way the tube system could, with a short shut-down, 
be repaired through exchange of faulty tube details. When test- 
ing, a single-crystal straight-beam probe with 7/ 32-in. dia 
( 5  mm) was used. When testing faultless plate, a series of 
multiple echoes were obtained in the usual way. For a light 
corrosion attack a striking moderation of the oscillogram was 
obtained; for heavy attacks no echo was obtained due to spread- 
ing of the sound at the corroded grain boundaries. The oscillo- 
gram at different degrees of corrosion appears in Figure 6. 

Today, in the Swedish cellulose industry there are still about 
one hundred o!d sulphite digesters of riveted design. These digest- 
ers are lined with acid-resistant brickwork with single external 
butt straps in the rivet joints. From the point of view of strength 
this is not a good design. In addition, the environment is cor- 
rosive and cracks often arise on the inside of the external butt 
straps. Previously these rivet joints were examined by removing 
small specimens from the straps. Since 1954 such rivet joints 
have been examined by ultrasonic instruments. The examination 
normally comprises about 25% of the total rivet-joint length, 
with emphasis on the joints that are the most stressed or, for 
some other reason, can be expected to be in bad condition. In 
spite of this examination being considerably broader than the 
previous method, it can be carried out at a considerably lower 
cost, and a much shorter shut-down. Krautkramer equipment 

is used for the examination. The butt straps are tested system- 
atically with 45" angle probe. Due to varying surface conditions 
on different butt straps, calibration is made on each strap 
against a fixed rivet hole. To get more equivalent surface condi- 
tions, sandblasting of the surface is nowadays recommended. 
Through laboratory tests and through practical experience it 
has been possible to establish a certain connection between echo 
amplitude and depth of crack. Other methods for determining 
the depth of the cracks have been found to be too time-consum- 
ing. The cracks established are drawn schematically on a sketch 
showing the respective rivet joint part, and the estimated crack 
depth. When testing in this way, with an interval decided upon 
according to the crack frequency and crack depth, a good 
picture of the condition of a digester is achieved. 

A further example of Angpanneforenigen's application of 
the ultrasonic is the measurement of the thickness of pressure 
vessels, tanks and pipings exposed to corrosion or erosion. Such 
measurements are also made during operation at temperatures up 
to about 4OOOC (750'F). Weld examination with ultrasonic in- 
struments has becomz of greater and greater importance. In 
several cases severe crack formations in welds have been 
detected with this method, information not possible with other 
nondestructive testing methods. Angpanneforeningen has found 
more and more applications for the ultrasonic method and has 
found it a valuable aid for safely evaluating the effective use 
of various types of equipment. 
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Figure 6. Recovery boiler. Material thickness of tuber in furnace according to 
ultrasonic measurements. Backside wall. 
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Theory and Application of Ultrasonic Multiple Echoes 
in Specimens with Semipermeable Interfaces 

E. MUNDRY, GERMANY 

ABSTRACT: I f  plane parallel specimens are tested with ultrasonic pulses of normal 
incidence, sometimes abnormal reflectograms with flaw echoes of initially in- 
creasing amplitude with increasing number of multiple back reflections can be 
observed. After reaching a maximum the echo amplitude decreases, similarly to 
a normal sequence of multiple echoes. This phenomenon can be explained os 
characteristic of the existence of a semipermeable interface inside the specimen. 
A complete theory of multiple echoes in such cases i s  developed, including special 
phenomena of interference. The main criteria of the calculated reflectograms are 
maxima and zero points in the envelopes of all intermediate and bottom echo 
sequences. The theoretical results are not only valid for simple interfaces, but 
far more complicated semipermea ble layers, too. 

To prove the theory, some experiments of  different kinds were carried aut 
on a model specimen consisting of a glass-mercury combination. All experimental 
results are in good quantitative agreement with the theory. 

Some applications to practical problems of nondestructive testing are dis- 
cussed: Testing of metallic bearings, shrink fits, brazed joints etc.;testing of  plates, 
billets and other semiproducts; judgment of  echoes from single defects; measure- 
ment of phase shift with direct probe-to-specimen contact; testing of spot welds 
in thick plates. 

1. Introduction 

If plane parallel specimens are tested with longitudinal ultra- 
sonic pulses of normal incidence, reflectograms are sometimes 
observable, which seems to disagree with the normal conception 
of the formation of multiple echoes. Figure l a  shows a normal 
reflectogram with one sequence of bottom echoes and one 
sequence of flaw echoes, decreasing both monotonously with 

I l a w  schoes I law echoes 

bottom echoes bottom echoes 

a b 
Figure 1. Reflectagrams with normal (a) and unusual (b) sequences of flaw echoes 

increasing path length. Since the pulse energy along the pulse 
path from echo to echo due to ultrasonic extinction, geometric 
and reflection losses becomes smaller and smaller, it is clear 
that the echo amplitude must decrease with increasing distance 
from the initial pulse. In apparent contradiction to this, the 
echo amplitude in the sequence of flaw echoes in Figure l b  at 
first increases and then decreases after having reached a 
maximum. 

This phenomenon was mentioned by Grabendorfer and 
Krautkramer ( l ) ,  and was interpreted as a characteristic of 
the existence of semipermeable interfaces in the specimen. This 
paper deals with an exact theoretical explanation of such 
reflec:ograms, the verification of the theory by model tests, 
and discusses the applicability to practical problems of non- 
destructive testing. Some examples are described. 

2. Theory of Multiple Echoes 

If there is a semipermeable interface 0, in a specimen parallel 
to its scanning surface 0, and its opposite surface O,, an ultra- 
sonic pulse of normal incidence will always be divided into 
one transmitted and one reflected part, whenever it passes the 
interface (Figure 2,  top left). In the course of its multiple 
reflections the initial pulse therefore splits into an increasing 
number of “single pulses”. The pulse paths of the single pulses 
are shown in schematic representation at the bottom of 
Figure 2 ,  whose scale of transition time t is adapted to the 
reflectogram above. Each single pulse can be characterized by 
3 integral numbers ( m ,  n, q ) ,  specifying how often the pulse 
has passed the different sections 

of its total path-each to and fro-(Figure 2 top right). 

Figure 2. Formation of a reflectogram in a specimen with a semipermeable 
interface. 
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Primarily a group of several single pulses belongs to one 
given triplet of values (m, n, q ) .  They differ from one another 
only in the kind of succession, in which the three sections 
mentioned above are passed. All single pulses of one group 
combine to a common pulse which shall be called “group 
pulse”. Examples for such two groups with ( m  = 2, n = 1, 
q = 0) and ( m  = 1 ,  n = 2, q = l ) ,  each containing 3 single 
pulses, are shown in Figure 2 above. 

Nearly all echoes of a reflectogram are formed by super- 
position of several group pulses. To bring the relatively 
complicated reflectograms into order, all these echoes are 
combined in one sequence, each of which is an equal distance 
from the preceding bottom echo. Furthermore it is possible 
to assign 3 integral numbers ( M , N , Q )  to each echo; the 
numbers are a measure for the total transition time whose 
meaning is very similar to that of the triplet (m,n,q) of the 
single pulses. Below each echo of the constructed reflectogram 
in Figure 2 thz values of M , N ,  and Q are added, and moreover, 
the peaks of all echoes in one sequence are connected by a 
smooth curve, which shall be called “envelope of a sequence” 
or for short “envelope”, which must not be confused with the 
envelope of a single pulse. The most important characteristics 
of the reflectograms can be taken from the envelopes as 
defined above. In order to determine their shape it is necessary 
to calculate the amplitudes of the single pulses and group pulses 
and lastly the echo amplitude. 

Amplitude o f  Single Pulses 
A single pulse, characterized by the triplet (rn,n,q)  has been 
reflected (rn + n - 1 )  times at the surface O,, ( m  + q )  
times at the surface O?, and ( n  + q) times at the interface O,, 
and it passes through the interface in each of both directions m 
times. Neglecting all ultrasonic losses and assuming some other 
simplifying conditions, the sound pressure amplitude of such 
a single pulse is therefore 

p(m,n,q) = P o R ~ + ~ - ~  RlnfaR2’”+g ( 1  -R12)’” (1) 

P, is the sound-pressure amplitude of the initial pulse; R,, R,, R, 
are the reflection factors of the faces 0,, O,, 0,. 

Amplitude of Group Pulses 
After having covered their pulse paths, which are different in 
detail, but of equal total length, all single pulses of one group 
arrive simultaneously and cophasally at the surface 0,, ;.e. at 
the ultrasonic probe. The sound-pressure amplitude P( m,n,q) 
of the group pulse built by them is therefore 

P(m,n,q) = A(m,n,q) p(m,nd (2) 

p(m,n ,q)  is the amplitude, A(m,n ,q )  the quantity of the single 
pulses in the group. Due to the possible different combinations 
of the m,n, and q pulse-path sections of the types 

the combinatorial analysis gives 

A(m,n,q) = ~ __-- = --- ~- 
m !  n! (m - l)!q! 

and as an additional condition 

(m + n)! (m - 1 + q)! ( “ : n ) ( “ - : + q )  (3) 

m = O + q = O  (4) 

Echo Amplitude 
All echoes in a reflectogram like Figure 2 with value of M k 2  
are built by several group pulses with different triplets (m,n,q), 
each of them to be calculated according to Eq. (2).  An example 
is the echo with ( M = 2 ,  N = l ,  Q=O), which is a superposition 
of the two group pulses P(2,1,0) and P (  1,2,1), containing 3 
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single pulses each. Such superpositions are unavoidable, because 
there is always 

oool + 0 1 0 2  = 0 0 0 2  

For that reason all group pulses P(m,z , z )  with arbitrary 
values of z = n = q  compose the bottom echoes (M,O,O) ,  being 
M=m+z .  All group pulses with n >q build up the echoes 
( M , N , O ) ,  being M=m+q and N=n-q .  The last possible case 
q >n is analogous. Hence all echoes of a reflectogram belong 
either to the bottom echoes (M,O,O) or to a sequence of inter- 
mediate echoes of the kind (M,N ,O)  or (M,O,Q) .  According to 
this, for each echo in Figure 2 at least one value N or Q is 
equal to zero. 

Generally the reflection and transmission factors, which 
appear in the specimen, are not real but complex magnitudes, 
e.g. if the spzcimen does not contain a simple interface, but a 
semi-permeable layer of one or several other materials of dif- 
ferent characteristic impedances. This means that all group 
pulses composing one echo are not inphase. In order to obtain 
the echo amplitude, the complex sound pressures P(rn,n,q) of 
the group pulses must bz summed up instead of their sound 
pressure amplitudes P (  rn,n,q) . The echo amplitudes, Le. the 
observable heights of the echo peaks in the reflectogram, are 
then proportional to the absolute value of this sum: 

The constant of proportionality C depends on the sensitivity of 
probe and apparatus, the probe-to-specimen contact etc. The 
result of the calculation is 

H(M,N,Q) = CPo Ro’+N-’ RIN+Q Rz’+Q ( ~ - R I ~ ) ~ .  

for M k I  and with the additional condition, that at least one 
of the values N or Q must be equal to zero, R,, R,, and R, are 
the absolute values of the complex reflection factors. Each 
term of the sum in Eq. (7) represents one group pulse, and 
all group pulses can be classified in one type with even numbers 
P and in another with odd numbers p. The group pulses of one 
type are in phase with one another, and between the two types 
there is a phase difference T .  

A more detailed description of the theory is given in ( 2 ) .  
Moreover, Eq. ( 7 )  is valid for any semipermeable “zones”, e.g. 
for simple interfaces, more complicated layers of given thickness 
etc. It must be assumed that no ultrasonic extinction takes place 
in this zone, and that one ultrasonic pulse contains so many 
single oscillations, that it can be approximated by a harmonic 
wave train. A generalization of the theory on several semiper- 
meable zones in the specimen is outlined in (2) also. 

Discussion o f  Reflectograms 
Eq. ( 7 )  was evaluated numerically within the wide range 
0.01 6 R ,  0.9. Due to the probe-to-specimen contact R, was 
varied as a parameter within the range 0.7 A R, 1.0. The 
opposite surface was assumed to be a free surface, Le. R, = 1.0. 
Four examples of calculated reflectograms for two values of 
R,  and R,  each are plotted in Figure 3. The scale of transition 
time t is divided by the values M of the bottom echoes, the 
echo amplitudes H ( M , N , Q )  are plotted in arbitrary units. The 
bottom echoes are represented by full lines, the intermediate 
echoes by dashed lines. In order to get clear reflectograms, all 
echo sequences with N 2 4 and Q A 4 are omitted. 
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Figure 3. Calculated reflectograms for two values of Ro and RI each. 

The main characteristics of all calculated reflectograms are 
zero points and maxima in the envelope of the sequence of 
bottom echoes and in each sequence of intermediate echoes at 
different distances to the initial pulse. The distances between 
zerb points and initial pulse-measured in units of M - d e p e n d  
only on R,, those between maxima and initial pulse depend on 
R, and R,. With the help of a more detailed analysis of the 
calculated reflectograms special diagrams can be constructed, in 
which the positions of the zero points or maxima at the time 
base of the reflectograms, Le. their distances from the initial 
pulse, are plotted against R, in the case of the maxima with R, 
as a parameter. Using such diagrams the reflection factor R, 
of a semipermeable zone in a specimen can be read directly 
from the reflectogram. Due to the limited number of figures in 
this paper no such diagram is shown, but in (2 )  several exam- 
ples are given. Qualitatively one can say that the value of R, 
is the smaller, the larger the distance between zero points or 
maxima and initial pulse. I t  is a considerable advantage of 
the theory, that due to the clearness of a reflectogram the 
evaluation of R, by reading the maximum or zero points from the 
reflectogram is the easier, the smaller R,; and this is possible 
even when the first intermediate echo is too small to be observed 
or measured clearly. 

Special Cases According to Echo Interferences 
If the specimen is divided by the interface or zone into two parts 
in such a manner, that the pulse transition times in the sections 
O,O, and O,O, (see Figure 2) are nearly equal to each other, the 
echoes interfere with each other and, apart from the bottom 
echoes in the reflectogram, only one sequence of intermediate 
echoes remains observable, and the position of each intermediate 
echo is in the middle between two bottom echoes. All echoes 
with 

- - 

2 M + N + Q = l  (1=1,2,3,. . .) (8) 
have nearly equal total transition time and compose one inter- 
ference echo with the echo amplitude El. Even values of 1 lead 
to bottom echoes, add values to intermediate echoes. When only 

extreme values, i.e. maxima and minima of interference echo 
amplitudes are investigated, this echo amplitude can be calculated 
very easily by a simple recurrence formula: 

The upper signs are valid for the one extreme case, those 
below for the other one. Both cases differ very considerably from 
one another. For small values of R, near the initial pulse the 
first case gives intermediate echoes of maximum and bottom 
echoes of minimum amplitudes, in the second case it is vice 
versa. Only in the first case the reflectograms are similar to 
those discussed in section 2. An example for both cases with 
equal values of R, and R, is shown in Figure 4 together with 
some experimental results. 

Of course similar phenomena of interference take place 
too, if the pulse transition times in the two sections 

- 
OoOl and m2 

are not nearly equal, but nearly in an integral ratio to each 
other. In (2) the theory of interference echoes is discussed in 
detail. 

3. Verification of the Theory by Experiments on a Model 

Since real specimens like metallic bearings, shrink fits, brazed 
joints, etc. are unsuitable for testing the theory quantitatively, a 
special model of a specimen with one semipermeable interface 
was constructed. The main part of the model is a mercury- 
filled vessel with an exchangeable bottom plate of optical glass. 
The bottom surface of the glass plate and the free mercury sur- 
face are the two surfaces of the specimen, and the interface 
glass/ mercury is semipermeable with a rather small reflection 
factor R ,  according to the small difference between the specific 
impedances c of glass and mercury p being the density and c 
the longitudinal wave velocity. Using several kinds of optical 
glasses as bottom plates, it was possible to obtain several values 
for R, within the range 0.06 4 R1 4 0.16. Using an immersion 
technique by dipping the relatively small mercury vessel into a 
large water vessel with the ultrasonic probe in its botttom, it was 
possible to measure the reflection factor R, at the “scanning 
surface” of the specimen very carefully and easily according to 
Roderick and Truell (3), or to calculate this value from the 
characteristic impedance of glass and water. In the same ar- 
rangement the ultrasonic extinction in glass could be measured, 
that in mercury is negligibly small (4). The geometric losses 
caused by diffraction effects in the ultrasonic field of the probe, 
could be corrected according to Seki Granato and Truell (5). 
Thus experimental and theoretical results could be compared 
quantitatively. In (6) the whole experimental arrangement is 
described in detail. 
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As a first series of experiments all echo amplitudes of one 
reflectogram within the range between initial pulse and fourth 
bottom echo were measured in decibels. After having corrected 
all geometric and other ultrasonic losses, the unknown reflection 
factor RI of the interface was calculated about 15 times by 
application of Eq. (7) to 15 different ratios of different inter- 
mediate and bottom echo amplitudes. As theoretically expected, 
all values agreed with one another very well and do not depend 
on the special echo combination chosen. If the mercury is care- 
fully cleaned of its oxide film, the average of the measured values 
of R, moreover agree with the theoretical value, which is calcu- 
lated from the characteristic impedances. In most cases with sev- 
eral optical glasses the agreement was better than 0.7% al- 
though mercury cannot wet the glass. 

By choosing suitable quantities of mercury it is possible to 
produce the two extreme cases of interference echoes. Since 
the true value of R, was known from these experimental results, 
these reflectograms could be compared directly with theoretical 
calculations described in section 2. An example is given in Figure 
4. The left reflectogram shows maximum intermediate and mini- 
mum bottom echoes, the right reflectogram minimum bottom 
echoes in the neighbourhood of the initial pulse. 

In another sort of experiment the phase shift from echo to 
echo, which is theoretically expected to be zero or T-so that all 
echoes can be classified into one type in phase with echoes and 
another one of phase opposition-was controlled by observing 
the non-rectified echo signals on an oscilloscope with a widely 
spread time base. 

Finally an attempt was made to imitate a special case of 
interference echoes of theoretical interest with Ro = 1.0 and 
R1 = 1 VT, using a CaCl, solution of suitable concentration 
instead of mercury. In this case all intermediate echoes must be 
of equal amplitude, and the bottom echoes alternate from echo 
to echo of minimal and maximal amplitude (2 ,6 ) .  

Since all theoretical considerations are verified quantita- 
tively by the experimental results, it can be assumed, that the 
reflectograms and their formation are described exactly by the 
theory of section 2. 

4. Applications to Problems of Nondestructive Testing 

Testing of Metallic Bearings, Brazed Joints, Shrink Firs etc. 
Metallic bearings, brazed joints, shrink fits etc. are specimens 
with semipermeable interfaces and zones respectivey. The re- 
flection factor of such an interface can be used to obtain infor- 
mation about the quality of the specimen. Usually the ampli- 
tude of the first echo and seldom that of another echo from the 
interface or the ratio of this amplitude to that of a bottom echo 
is used as a direct characteristic of quality (7-14). Since the echo 
amplitude or the ratio of two amplitudes depends not only on 
the reflection factor, but on ultrasonic extinction and geometric 
losses too, the results of such tests are not generally valid, but 
only usable for the special conditions of the type of specimen. 
This disadvantage can be avoided when the amplitudes H (  O,l,O) 
of the first echo from the front of the interface, H(1,0,0) of 
the first bottom echo, and H(l,O,l) of the first echo from the 
back of the interface are taken into account. If this is possible, 
the reflection factor R1 can be calculated by a simple approxi- 
mative formula, which is independent of Ro and of all ultra- 
sonic losses: .=.\I 1 

1 + ~ ~ ( 1 , 0 , 0 ) / ~ ( 0 , ~ , 0 )  W1,0,1) 

Until now it was not known what corrections to this for- 
mula are necessary, when specimens with curved surfaces are 
tested. 
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Figure 4. Measurements and calculations of reflectograms for the two extreme 
cases of interference echoes. 

Testing of Plates, Billsts and other Semiproducts 
Sometimes semiproducts, e.g. steel plates, contain many very 
small inclusions in a netlike distribution. The sum of these in- 



clusions behaves like a semipermeable interface or layer with 
a relatively small reflection factor, producing a sequence of flaw 
echoes with a maximum in its envelope at a rather long distance 
from the initial pulse. Such groupings of inclusions can be very 
harmful to the subsequent treatment or to the purpose for which 
the semi-products are needed. In  order to trace such layers ultra- 
sonically it is necessary to look at a long sequence of multiple 
echoes, because the first flaw echo often is too small to be noticed 
clearly. It is assumed that there exists an interrelation between 
the reflection factor of such zones and the quality of the semi- 
products. Therefore the quality can be rated by application of 
the theory. Two examples of steel plates 10 mm thick are given 
in Figure 5. Since the distance between initial pulse and maxi- 
mum in the envelope of flaw echo sequence in Figure 5a is larger 
than that in Figure 5b, the quality of the steel plate in the case 
of Figure 5a is better than that of Figure Sb. A rough evalua- 
tion leads to reflection factors of R, - 0.06 for Figure 5a and 

Figure 5. Reflectogroms from a steel plate with indications from semipermeable 
interfaces with different values of the reflection factor R1. Top R1=0.06; bottom, 
Ri 0.1. 

Since such areas of small inclusions rather often are an 
accompanying phenomenon of segregations, it seems possible to 
find segregation zones and to judge their influence on the qual- 
ity of a semiproduct. 

Judgment of Echoes from Single Defects 

When the size of a defect is determined from the amplitude 
of its flaw echo, usually total reflection at the defect is as- 
sumed (15-22). Therefore the result must be wrong, when the 
defect is only partially reflecting. But perhaps additional in- 
formation is available by observing the multiple echoes. When 
a defect lies in the far field of the ultrasonic probe, it can 

be decided with certainty whether the cause of a little flaw 
echo is either a small, totally reflecting defect or a large semi- 
permeable interface. A semipermeable zone can probably be 
identified when it is smaller than the cross-section of the sound 
field. In order to clarify within what limitations this is a 
practical possibility, additional experimental and theoretical 
work must be done. 

Measurement of Phase Shift with Direct Probe-to-Specimen 
Contact 

If a normal probe is coupled directly to the specimen, each 
reflection of multiple echoes at the coupling area is connected 
with a phase shift cp += T (23-25).  This is important e.g. for 
accurate measurements of ultrasonic velocity using an interfero- 
metric method, since an unknown phase shift cp =/= T causes 
an unknown systematic error. The phase shift cp and its de- 
pendence on surface conditions, probe type, pressure of coupling 
etc. can be measured, if a model of a specimen is used similar 
to that described in section 3. One case of extreme amplitudes 
of interference echoes (see section 2)  must be produced two 
times, at first using an immersion technique and then direct 
probe-to-specimen contact, all other conditions remaining con- 
stant. The difference of pulse transition time in the variable 
section of the specimen between these two cases is a direct 
measure of the phase shift cp (6) .  

Testing of Spot Welds in Thick Plates 

If the thickness of spot-welded plates is large enough or if the 
ultrasonic pulses are short enough, so that multiple intermediate 
and bottom echoes can be separated completely from one an- 
other, the spot welds can be tested with the usual pulse echo 
technique and with a simple normal probe. Experiments with 
spot welds of 24 mm dia in steel plates of 10 mm thickness 
have shown that not only defects inside the nugget are easily 
detectable, but that areas of incomplete welding can be identi- 
fied too, if the multiple echoes are observed within a range of 
about 10 bottom echoes. These areas of incomplete welding, 
which surround the nugget, if this is too small, and which shall 
be called “ringzones”, behave like semipermeable interfaces 
(26). The reflectogram in Figure l b  is an example for a ring 
zone indication. By application of the theory the reflection 
factor R, of the ringzones was rated. In many cases it was found 
that it lies within the range of R, 0.2, and even R, 6 0.1 
was not infrequent. With these rather small values of R,  the 
well known difficulties in testing spot welds ultrasonically can 
be explained easily. 

With the assumption that there is an interrelation between 
largeness and reflection factor of a ringzone on the one hand, 
and their influence on the shear strength of the spot weld on 
the other hand, an attempt is made to define an “ultrasonic 
quality number” 

R, is the reflection factor; R, = 1.0 is valid for defects inside 
the nugget; Zma= the amplitude of the highest intermediate echo 
and E that of the following bottom echo. c is a constant, which 
was chosen as c = 1 for ringzone indications and as c = 0.1 
for indications of defects inside the nugget. Thus it was con- 
sidered that the influence of those defects on the shear strength 
is rather small. According to this definition one expects that 
the shear strength of a spot weld is the better, the smaller K is. 

In Figure 6 the maximum shear force S, measured in shear 
tests, is plotted against the quality number K. The expected 
tendency can be seen clearly. 
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Figure 6. Interrelation between shear force S and ultrasonic quality number K 
of spot welds. 

Conclusion 

All applications of the theory are based upon the fact that a 
sequence of multiple intermediate or bottom echoes often 
contains additional information, which cannot be obtained from 
the first intermediate and bottom echo only. In order to get a 
clear idea of the real advantages of the applications of this 
theory to practical problems of nondestructive testing, further 
theoretical and mainly experimental investigations must be 
carried out. 
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No reflection within the plate (R1=O) means that no semi- 
permeable interface exists; air backing of the plate means total 
reflection at the back face, Rg=l.  In this case we have no inter- 
mediate echoes and only a normal, monotonously decreasing se- 
quence of bottom echoes. Their amplitudes are 

H(M,O,O) = C.Po.RoM-' 

That follows from a simple consideration about plane-wave echoes 
from a plane parallel specimen or from an application of lim 
R1+O to equ. (7) ,  which should be written for this purpose in 
the form of 

H(M,N,Q) = C . Po. R o M + N - l .  RzM+Q. 



M - 1  

With Rz = 1, N = Q = 0 we get for the bottom echoes 

M - 1  

p = l  
and 
lim R1 -+ 0 H(M,O,O) = C . PO. RoM-l (1  + 0) = C . PO. Ro‘-l. 

If theoretical and experimental results are to be compared, geo- 
metric losses and other fads must be considered. This has been 
done in [6]* by using results from Seki, Granato and True11 [5 ] *  
and other authors, see also paper No. 2 / 6 .  

In the real case of a plane parallel plate without reflecting 
interfaces, small transverse wave echoes are sometimes observable 
between the bottom echoes [1]*. Most of them are built by several 
“single-pulses”, similarly to the composition of an echo from a 
semipermeable interface. It is still unknown whether these trans- 
verse wave echoes can give information about the sound field, be- 
cause their amplitudes have not yet been calculated theoretically. 

Q. W. A. DUKES, Explosives Research & Development, Essex, 
England: 

Would Dr. Mundry please comment on the possible ultimate 
applicability of his analysis to the examination of organic-adhesive 
joints between metallic adherends, and particularly multi-laminar 
joints? 
A. An application of the theory in its present form to such test 
problems seems to be not very useful. The following circumstances 
must be considered: 

1) As mentioned in the paper, the interpretation of the 
reflectograms is the easier, the smaller the reflection 
factor R1 of ,the interface, see the two examples in Figure - 

* References on p. 440. 

5,  with R1 - 0,l and R1 = 0,06. Though we did not yet 
measure the reflection factor of adhesive joints precisely, 
according to some rough experiments with one adhesive 
joint between two thick metallic adherents (see 3)  we 
can assume that the value of R1 is rather high, e.g. within 
the range R1>0.8. In this case, and with the preliminary 
assumption of only one adhesive layer inside the speci- 
men, it seems much more useful to observe the simple 
sequence of multiple echoes 

H (O,N,O) = C .  Po. RoN-l. RiN (N = 1,2,3, . . . .) 
from the front side of the organic layer than to take bot- 
tom echoes H (M,O,O) from the specimen or intermediate 
echoes H (M,O,Q) from the back side of the layer into 
account, because the decrease of the sequence H (O,N,O) 
depends clearly on R, and therefore gives an easily 
readable quality indication. 

2) The metallic adherends must be at least so thick or the 
pulse duration so small, that the echo indications on the 
screen do not overlap each other, and the pulse deforma- 
tion due to frequency depending interference phenomena 
by passing through the thin organic layer must be negli- 
gible. Otherwise the theory must be extended from mono- 
chromatic processes to the whole Fourier spectro of the 
pulses. 

3) The ultrasonic absorption inside the organic layer must 
be negligibly small. 

4) A generalization of the theory to multi-laminar joints is 
possible indeed and outlined in [2]*, but will become 
rather complicated. 

5 )  Before the analysis can be applied to such complex prob- 
lems as the examination of multi-laminar adhesive joints, 
first of all it should be proven by simple experiments on 
simple test specimens, whether the reflection factor of an 
organic adhesive layer can be correlated clearly enough 
to the mechanical strength of the joint. 

To give a complete answer to the question, additional investi- 
gations considering reflection and adsorption behaviour of the 
organic layer, influences of thicknesses of organic layers and metal- 
lic adherends etc. would be necessary. But at present such investiga- 
tions would be of more academic and perhaps of little or no 
practical value. 

* Reference on p. 440. 

Evaluation of Small Discontinuities in Non-Metals with Microwaves 

DAVID W. PRINE, USA 

ABSTRACT: Microwaves provide an excellent tool for nondestructive testing of 
non-metals. W e  are capable of detecting very small discontinuities by any of 
several microwave techniques. However, when it becomes necessary to evaluate 
these discontinuities as to size, shape or depth within the sample, many problems 
are encountered. 

By using a microwave impedance plotter which automatically displays a 
polar plot of the phase and amplitude of the reflected microwave signal, we 
have found answers to some of the questions that arise when one attempts defect 
evaluation. 

The Impedance Plotter 

The detection of small discontinuities by microwaves in non- 
metals has been accomplished by a variety of means a t  wave- 
lengths as long as 5 cm. The greatest sensitivity has been 
achieved with instruments of the interferometer type. The 
interferometer, or bridge, is a very sensitive device and under 
the right conditions very small discontinuities may be detected. 
If detection is all that is necessary, the interferometer is quite 
sufficient for most applications. However, if evaluation of 

various discontinuities is required, this task can become very 
difficult, if not impossible. 

The output signal from a bridge is a complex function 
of the amplitude and phase changes in the reflected signal. 
Amplitude and phase are in turn complex functions of the many 
variables present in a particular application. In  an attempt 
to gain a better understanding of the effects of these many 
variables and to clarify some of the seemingly contradictory 
results obtained in interferometry, we constructed a device 
known to microwave engineers as an impedance plotter. This 
device, or similar ones, is described in a number of micro- 
wave measurement texts (Le., Measurement at Centimeter 
Wavelengths by D. D. King, Boston Technical Publications, 
Inc., 1965). 

The impedance plotter used was chosen mainly for its 
simplicity of construction. Referring to Figure 1 it consists of 
four capacitive probes and associated detectors, placed along 
the axis of a transmission line, with &wavelength spacing 
between probes. The probe samples the standing wave pattern 
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on the line and, if alternate probes are connected to the input 
of two differential amplifiers, the amplifier outputs have the 
form- 

(1) 

(2) 

VI - V2 = p cos 2 1c. 
V3 - V4 = p sin 2 $ 

where VI,  Vz, V3, V4 = outputs from detectors 
p = magnitude of voltage reflection coefficient 

z$ = phase angle of voltage reflection coefficient 

The voltage reflection coefficient is defined as the ratio 
of the reflected wave voltage (travelling towards the generator) 
to the incident wave voltage (wave travelling towards load) at 
a particular reference point on a transmission line. This ratio 
is a complex number and, hence, has both amplitude and 
phase. For a loss-less transmission line- 

Zr 
1 -- 

(3) 

where Z ,  = terminating impedance, and 
2, = characteristic impedance of line. 

Thus we see that p contains all the available information 
about the termination of a transmission line. Furthermore, since 
we may make the incident wave constant, p is a measure of the 
amplitude and phase of the reflected wave. If the signals repre- 
sented by Eqs. (1) and (2) are connected to the x and y 
deflection plates of a cathode ray oscilloscope, we will have a 
polar plot of the phase and amplitude of the reflected wave 
displayed on the scope. 

We are presently using this device to study, in detail, 
the complex process by which one detects small discontinuities 
in non-metals with microwaves. We are using the impedance 
plotter to perform a series of carefully controlled idealized 
experiments in the hope that we can gain from this a better 
understanding of the interactions between the many complex 
processes involved in defect detection. We also hope to  increase 
the value and usefulness of microwaves as an NDT tool by 
giving us some ability to evaluate and sort defects with 
microwaves. 

Spherical Defect in Infinite Sample 

The first case is that of the perfectly reflecting spherical defect 
in an infinite loss-less sample. This is the simplest case and 
as such will serve by defining a set of absolute theoretical limits 
on more practical cases. We first consider the amplitude and 
phase of a reflected signal for a constant defect size as 
functions of antenna aperture and position of defect. The 
defect is a %-in.-dia metallic sphere, supported by a non- 
reflecting jig mounted on an x-y-z mechanical manipulator in 
front of the antenna being used. 

A slide screw tuner is used to cancel out the residual 
reflection from the antenna. Microwave absorber panels are 
positioned to cancel out any stray reflections. In Figure 2 we 
see a plot of the amplitude and phase of p for a defect as it is 
positioned on the axis of the antenna and moved from the face 
of the horn to some arbitrary distance. The phase and ampli- 
tude change continually with position, which produces a spiral. 
Zero distance corresponds to the maximum amplitude point 
on the spiral. Figure 2 was taken for a small rectangular horn 
antenna. We may readily observe the effect of varying the size 
of the antenna aperture by making a series of such plots for 
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Figure 1. Showing schematic diagram of microwave impedance plotter. 

various apertures. The variation of amplitude with distance 
for three cases is summarized by the curves shown in Figure 3. 
Here we see that, although the initial signal is largest for the 
smallest aperture, its high decay rate soon makes the signal 
smaller than that of the next largest aperture. The largest 
aperture displays a peak in amplitude at some distance from 
the horn due to Fresnel diffraction effects. Hence, for a 
particular distance range, an optimum aperture exists. 

Figure 2. Showing p locus for &-in. steel sphere moved along the axis of the 
antenna from the antenna face to some arbitrary distance. 

We should also point out here the significance of the phase 
data. Phase angle changes constantly with position and goes 
through 360' for each half wavelength distance from the 
antenna. Hence, we can easily determine the position of our 
defect by measuring its phase difference from our zero refer- 
ence and multiplying this by the appropriate propagation con- 
stant for our medium. Some errors will result for distance very 
close to the aperture (Le., a small fraction of a wavelength) 
due to diffraction effects. However, these errors are quite small. 
The repetitive nature of the phase angle introduces no 
ambiguity for the case discussed above because, along with 
phase, amplitude also changes, and hence we have successive 
turns of a spiral for each half wavelength distance. Hence, for 



a particular defect and an infinite sample there is a single com- 
bination of phase and amplitude of reflected signal for any 
position, assuming that we also keep the antenna constant for 
our tests. 

Fresnel Zone Plate 

The antennas discussed in the previous section are all fairly small 
aperture horn-type antennas. We have seen how the aperture 
size determines an optimum range of inspection. The largest aper- 
ture used was about 32 sq. cm. in area. Its useful range extended 
out to approximately 15 cm. We decided to explore the possi- 
bility of other antennas, with the hope of extending the range of 
inspection. 

P 

A B  B 

Distance From Antenna - cm. 
Figure 3. Showing graph of amplitude of p VI. distance for several small horn 
antennas. 

To confine or focus the microwave beam at a distance of 
the order of a meter or so from the antenna it was felt that some 
form of microwave lens would be quite useful. Because of the 
rather large wavelength of microwave energy as compared to 
visible light a lens to be of any use at microwave frequencies is 
quite large. The cost of the materials and the machining prob- 
lems involved on a dielectric lens prohibited the use of such a 
device for this experiment. We decided instead to construct a 
Fresnel zone plate. The Fresnel zone plate consists of a series of 
circular concentric rings of equal area. If we allow only 
alternate rings to transmit energy at some particular wavelength 
we find that at some point on the opposite side and on the axis 
of the zone plate the energies from all of the alternate trans- 
mitting zones add up in phase. This produces the effect of a 
focussed spot and, hence, the zone plate has many of the same 
properties as an ordinary lens. 

A Fresnel zone plate with a focal length of 50 cm at a 
frequency of approximately 10.5 gigahertz was designed. This 
lens is approximately one metre in diameter which, for this focal 
length and at this frequency, allowed us to have 16 zones. The 
lens was constructed in the following manner. The zones were 
drawn on a good quality of drafting paper, then alternate zones 
were painted with a silver conductive paint. The lens was 
mounted on a rigid frame and is shown in Figure 4. With the 
lens placed at approximately twice the focal length from a small 
horn which approximated reasonably well a point source of 
microwave energy, the energy was concentrated in a focal zone 
at twice the focal length of the lens on the opposite side of the 
lens. Field plots of this focussed spot showed the focal zone to be 
in the shape of a right circular cylinder with tapered ends; this 
axis of the cylinder being the axis of the lens and the surface 
of the cylinder containing those points where the electric field 

Figure 4. Showing experimental 10.5 gHz Fresnel zone plate. 

intensity is half its value on the axis. The midpoint of the cylin- 
der’s axis was at the 2f point for our lens. The signals obtained 
on our impedance plotter by scanning our spherical defect 
through this focal zone with the Fresnel zone plate was compar- 
able to the signal received from the same defect approximately 
10 cm from the largest horn used in the previous measurements. 

Size of Defect 

All the previous experiments were for constant defect size; we 
now explore the effects of varying the size of the defect. Back- 
scattering of electromagnetic energy by conductive spheres is 
discussed in a number of texts. This is one of the few geometries 
that submits readily to rigorous theoretical analysis. We find that 
the backscattered power is proportional to a fictitious cross- 
sectional area known as the scattering cross-section. If the wave- 
length is very small with respect to the radius of the sphere, the 
scattering cross-section is equal to the geometric cross-section. 
Hence, the backscattered power is proportional to the square of 
the sphere’s radius. If we now allow the radius of the sphere to 
decrease we find that the above relationship holds true until we 
reach a region where the sphere’s radius is comparable to the 
wavelength. Now the effects of certain natural resonant modes 
for the surface currents induced in this sphere become evident 
and our scattering cross-section oscillates in ever-increasing 
amounts about the geometric cross-section. If we allow our 
radius to decrease further, eventually we reach a point where 
the radius of our sphere is small compared to a wavelength and 
now the oscillations cease and the scattering cross-section de- 
creases rapidly, as the square of the geometric cross-section or 
the fourth power of the radius. These regions are clearly shown 
in Figure 5. Here we see the scattering cross-section normalized 
to the geometric cross-section, plotted as a function of radius 
normalized to wavelength for metallic spheres. The three regions 
previously discussed are known as the optical ( a > y ) ,  resonance 
(a-Y)  and Rayleigh (u<Y)  regions where a is the sphere’s radius 
and y is the wavelength of the electromagnetic radiation. In 
the microwave portion of the electromagnetic spectrum and for 
most NDT applications our wavelength and defect dimension are 
such that we are either in the lower portion of the resonance 
region or in the Rayleigh region. 
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Figure 5. Showing electromagnetic backscattering for metallic sphere (normalized). 

To make the above data more representative of what can 
physically be observed, we need to replot our curve in the un- 
normalized form. We shall choose a specific wavelength, our 
particular wavelength of operation 2.86 cm, and plot scattering 
cross-section vs radius of sphere. The results of this are shown 
in Figure 6 .  If we illuminate our sphere at a fixed distance from 
our horn at a wavelength of 2.86 cm and measure the amplitude 
of the reflected power, the values should lie on this curve. Since 
the amplitude from our impedance plotter is proportional to p 
which is proportional to reflected voltage, it will be necessary to 
square our readings from the plotter if they are to fall on this 
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R i"" 
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v 5. 
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for Metallic Sphere I 

a -  cm. 
Figure 6. Showing electromagnetic backscattering a t  10.5 gHz for metallic sphere. 

curve. The points shown in Figure 6 are taken from our im- 
pedance plotter for a series of spheres of varying radii. There 
are certain approximations in the scattering cross-section cal- 
culations that produce negligfble error as long as certain criteria 
are satisfied. These criteria are that the sphere be illuminated 
by plane waves and that the distance to the sphere be great 
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enough to allow us to consider it a point source. For very small 
spheres these criteria are satisfied for very short distances from 
the horn, and hence the data in the Rayleigh region is accurate 
even for the small distances encountered in NDT applications. 

However, at small distances a departure for large spheres 
becomes evident. Backscattering cross-section is a function of 
size, shape and material. However, the regions discussed above 
exist for all possible cases. The resonance region's upper limit 
depends greatly on shape and material, its lower limit is not so 
strongly affected. Therefore, it is possible to use a lower limit 
approximation for a wide variety of cases with a fair amount 
of success. This lower limit approximation depends mainly on 
radius or diameter of the defect at right angles t o  the direction 
of propagation of the wave. We may thus say that practically 
the lower limit of the resonance region is where 

4aa 
-=  1 

h 
(4) 

where a = radius of defect 
h = wavelength of radiation 

It  is important to define this limit, because only below it 
can we correlate directly amplitude of signal and size of defect 
under any conditions, assuming that it is impractical to operate 
in the optical region. Within the resonance region at best we 
can only define a range of sizes for a given amplitude which 
may vary over 2:l or greater. 

Effect of Finite Sample Size 

We have repeatedly pointed out that we are conducting our 
experiments on essentially infinite samples. When a sample has 
finite size, further complications due to internal reflections and 
refraction may enter into the problem, further complicating the 
picture. The subject of the effect of finite size of sample and 
geometry of sample on our ability to detect defects with micro- 
waves is indeed a very complex subject and as such is beyond the 
scope of this paper. However, we would like to discuss one 
particular case which will show some of the problems that one 
may run into. In  any flat planar sample of finite thickness 
microwave energy impinging on the front surface is partially 
reflected. That energy which is not reflected propagates through 
the sample and is partially reflected at the back surface of the 
sample. If we place a conductive plate at the back surface of 
our sample, this back surface reflection becomes total. As a result 
of this total back reflection we have two waves propagating 
in opposite directions within one sample. If scattering and 
dielectric losses are negligible, the resultant of this is a standing 
wave with well defined nulls occurring at intervals of half 
wavelength from our back-plate. The result of this standing- 
wave pattern is that our sensitivity to defects located at various 
positions from the metallic backing displays a space periodicity. 
I n  fact, if the defects are laminar in nature and oriented such 
that their plane is parallel to the surfaces of the sample, these 
defects will be undetected at points every half wavelength from 
the metallic back-plate. This particular effect has been observed 
in a number of actual applications wherein gross defects located 
at  various distances within a sample were in some cases quite 
easily detected and in others not detectable at all. We simulated 
this condition also in a controlled experiment by placing small 
pieces of metallic foil on polyfoam supports on a metallic plate. 
The polyfoam supports did not affect the microwave beam. 
We located the metallic discs at quarter wavelength intervals 
from the back-plate. We then scanned the sample and found 
that those defects which were located at the half-wave points 
were not detectable at all, whereas those located at quarter- 
wave points stood out quite strongly. This effect, of course, will 



not be quite as pronounced when the sample material is a 
fairly glossy material. Also, if the metallic back-plate is not 
present, the back-surface reflection is not as large and, hence, 
the nulls in the standing-wave pattern are not complete nulls. 

Conclusions 

The microwave impedance plotter has proven to be a very 
useful tool in our efforts to gain a better understanding of the 
complex process of defect detection and evaluation with micro- 
waves. We have seen that the range of distance from the antenna 
over which we wish to inspect governs the size of the antenna 
aperture. The larger the aperture, the farther away the optimum 
inspection range. 

If we wish to inspect over greater distances than a few 
centimetres, some form of microwave optics becomes necessary. 
The Fresnel zone plate provides a simple, economical solution 
to this problem. 

We have shown that the phase of a microwave signal from 
a defect is directly related to its distance from the antenna. 

Frequently in actual applications of microwaves to defect 
detection, a lack of correlation between defect size and 
amplitude of microwave signal has been observed. Two inde- 
pendent phenomena responsible for this lack of correlation 
have been observed with the aid of our impedance plotter. The 
first of these phenomena is inherent in electromagnetic scatter- 
ing phenomena. This effect may be eliminated by choosing our 
frequency of operation such that the ratio of defect radius to 
wavelength is less than +r. 

The second phenomenon that leads to a lack of correlation 
between signal amplitude and size of defect is due to finite 
sample size. We find that our defect sensitivity is space-periodic 
within a sample due to interference between internal reflections 
within the sample. In a sample this effect is greatly accented by 
the presence of a metallic back reflector. 
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Principal Session A/ Training and Qualification 

Personnel Qualification for NDT in the 

H. HOVLAND, USA 

The human element in our manufacturing and fabrication proc- 
esses constitutes a variable that is responsible in large measure 
for the need for quality control and, in turn, nondestructive 
testing. This variable is usually minimized as processes are 
automated but still exists since man must control the machine. 

In nondestructive testing, the confidence level of the test is 
greatly affected by the human factor. For instance, the confidence 
level depends on: 

1. Technical competence in selection cjf test methods; 2. 
technical competence of people performing the tests; 3. technical 
competence of people evaluating the tests; 4. technical capability 
of equipment and accessories used in the tests. 

The recognition of the need for minimum competence 
levels of people performing nondestructive tests was shown by 
the U.S. Air Force Procurement Division in 1939 when they 
required laboratories performing radiographic and magnetic- 
particle testing to be approved by them before permitting them 
to test parts and assemblies used in aircraft. A group of test 
parts with known defects were supplied prospective laboratories 
to be tested. An Air Force representative witnessed the test 
and examined the equipment. Personnel and laboratories that 
passed the test were assigned stamps, and performance to their 
standards was periodically checked. 

Likewise, the U S .  Navy Bureau of Ships used test blocks 
of various materials and thicknesses to qualify laboratories for 
performing tests on various materials. 

The Nuclear Submarine Group of the Navy issued a docu- 
ment known as 250-1500 which prescribed a much more 
elaborate system of qualification for nondestructive testing per- 
sonnel and laboratories permitted to work on Navy nuclear 
material. 

Many organizations and laboratories have for years had 
their own training programs and have maintained careful sur- 
veillance on the qualification of personnel and equipment of 
subcontractors performing nondestructive test services for them. 

The need for some recognized performance standards was 
becoming more and more apparent because of the increased use 
in industry of NDT brought about by the demand for assurance 
of product reliability, particularly in the areas of Aerospace and 
Atomic Energy requirements. A need also existed in the field of 
international business for a common ground for defining the 
level of nondestructive test performance. In addition, it was 
being suggested that the Military Quality Control Operations, in 
support of military procurement, which had established and 
supervised performance standards for some NDT operations 
such as magnetic-particle, penetrant, and to a degree, X-ray, 
was not planning to enlarge their program to include certification 
of other nondestructive testing operations, but rather was plan- 
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ning to place the responsibility for all operations on the con- 
tractor. This has, in fact, been done through several DOD and 
Military Specifications. They contain the wording which requires 
the contractor to assure that adequate process quality-control 
measures are established, including those for nondestructive tests 
and qualification of personnel. Hence, the Society had several 
requirements to fulfill in developing a Personnel Qualification 
Document. They are: 

a. To meet government qualification of personnel require- 
ments; b. to assure that personnel are sufficiently trained and 
experienced to perform critical inspection such as the require- 
ments of the nuclear vessel section of the ASME Code; c. to 
provide management with subjective evidence relative to ef- 
fectiveness of training and technical status of NDT employees; 
d. to provide a goal for continual study and upgrading of per- 
sonnel in NDT. 

The SNT program on personnel qualification received its 
formal start at the November, 1962 National Meeting of the 
Society for Nondestructive Testing, in New York City. At this 
meeting a panel discussion was organized by the Society’s 
Technical Council for the purpose of reviewing the subject 
of qualification of NDT operations and to examine the various 
aspects of such a program. Canada had just embarked on a 
Certification Program for Industrial Radiographers. This had 
required some 5 years of intensive effort on their part and they 
had experienced many diverse ideas of educational and experi- 
ence levels needed for levels of certification. We were fortunate 
in having as a panel discussor at the 1962 meeting, Mr. 
William Havercroft of the Canadian Department of Mines 
and Technical Surveys from Ottawa, Canada. The initial panel 
discussion at the 1962 SNT National Meeting reached four 
conclusions regarding operator qualification. These were: 

a. That an immediate need existed for a document relating 
to qualification of NDT personnel; b. that the need was recog- 
nized by industry and government activities; c. that they were 
willing to cooperate in generating such a document; d. that 
the Society for Nondestructive Testing, acting through its 
Technical Council, was the agency to proceed with this 
program. 

At this time the SNT Technical Council established a task 
force consisting of a chairman and six other members selected 
to represent a general cross-section of industrial users of NDT. 
The task force was expanded to include about 18 people of 
diverse backgrounds in industry, military and technical groups. 
All were well qualified in nondestructive testing. Two had an 
important part in the development and implementation of the 
NAVSHIPS 250-1 500 program. Represented were materials 
producers and fabricators, aerospace and nuclear groups and 
general nondestructive testing laboratories. Naturally, there 



were diverse opinions expressed as to the proper approach to 
the many facets of personnel qualification and certification. This 
task force has become a permanent division of the SNT 
Technical Council. Presently the division consists of approxi- 
mately 30 members. 

The task force proposed a four-phase program which 
included : 

a. A document defining in simple terms the recommended 
levels or qualification requirements for NDT personnel; b. 
preparation of a training course outline for each method; c. 
preparation of an examination or test system whereby appli- 
cants could demonstrate their qualifications; d. recommending 
arrangements for the administration of NDT personnel 
certification. 

A document covering the first step was prepared and 
discussed at an open membership meeting during the SNT 
Spring Convention in Los Angeles in March of 1963, and again 
in Atlantic City in June, 1963, where a published version, in 
the May-June, 1963 SNT Journal, was reviewed. Further 
revisions have been made since that time. 

Essentially, the Personnel Qualification Document estab- 
lishes three levels of qualification described as Levels I, 11, 
and 111. The scope of operation for each level as well as 
education and experience requirements are defined in the 
document. In general, an NDT Level I performs specific tests 
within an NDT method and under the direction of a Level I1 
or Level 111. A Level 11, in addition to directing the activities 
of an NDT Level I, must be able to set up and calibrate 
equipment and be familiar with equipment capabilities and 
limitations. A Level I1 must be able to apply suitable inspection 
techniques, interpret indications, and evaluate them in terms 
of applicable codes and specifications. An NDT Level I11 must 
be capable of establishing techniques, interpreting specifications 
and codes, designating the particular test method and 
techniques to be used, and interpreting test results. He must be 
capable of evaluating results in terms of existing codes or 
specifications or assist in establishing test criteria when none 
exists. Each of these three main levels may be divided into 
more specific sub-levels. 

Recommended training courses have been developed for 
each method. They list subject matter to be covered and 

Discussion 
Q. JOHN A. DUTRA, San Francisco Bay Naval Shipyard, Vallejo, 
USA. 
You indicated that the employer would assume responsibility for 
qualifying personnel at the various levels. This implies that each 
company has a qualified examiner to conduct the various examina- 
tions. What certainty do we have that the qualifier is qualified to 
examine within the guidelines set by the SNT? 

A. An employer or organization that represents their facility as quali- 
fying their NDT personnel under SNT-TC-1A must maintain a file 
with documentary evidence that reveals: SNT-TC-1 A, Paragraph 7, 
Certification; sub-paragraph 7.6 states: “When requested the em- 
ployer shall furnish a written statement verifying the qualification 
of any NDT Level I11 individual.” It further states under sub- 
paragraph 7.7, “At the option of the employer an outside agency 
may be engaged to provide Level I11 services. In such instances 
the responsibility of certification must be retained by the employer 
utilizing outside services. 

Q. R. D. BARER, Pacific Naval Laboratory, Victoria, Canada. 
The American Level I11 is an intriguing one, particularly insofar as 
the qualifications are concerned. I think certifying of this level 

recommend instruction periods in hours according to subject 
matter for Levels I and 11. A list of recommended training 
references are provided for each method. 

The third part of the program, the preparation of an  
examination or test system whereby applicants could demon- 
strate their qualification, has also been developed. The 
document describes three areas of knowledge on which 
applicants should be examined: 

1. General knowledge of the NDT method; 2. specific 
knowledge relative to the specific type of work being done; 3. 
practical knowledge through actual performance on test 
specimens. 

A grading system based on the three general test areas, giv- 
ing weighted values for each area is described; also, the recom- 
mended minimum numbers of test questions in the different 
areas is given. Sets of the test questions have been gathered 
for the five major NDT methods: penetrant, magnetic-particle, 
X-ray, ultrasonic and eddy-current and described as Levels 
I, I1 or 111. 

Part four of the program, recommending arrangements for 
the administration of NDT personnel certification, is covered 
in the document by making it the responsibility of the employer 
of the NDT inspector to establish written procedures concerning 
all phases of certification and to maintain examination records 
for NDT Levels I and 11. Level 111 may qualify by examination 
or by written verification of qualification by his employer. 

The initial publication of the Personnel Qualification Docu- 
ments consisting of Supplement “A”, Radiography; “B”, Mag- 
netic-Particle Testing; “C”, Ultrasonic Testing; “D”, Penetrant 
Testing and “E’, Eddy-Current Testing, were published in 
October, 1966. Appendices 1 and 2 for Supplements D and E, 
which are the general examination questions are not yet pub- 
lished. They should be available in late 1967. 

It may be of interest to know that to date, approximately 
1000 sets have gone out to industry, technical societies and 
private organizations. Many have been ordered by organizations 
and people in countries other than the United States. 

The Personnel Qualification Division of the Technical 
Council-SNT-will continue to review the documents and 
make such additions, deletions or changes that enhance their 
use and the effectiveness of the documents. 

could present many problems. It seems to me that most people at 
this level have grown into the responsibility over years of detailed 
and then broader experience. Would Mr. Hovland care to amplify 
what the thinking is on establishing a qualifying procedure at this 
level? 

A. The purpose of Personnel Qualification of NDT personnel is to 
provide a guide for training and examination of personnel perform- 
ing nondestructive tests so that we might have a fairly uniform 
system by which to evaluate their capability to perform tests. Under 
SNT-TC-IA the functions of a Level I11 person therefore, are 
basically administrative. The documentation by the employer of 
the Level I11 -person’s experience and education should reveal to 
third parties his capability for the job. For instance, I know many 
welding engineers who are capable of directing welding operations, 
who perhaps could not qualify to make the weld they specify. If 
the buyers’ examination of the Level 111 documentation by his 
employer fails to meet the standards of the buyer, the buyer still 
has the prerogative of making such examinations as he deems 
necessary and of accepting or rejecting the ability of the organiza- 
tion to perform the nondestructive test he requires. 
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Q. R. BEALE, DeHavilland Aircraft Co., Downsview, Canada. 
Does the panel feel that the integrity of NDT operators is affected 
by their, status within a company. For example, would unionized 
personnel have the same allegiance to their company and work as 
staff personnel? 

A. Mr. Walter Offner of San Francisco raises substantially the same 
question so I would direct this reply to both. 
Integrity cannot be written into a code or standard. However, the 
documentation of all facets of education, training examination and 
certification required by SNT-TC-1A will in my opinion reveal to 
a buyer or third party the degree of compliance with SNT-TC-1A. 
Where an organization’s inspection group is under the production 
manager’s direction, smart buyers look twice! Usually a Level I11 
person in an organization is a staff person and as such has the 
responsibility for the technical quality and confidence level of the 
nondestructive testing operation whether or not they are performed 
by union personnel. I see no connection between union affiliation 
and integrity. 

Q. WILLARD C. MINTON 
In our work with industry, we repeatedly find people in manage- 
ment and elsewhere, who expect and even demand that there be a 
“Level 0” grade for personnel. In other words, a “probe pusher”, 

“dial reader”, or “powder duster”, and that this man be certified 
in some way as “qualified”. Comments, please. 
A. The question you raise is perhaps one of the very reasons for 
development of the Personnel Qualification Document. Under this 
document the “probe pusher” or “powder duster” as you call them 
need not be qualified under any level but this person is not per- 
mitted to evaluate test results or to accept or reject material. This 
function is that of a level I1 or a level I11 person who must be 
qualified. The people you describe as Level “0” should remain at 
that level until such time by training, education and examination 
they can qualify for a grade in which industry can have confidence 
in their test operations. 
Q. W. C. BORCHELT, Procter and Gamble Co., Ivorydale, USA. 
What progress is being made towards acceptance of ultrasonic 
devices by the ASME Boiler Code Committee? 
A. I understand that the ASME Code Committee on Section 111, 
Nuclear Vessels have incorporated the requirement that personnel 
performing nondestructive tests shall be qualified in accordance with 
SNT-TC-1A. This will be in the new edition. 
I know of no instances where the ASME code gives specific approval 
to ultrasonic devices. They do, however, specify reference plates 
for ultrasonic tests and reference the procedure to ASTM E-164- 
60T or E-114-55T. 

Training and Certification of NDT Personnel in UK 

B. R. BYRNE AND L. MULLINS, UK 

Historical 

With most new industrial techniques, consideration of training 
usually arises only when such techniques have proven successful. 
Meanwhile, newcomers pick up whatever knowledge they can 
from those already practicing the techniques. Training in non- 
destructive testing in Great Britain has mainly followed this 
pattern. 

Fortunately for engineers, their earliest nondestructive test 
-oil and whitewash-was relatively simple, and easily learned. 
However, with the industrial use of radiography, dating from 
1917 and the introduction of the magnetic-particle test about 
1922, the question of specialized training soon became more 
pressing and more complex; the total number of people in- 
volved was, however, small. Even in 1939 there were fewer than 
twelve industrial radiographic installations in Great Britain and, 
with few exceptions newcomers learned the techniques only by 
working in established laboratories. 

In  1939 an urgent need arose for systematic training be- 
cause of the rapidly expanding application of nondestructive tests 
essential for the reliability of military equipment. Within a short 
period there was a heavy demand for radiographers to examine 
castings for aircraft, and welded joints in ships and other struc- 
tures. As no training facilities existed at technical colleges, a 
commercial organization (Kodak Limited) set up a two-week 
course of about 75 teaching hours on the theory and practice of 
industrial radiography. At that time, in fact, there was no other 
attempt anywhere to provide training in any branch of non- 
destructive examination. 

Even with the adoption of ultrasonic flaw detection by in- 
dustry in the early 1940s and the appearance of eddy-current 

R R. Bvme. Consultant in Nondestructive Testing, 99 Portsmouth - . - .. - . ... , 
Road, Guildford. Surrey, England. 

L. Mullins. Kodak Limited, Harrow, Middlesex, England. 
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methods and new types of liquid penetrant a year or so later, 
there was still no comprehensive training course available on 
either basic principles or applications. 

Towards the end of the decade a few technical colleges 
had planned evening courses on radiography (in 1947 the 
Northampton Polytechnic in London offered a two-year course), 
and for a few years the British Welding Research Association 
gave ultrasonics a prominent place in its Summer Schools. 
Sources such as these provided background knowledge but there 
was little chance for any student to undertake serious practical 
work. Even with the formation two years ago at the Institute of 
Welding in London of a school which specializes in applied 
nondestructive testing, the program of practical work under- 
taken is still only sufficient to give knowledgeable technicians 
some appreciation of the science (and the art), and to establish 
guidelines for its correct application. The same is true of two 
other training centres set up more recently. It is in the nature 
of the case very difficult in the time and with the funds commer- 
cially available to bring operators (still less technicians) in even 
one branch of NDT to a standard of competence, reliably certi- 
fiable by examination, which will enable piospective employers 
to regard them as fully trained. The Kodak School of Industrial 
and Engineering Radiography set up as a wartime measure is, 
however, still producing trainees whose theoretical and practical 
ability is reported on in detail, and is one of the very few places 
in which thorough practical grounding is to be had. Smaller 
schools set up by engineering concerns and by the Boards of 
some of the nationalized industries (1 ) for the benefit of their 
own employees (and those of their sub-contractors) also aim 
to produce dependable operators, though not in the field of 
radiography. The emphasis in these courses is on the practical 
aspects. 



The Need 

The type of training required depends on the responsibility and 
functions of the person concerned. The main classifications are 
as follows:- 

1. The surveyor or inspector acting for the purchaser: 2. 
The person in the producing firm who is responsible for the 
quality of the work: 3. The person in charge of the nondestruc- 
tive testing department: 4. In some instances, the senior as- 
sistants in the NDT laboratory. (These, where they exist, will be 
carrying authority delegated by the head of the department.) 
5. The less skilled personnel who are engaged full-time on some 
specific application of NDT working largely under supervision. 
A few of these may succeed in qualifying for higher posts but 
most of them will be limited to their particular job, for which 
they need careful training. 

1. The Purchaser’s Surveyor 
The surveyor or inspector will be independent of the pro- 

ducing firm. He will, in general, be extremely busy and will 
have to cover far more than the NDT aspects of the contract. 
Consequently, his knowledge of NDT will, of necessity, be 
restricted to those aspects which are relevant to his job. It is 
therefore important to give him instruction only in those parts 
of the subject which are essential to enable him to do his job 
properly. I t  is unfair, and unnecessary, to complicate his train- 
ing beyond this. Such a statement, as might be expected, needs 
qualification. For instance, it is not enough to teach an inspector 
what the radiographic images of defects look like. He must know 
how the images are formed and he must know the importance of 
variations in the technique. As a guide he should be taught the 
background of the appropriate British or other national stand- 
ards. He should certainly know enough about the subject to en- 
able him to judge an operator’s ability. Much of this background 
can be provided in the form of lectures, preferably illustrated; 
and such people are likely to gain most from the courses in 
applied NDT described below. Some supplementary coaching 
in the practical aspects will not only be of educational benefit 
but will also help to make the whole idea of further study more 
palatable. 

2 .  The Producer’s Chief Inspector 
The duties of the man responsible for the quality of work- 

manship within the producing firm will be somewhat more spe- 
cialized but he will need essentially the same kind of instruction. 
This should be supplemented by knowledge of the economics of 
NDT and of those aspects of the production cycle most favour- 
able to its application. For instance, he may be able to arrange 
for inspection to be introduced at a more appropriate stage; or 
it may be possible for him to influence design during the early 
discussions on the contract so that NDT is simplified or even 
rendered unnecessary. He should be sufficiently well acquainted 
with NDT to be able to say when a method proposed by the 
purchaser is inappropriate or misleading and therefore useless. 
The acquisition of this kind of knowledge is to some extent a 
matter of experience but is also a feature of specialized coach- 
ing (some of which will come from his NDT assistant). 

3. The Producer’s Chief NDT Technologist 
This man requires all the training he can be given, and it 

should be extended to associated subjects. However skilled in 
the art of NDT he will have very limited scope unless he is 
knowledgeable concerning the whole range of products covered 
by the producer’s activities. This may be very extensive, covering 
both metallic and nonmetallic materials in a wide range of cross- 

These groupings merit further discussion. 

sections. Again, without a solid foundation in physics and metal- 
lurgical engineering, he will be unable to talk on common ground 
with the foundryman, the welding engineer and forgemaster. In 
fact this man should be so well trained that he will inevitably 
be marked for promotion. In this way a most important aspect 
of NDT can be resolved, namely, the restricted scope and 
relatively low ceiling of the NDT technologist. Until such 
prospects of promotion, with better access to the “power struc- 
ture’’ of the organization, become the recognized way up for 
NDT personnel, as it is for others, there is bound to be diffi- 
culty in recruiting, training and retaining the best men who, let 
it be said, do have to be technical and intellectual “all-rounders” 
if the firms employing them are to get the very best out of 
NDT. 

4.  The Senior Assistants 
Naturally, the senior assistants of each division of the 

NDT department will need access to the same training facili- 
ties as their leader, since they occasionally have to assume ma- 
jor responsibilities for which they must be properly equipped, 
and are also in direct line of succession. 

5.  Rank and File Personnel 
For the less skilled personnel some form of simple, special- 

ized training should be the personal care of the head of the de- 
partment, who should do all possible to ensure that junior 
laboratory assistants and operatives are properly schooled. They 
should not be left to “pick it up” from fellow workers who, 
even when themselves technically competent in the full sense, 
are not necessarily good teachers. 

For the “older workers” (who, according to government 
surveys, comprise 50% of the labour force ( 1 ) ) special teaching 
methods, such as programmed learning, deserve to be explored. 
Many such men find useful employment as assistant inspectors 
practicing some form of NDT in large firms where their tech- 
nical attainments are of less importance than their steadiness 
and continuity of effort. 

It must of course be remembered that among junior staff 
there will be some who, with encouragement and active assist- 
ance, will in due course benefit from the more advanced training 
planned primarily for the seniors. 

The Training Facilities Available 

Some comments have already been made on this subject in the 
opening paragraphs. The purpose of the present section is to sup- 
plement the earlier remarks. 

Many technical colleges throughout the country are now 
providing short courses of, say, 10 to 12 lectures on all aspects 
of NDT, but very few have the equipment available to provide 
the necessary practical experience. Where they have, the time 
is too restricted to provide adequate practical training. Some- 
times the courses have been started because of the demand from 
local industry. Otherwise they have arisen because of the en- 
thusiasm of certain members of the college staffs, not all of whom 
had experience of NDT in industry. Fortunately some colleges 
have recruited local specialists in NDT to help in planning, and 
sometimes in running, the courses. Despite such limitations, these 
courses have made a worthwhile contribution to training and 
have in this way assisted in meeting the needs, but they are not 
the real answer to the problem. 

A praiseworthy attempt to meet the needs of one branch of 
nondestructive testing was made about 9 years ago, when the 
City and Guilds of London Institute established a syllabus for a 
course in industrial radiography, occupying a total of 700 
hours of instruction. Successful students are awarded a certificate 
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by the Institute. Unfortunately this course has not attracted 
many candidates, perhaps for reasons such as the following:- 

1) the training demands a good basic knowledge of the 
sciences; 2 )  the course extends over a period of at least 3 years; 
3) managements, in general, do not appear to have given the 
course much support; 4) local demands for training radiog- 
raphers are very quickly satisfied and economic class sizes 
become impossible. 

There have been attempts to change the syllabus to reduce 
the amount of associated knowledge necessary, but with no better 
success. Courses to the City and Guilds’ industrial radiography 
syllabus were run by only a very few technical colleges. It is 
doubtful whether such courses are now available. The Institute 
is currently considering a comprehensive 4-year course to cover 
radiographic, electrical, ultrasonic and liquid penetrant methods. 
There seems, however, to be little assurance that its reception 
will necessarily be any warmer than that accorded to the 
industrial radiography course. The same uncertainty will attach 
to any courses planned by the British National Committee for 
Nondestructive Testing, which is also actively interested. 

There is, therefore, still a need for well-run courses cover- 
ing all methods of NDT and lasting, say, at least 12 months, 
with ample facilities for practical work; and to ensure maximum 
effect the instructors should have industrial experience in the 
methods they are teaching. This need for practical know-how 
constitutes the main reason why such courses are not available. 
The provision of equipment of sufficient variety and scope to 
justify running a course is very costly. A collection of suitable 
work-pieces is also required. These are not easy to obtain. The 
cost of preparing them (sketches, radiographs, macro-etched 
sections) is high. This would of itself not prevent some colleges 
making the necessary outlay but the number of students would. 
It is impossible to say how many students would come forward 
for training each year, but it is questionable whether this would 
at first exceed 100 throughout the whole country. Consequently, 
only about 5 training centres, at the most, would be justifiable 
and, to bring in the maximum student intake, these would ob- 
viously have to be centred on industrialized areas. This would 
almost inevitably lead to the necessity for some students to stay 
at colleges too far from their homes for daily commuting. One 
can only hope that the recently introduced Industrial Training 
Act will lead to a satisfactory solution to the problem. 

Apart from the courses run by technical colleges, there are 
only three other training units in Great Britain open to all. 
These are named in chronological order of inception:- 

(a )  A four-week course (140 hours) in industrial radiog- 
raphy, run by Kodak Limited, ( 2 )  including extensive practical 
work, incorporating formal examination and assessment of the 
student. A two-week course for surveyors is also available; the 
main difference from the four-week course is that much less 
practical work is undertaken, and the emphasis in the lectures 
is upon those aspects of greatest importancc to surveyors. 

(b)  Courses, predominantly of lectures, run for surveyors 
and others by the School of Applied Nondestructive Testing, 
which is organized jointly by the Institute of Welding and the 
Nondestructive Testing Society of Great Britain. Appreciation 
courses last 5 days and study courses 8 to 10 days. 

(c) A four-week course in all NDT methods offered by 
Ilford Limited. This includes practical work but, here again, 
the brevity of the course means that it can provide only a basic 
knowledge of each method. 

The situation outlined above is likely to be perpetuated 
until industry realizes that NDT worth doing is worth doing 
well, and that it can only be done well by using properly 
trained staff. Industry, in fact, owes it to itself to encourage 
the experienced teachers already in the field by giving support 
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to the approved courses soon to be launched, and by taking a 
more constructive interest than hitherto in its intake of trainee 
personnel. 

Details of the three courses named are given in the 
Appendices. 

Qualiications in NDT 

The City and Guilds of London Institute certificate in industrial 
radiography mentioned earlier is the only academic qualification 
currently available in Great Britain in any aspect of nonde- 
structive testing. 

The Nondestructive Testing Society of Great Britain offers 
its Associateship to those accepted by its Council as having the 
necessary experience and ability. So far, this qualification has 
been granted by the Society on the basis of evidence submitted 
by the candidate and his sponsors in relation to education, ex- 
perience, ability and responsibility. For some time the Society 
has been trying to establish a qualifying examination, but this 
has met with many difficulties and no workable scheme has 
yet been found. 

In the absence of any nationally accepted qualification, 
two important inspection authorities, namely the Aeronautical 
Inspection Directorate of the Ministry of Aviation, and Lloyd’s 
Register of Shipping, have, for many years, had a system of 
approving inspectors for specific types of work coming under 
their survey. Although the principles of the two systems are very 
similar, minor differences of detail exist. Lloyd’s Register of 
Shipping, for instance, expect firms applying for approval of 
their radiographers to send them to the 4-week course described 
under (a )  above and to ensure that they take the examination 
at the end. The Register then takes into account the examina- 
tion result, the practical ability and experience of the candidate, 
and the conditions under which he will be working, which must 
also be approved. Subject to the satisfaction of the Register, 
the radiographer becomes known as an “approved radiog- 
rapher’’. This qualification is held by the radiographer only 
for so long as he remains with the firm for which he is approved 
and for so long as his work there continues to satisfy the 
Register. If the radiographer moves to another firm coming 
under Lloyd’s Register survey, the firm must apply for his 
re-approval. Generally this is straightforward, but if the Register 
considers it necessary, they can ask for the radiographer to 
take a refresher course and to sit the examination again. 

The A.I.D. system differs mainly in that the candidates 
need not take a prescribed course of training, and the 
theoretical and practical examination is organized by the A.I.D. 
on its own premises. Both organizations approve the operator 
for specified work only, e.g. pressure vessels in ferrous 
materials, welds in ships’ structures, or light alloy castings for 
aircraft. 

Selection of Personnel for Training 
Since there are no courses leading to a professional qualifica- 
tion, a firm wishing to appoint a technician or an operator 
must either attract an industrially qualified man already in 
employment or select someone for training. As the training is 
likely to be costly both in time and money it is, on the whole, 
best to choose someone already in their own employ who has the 
basic educational qualifications. Preferably he should already 
be familiar with the technical background to the firm’s activities, 
and be in turn sufficiently well-known to the management for 
practical assessment of his drive, his capacity and that elusive 
quality indispensable in NDT personnel-integrity. 

For a technician a thoroughly sound background education 
is required, covering two or more of the disciplines involved 
in nondestructive testing, e.g. mathematics, physics, metallurgy 



or electronics, plus a good knowledge of the use of the English 
language. (The art of writing a good report begins with this.) 

For an operator the chief need is for competence and 
manipulative skill in the practice of one particular branch of 
NDT. Gaps in the formal education of the trainee (he may 
have had none to speak of since leaving school) must be filled 
with appropriate coaching in elementary mathematics, includ- 
ing simple equations, simple graphs, an introduction to the 
decimal system, and to logarithms together with practice in 
the preparation of simple reports. 

Both types of trainee will require access to a selection of 
the technical books and journals which give space to the 
various aspects of NDT encountered in their industry. If they 
are sufficiently capable and enthusiastic, membership of one of 
the technical societies devoted to NDT will be open to them. 
The value of such cross-fertilization among others engaged on 
similar work is self-evident. 
Conclusions 
To those who are aware of the full scope and value of NDT 
as an aid to engineering reliability and who have its interests at 

Appendiv 

The Kodak School of Industrial and Engineering Radiog- 
raphy, Kodak Limited, Harrow, Middlesex. 

The school was established in 1942 to help meet 
the ever-increasing wartime demand for industrial radiographers. 
As the requirement was to train personnel as quickly as possible, 
a lengthy and comprehensive course covering all aspects in 
detail was out of the question. It was equally clear that in a 
short course, lasting a few weeks at the most, it would be impos- 
sible to give adequate training in the specialized aspects of the 
subject. The prime problem was therefore to decide what could 
be omitted. A survey of the knowledge actually used by the 
average industrial radiographer revealed that a sound grasp of 
certain basic aspects of the subject would suffice to enable an 
intelligent technician to undertake straightforward radiography. 

For example, some knowledge of the electrical circuits 
used was considered desirable to enable students to fully ap- 
preciate the differences in output and in operation between 
various types of X-ray equipment. I t  was not thought necessary 
that they should master such technicalities as latent-image theory, 
but it was clear that they should understand what happens dur- 
ing the processing of a film, SO that they could appreciate the 
importance of following good practice and recognize the con- 
sequences of faulty technique. 

Accordingly the syllabus and practical exercises were plan- 
ned with these basic aspects in mind. The successful results of 
such intensive training proved that these concepts were right. Ac- 
cordingly these same principles have been followed in devising 
all subsequent courses, which have been reviewed year by year 
to ensure that the training is in line with modern practice. 

Regarding the current courses, the comments apply both 
to the four-week course and the two-week course mentioned 
earlier, but it should be noted that the time for practical work is 
much less in the latter course, which is primarily intended for 
surveyors and inspectors. (The need for a surveyor to be able 
to contribute to the rational interpretation of radiographs and 
to assess the efficacy of the techniques by which they are pro- 
duced, is obviously of first importance.) 

The syllabus is arranged around the basic requirements 
mentioned earlier, with sufficient supplementary theoretical 
work to enable the trainee to develop his knowledge and skills 
further by studying text-books, and technical papers and British 
standards on industrial radiography. Training in the practical 

heart, the present state and status of training facilities are dis- 
couraging. The courses presently offered are no more than leak- 
stopping operations. No improvement can be expected until 
industry as a whole is more enlightened, more conscious of the 
value of NDT as a science as well as a craft, and more readily 
disposed to pay the right kind of salary to the right kind of man. 

Though the courses described in this paper have indeed 
been welcomed, their very success is actually regarded in some 
quarters as sufficient proof of the assertion that NDT technique 
is something that almost anybody can “pick up” and apply suc- 
cessfully with little prior training or formal education; an 
attitude which is reflected in the choice of school dropouts as 
new entrants to NDT inspectorates and in the manner of select- 
ing personnel for attendance at courses which are in fact some- 
times beyond their scope. 

There is also a general failure to realize that the future 
development of NDT, like its progress to date, can only be 
the product of cultivated minds and skills, the supply of which 
calls for organization and should no longer be left to the work- 
ings of chance. 

aspects of the subject is given in the form of exercises arranged 
to supplement the information given in the lectures. To ensure 
that the maximum value can be derived from the practical 
work, the work-pieces chosen as specimens are selected from 
welds and castings containing defects. The identification of these 
defects provides exercise in the interpretation of radiographs, 
thus effectively relating the work to the problems to be en- 
countered after training. The four-week course occupies a total 
of 140 training hours. 

A major problem in running intensive courses of this kind 
is the very varied technical background training of those 
attending the course, but small classes of twelve and a high 
staff-student ratio (1  to 4) enables additional help in the way 
of private tuition to be given where necessary. Accordingly 
the school has never found it necessary to impose any qualify- 
ing entrance examination, as employers generally select 
personnel well able to benefit from the courses. 

Students with a good knowledge of the basic sciences, with 
intermediate degree passes, and with National Certificates in 
metallurgy, engineering and allied subjects, have all done well. 
Experience has shown that those students who have studied 
mathematics, physics and chemistry for about two years or 
more at school have little or no difficulty in understanding the 
basic theory. The better the basic knowledge is in these subjects, 
the better the student gets on. 

Although students with no such basic background have 
achieved a high standard, they were exceptional. 

Experience in the routine practice of industrial radiography 
is also helpful, provided that the student is willing to reconsider 
and, if necessary, revise some of the methods he uses. 

The School of Applied Nondestructive Testing 
This is a joint venture prompted by the Institute of Welding 
and the Nondestructive Testing Society of Great Britain. Its 
courses are held at the Institute of Welding in South Kensing- 
ton, London, and its organization is similar to that of the School 
of Welding Technology (now in its tenth year), in that the 
courses are aimed primarily at lower- and middle-management 
personnel, e.g. from newly appointed inspectors or “surveyors” 
and technicians to chief inspectors, plant- or production- 
controllers and works managers. A certain proportion of NDT 
specialists and other senior personnel in industry and in the 
universities also avail themselves of the facilities. The use of 
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the word *‘applied” in the title of the school derives from the 
fact that most of the instruction given concerns the application 
of technique rather than the theory or practice of method, and 
that the lecturers (most of whom are able to give their services 
free) are all experienced men who earn their living in various 
branches of nondestructive examination and are moreover in 
the forefront of their profession. Included among them are 
specialists from Germany and Holland. 

The number of courses offered during each session 
(September to April) varies with the demand and with the 
estimated market. The full range covered to date is as 
follows:- 

5-day Appreciation Courses 
(a )  NDT methods and techniques for engineers and in- 

spectors (the basic course for which no previous knowledge 
of NDT is required); 

(b)  NDT applied to tubes and pipes (ferrous and non- 
ferrous, welded and otherwise) ; 

(c) NDT applied to plant maintenance; 
(d)  NDT of welded joints (special applications). This is 

an advanced course for NDT technicians, inspectors and 
designers. The coverage includes resistance welds, spot welds 
and nozzle welds in power generating plant. 

Study Courses 

(Engineers and Inspectors) ........................................ 8 days 
(e)  Interpretation of Radiographs (castings), 

(f)  Interpretation of Radiographs (welds), 

(g) Practical Ultrasonic Weld Inspection, Basic 
theory and practice for Inspectors (Course approved 
by Lloyd’s Register) .................................................... 10 days 

In  these study courses approximately two-thirds of the total 
teaching time is devoted to practical work. 

With one exception, the aim throughout is not to teach 
the skills required for using equipment but to impart the kind 
of information that an  engineer can use when assessing the 
quality of inspection or when taking decisions. For instance, 
the courses on radiographic interpretation include a simple 
account of the merits and demerits of various types of X- and 
gamma-ray equipment and a talk on film processing designed 
to help an inspector to recognize the difference between good 
practice and bad. Tutorial exercises in appreciation (using 
classified radiographs) are accompanied by talks on the pattern 
and scope of the inspection procedure which the inspector 
must follow in order to understand the radiographic image in 
the first place, before detailed interpretation can commence. 

An exception in regard to operative skill is seen in course 
(g), “Practical Ultrasonic Weld Inspection”. Of all the methods 
currently employed, ultrasonics is the one least understood by 
industry as a whole. This course lays down the correct guide- 
lines to newcomers by presenting echo-sounding as a precise 
discipline. One lecture period is allotted to the metallurgy of 
the plate material in which welded joints will be made, and a 
review of specifications for the ultrasonic inspection of heavy 
steel plate. 

A new lecture room has recently been designed around 
the intensive use of closed-circuit television, three television 
cameras with 23-inch monitors being used for every course to 
provide close-up views of the lecturers’ sketches, illustrations 
and practical demonstrations. The room accommodates 24 
students at a time on study courses (working in pairs with 
the necessary equipment) or twice that number on appreciation 
courses where equipm’ent is demonstrated but not (generally) 
used. 

Each course is planned afresh on the basis of past experi- 

(Engineers and Inspectors) ........................................ 8 days 
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ence supplemented by workable suggestions put forward by stu- 
dents in their critique of the previous course. 

Ilford Limited, Nondestructive Testing Centre, London 

Assessment of the needs of industry for training facilities and 
advice in the use of the different methods led this Company 
to set up the Nondestructive Testing Centre in January 1964 at 
the London headquarters of the X-ray Division, Tavistock 
House North, Tavistock Square, London, W.C. 1. 

The aim of the Centre is to equip those engaged in NDT 
with the knowledge to implement a specific technique to satisfy 
an investigation or inspection requirement, whether it be applied 
to a circumferential weld on a pipe line, fatigue crack in an air- 
craft spar, or whatever material evaluation is necessary. Con- 
centration is on the fundamentals of the NDT methods. 

An intensive four-week course covering the theory and 
practice of radiography and ultrasonics with an appreciation of 
dye and fluorescent penetrants, magnetic particle and electrical 
(eddy-current) methods, is provided. 

The program is in two sections: a) radiography; two and a 
half weeks; b) ultrasonic testing and appreciation of other meth- 
ods; one and a half weeks. 

General Training 
The course follows a logical progression, specialist lecturers of 
national repute putting across the strict sequence of essential in- 
formation so that all levels of students are accommodated. 

The syllabus constitutes a framework within which there is 
a tutorial relationship between lecturers and students. This en- 
sures that individual problems may be catered for. At no time 
during the four days’ practical radiography and the ultrasonics 
practical are students permitted to become merely observers since 
adequate equipment is available for their use. 

Acceptance of training in terms of the academic level of 
applicants was considered to be a problem but experience has 
shown this need not be so; a general engineering background 
provides a suitable foundation. The participants in the training 
benefit considerably from the cross-section of skills represented; 
metallurgists, inspectors at all levels, insurance engineer sur- 
veyors, technical assistants training as radiographers or ultra- 
sonic operators, physicists-representation is international from 
a wide industrial front. 

It is during the discussion and practical sessions that the 
inspection problems are presented for group analysis. This is 
feasible since apart from the tutorial staff many of the course 
members are experienced in NDT but are attending the course 
to revise prior to attempting approval examinations, or are 
radiographers training in ultrasonics, and vice versa. 

The practical exercises are designed to highlight the param- 
eters of control for each method. A technique sheet is com- 
piled by the students for each task to be assessed as to layout, 
reference to line diagrams or photographs, standard terminology, 
the correct use of penetrameters or references and the econom- 
ical use of resources. 

If the technique is for X or gamma radiography, particu- 
larly for ‘on site’ inspection, compliance with the code of prac- 
tice regarding protection of personnel is discussed. 

Constant observation and implementation of worthwhile 
suggestions arising from the students’ course critique ensure that 
the training does not become routine and is always abreast of 
modern practice. 
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Discussion 

Q. C. CAMPKIN, Central Electricity Generating Board, S-W 
Region, Bristol, England: 

In Great Britain changes are taking place in the field of tech- 
nical education and training. The qualification by part-time means, 
in a person’s own time, will not be adequate. The Nondestructive 
Testing Societies are working towards technical colleges and insti- 
tutes providing the education and training to syllabi established by 
societies and educationalists. 

The Society is also hoping to establish corporate membership 
of the Society as a recognized qualification. We recognize that 
examinations in technical competence are only one part. The degree 
of responsibility and personal character must also be assessed, 
which cannot always be done completely objectively. 
A. Mr. Campkin’s remarks are supplementary to the paper, but 
it remains to be seen how many technical colleges set up courses to 
the syllabus. The likely student intake will only rarely justify the 
very considerable expense of providing the essential; moreover there 
is the problem of getting staff with practical experience for day 
courses. It would be interesting to know how he proposes assessing 
the degree of responsibility and personal character. 
Q. FRED BYWATER, Ontario Hydro, Toronto, Canada: 

What measures are taken to ensure that NDT practices are kept 
up to date? Sources of research? (nationally, internationally, etc). 
Is there any pre-planning with quality control groups so that NDT 
can be placed in the production line to the best advantage in order 
to reduce or eliminate work etc. and for follow up? In other 

words, is NDT used as a preventative measure rather than a re- 
medial one? Are the results fed back to design for future refer- 
ence? 
A. (Byrne and Mullins) Mr. Bywater’s contribution raises many 
interesting questions but these are outside the scope of this paper, 
except to say that any training course should be continually brought 
up to date in line with current practice. For instance, every new 
British Standard on nondestructive testing should be brought to the 
attention of the student. 

Q. COLIN C. BATES, Corrosion & Welding Engineering Ltd., 
Redhill, England: 

Perhaps Mr. Heselwood might like to make further comment 
on the industrial training board set up in Britain, and the NDT 
training section of the same. He might make some reference on 
such courses as organized by the British Steel Castings Research 
Association. 
A. (Byrne and Mullins) Regarding Mr. Bates’ inquiry, the Indus- 
trial Training Boards are still very largely in their early stages. Two 
have already accepted an established course in industrial radiog- 
raphy run by a commercial organization, as qualifying for a sup- 
plementary grant to employers sending employees for the training. 
The Foundry Trade Training Board has set up a panel to work out 
a suitable training syllabus for nondestructive testing training in the 
industry but training to this syllabus is in its early stages and it 
would be premature to comment on how it is working out. 

Education and Qualification of Personnel in Japan 

Y. TADA, JAPAN 

Education and Training 

It is well recognized that the capabilities of nondestructive testing 
personnel are important in evaluating the results of such testings. 
Of nondestructive testing methods used in Japan, the radio- 
graphic and magnetic-particle methods have been in use for 30 
years with the later introduction of ultrasonic and penetrant 
methods for nearly 17 years. 

About 16 years ago all these testing techniques were given 
the collective name of nondestructive testing and adopted in the 
process of production in Japan. 

As these techniques were new to those who are in the 
relevant field as well as in industry, it was found necessary to 
provide the opportunity for both education and training to 
personnel engaged in such jobs. The situation of Japan in those 
days was such that there had been no agency to provide any 
education in this area, and the engineers who were responsible 
for nondestructive testing had to teach and train themselves 
with the aid of a poor collection of literature on the subject, 
most of which was obtained from abroad. 

In  1952 The Japanese Society for Nondestructive Inspection 
(NDI)  was founded for the purpose of promoting the art of 
nondestructive testing as well as cultivating and increasing non- 
destructive testing personnel. 

In response to the expectations the NDI held a lecture 
course covering the entire range of nondestructive testing tech- 
niques in 1953. Nondestructive testing covers the techniques of 
radiographic, ultrasonic, magnetic-particle, penetrant and so on, 
according to the specific method. Therefore, nondestructive 
testing personnel should be classified as respective specialists 
depending on the specific method. 

As early as 1953 the NDI offered specific lecture and 
laboratory training courses on nondestructive testing, depending 
on the methods to be applied. 

The practice has been continued to date and these NDI 
courses have given the best opportunity of education and train- 
ing to the nondestructive testing personnel in Japan. 

These NDI courses are held on the four different subjects 
of radiographic, ultrasonic, magnetic-particle, and penetrant 
methods, and strain measurement. The four different sections 
correspond to four different committees formed within the NDI. 
It is a matter of discussion whether the subject of strain measure- 
ment should be included as one of the nondestructive testing 
techniques, but in Japan, strain measurement has been accepted 
as one, in view of the fact that it is often used for testing of 
products. 

Each section holds lectures and laboratory training meetings 
for three to five days each year. Lectures are given for half the 
period and training for the rest. Lectures comprise fundamentals 
of each nondestructive testing technique and ordinarily make 
reference to the latest development in the particular technique, 
accompanied by demonstrations. This has proved useful in 
stimulating the interest of trainees, thus encouraging them to 
acquire the techniques discussed. 

It is now recognized, that nondestructive testing should not 
be limited to a single specific method but should include a 
combination of several different methods as may be needed for 
better testing. For example, conventionally, radiography was used 
exclusively for testing welded joints in a structure, but nowadays 
the ultrasonic or magnetic-particle method has been applied as 
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the need has arisen. Thus NDT personnel are required to test 
welded joints not only by the radiographic method, but also to 
evaluate them by any of the other methods that are considered 
more advisable to use. The basic need is apparently for personnel 
to find out any possible defect in the welds, and use what is the 
most suitable of the different methods, ultrasonic or magnetic- 
particle, etc. Consequently, nondestructive testing personnel are 
required to be familiar with the entire range of methods avail- 
able plus the capability for evaluating products. 

To meet the demand the NDI has offered a lecture and 
laboratory training course covering the whole scope of non- 
destructive testing techniques, attendance at which includes 
personnel of comparatively high qualifications. 

I have discussed the fact that the most effective education 
and training ever offered in Japan on nondestructive testing are 
these courses by the NDI, but some of the technical schools have 
also provided education on nondestructive testing. 

Short nondestructive testing lectures are included in the 
subjects taught in most of the technical high schools in Japan. 
The ministry of education has recommended that these schools 
be equipped with nondestructive testing facilities, out of special 
funds. 

In  the summer of each year technical high school teachers 
have been given the opportunity of attending nondestructive 
testing lectures for one week or so. 

A considerable number of university engineering depart- 
ments offer lectures on nondestructive testing as one of the 
subjects of engineering. The engineering rlcpartment of Osaka 
University has classes on the engineering of nondestructive 
testing. 

Some industries provide nondestructive testing education 
and training, which is helpful to those who cannot afford to 
attend the NDI courses or receive school education. Some of 
the nondestructive testing companies have developed training 
materials of their own and use them to educate and train their 
employees. 

In these days the regularly organized NDI lecture and lab- 
oratory training courses have been made good use of, and the 
number of training-within-industry programs has been decreased, 
although some industries provide fundamental education on non- 
destructive testing techniques. 

Certification 

Qualification by Law 
Nondestructive testing personnel dealing with radiation as in- 
volved in radiographic testing are required by law to successfully 
pass national examinations provided in accordance with the 
laws for safety and security. 
(1) The law concerning prevention from radiation hazards due 

to radioisotopes, etc., by Science and Technology Agency. 
( 2 )  Ordinance on safeguarding against radiation hazard, by 

Ministry of Labour. 
The qualifying requirements provided for by (1 ) are ap- 

plicable for nondestructive testing personnel engaged in radio- 
graphic jobs using gamma rays with radioisotopes, X-rays over 
one million volts, and neutrons. 

The qualifying requirements stipulated by ( 2 )  apply to 
radiographers for radiation whatever its energy may be. Accord- 
ingly, ordinary radiographic testing cannot be carried out by 
those not qualified for the requirements of (2).  

This ordinance was put into effect in 1965, and 7,000 per- 
sonnel have qualified. 

454 PRINCIPAL SESSION A 

It should be noted, however that these legal qualifying 
requirements are intended primarily for the safety of human 
beings and do not qualify for, nor certify to technical levels of 
radiographers. 

Certification of Nondestructive Testing Companies b y  Japanese 
Welding Engineering Society 
In Japan, inspection of welding jobs is carried out most exten- 
sively by radiographic testing. Radiographs were taken at the 
inspection sections of manufacturing companies such as ship- 
building dockyards, and fabricators of chemical plants. More 
recently, however, most of these jobs are undertaken by com- 
panies specializing in radiographic testing. This ensures applica- 
tion of more reliable and experienced techniques in radiography 
and provides economic advantages to the fabricators, who do 
not have supply test facilities or train personnel. 

It is important to note that as nondestructive testing 
specialist companies increase in number, their technical 
levels are not all equal. Some companies may operate on a 
well qualified level and some on a low one. It is expected that a 
few of the low-level companies may be seriously impairing the 
standard of nondestructive testing. This results in the need for 
checking nondestructive testing companies for their technical 
capabilities. It is rather difficult for manufacturing companies to 
do the job, so it was felt that the checking should be undertaken 
by a neutral organization. 

The Japanese Welding Engineering Society attempted to 
meet the need by forming a Radiographic Testing Committee 
(RAC) and having the committee check and qualify non- 
destructive testing companies on their technical capabilities and 
levels of radiographic testing. Nondestructive testing companies 
thus qualified are then certified by the Society. 

The requirements for qualification are that they have a 
certain standard of testing facilities and the testing personnel 
consists of more than two supervisors and more than five 
technicians. Such supervisors and technicians have to be qualified 
by examination by RAC. 

This system of certification has been in effect for two years 
and has contributed in increasing the reliability of the certified 
nondestructive testing companies. It has proved successful, but 
the certification is available only to companies, not to individuals. 

Qualification of Nondestructive Testing Personnel by NDI 
I t  is evident that the reliability of nondestructive testing is de- 
pendent on the technical capabilities of nondestructive testing 
personnel. It is therefore very important to qualify these person- 
nel on a technical level and to certify their qualifications. 

In Japan there are many specifications for various manufac- 
tured products that require nondestructive testing by qualified 
personnel, and the matter of personnel qualification is becoming 
an urgent need. 

Several years ago the NDI organized a subcommittee within 
the radiography committee, and it has been discussing the 
question of qualification of radiographic testing personnel. It 
has recently become clear that qualification should not be 
limited to radiographers, but that all nondestructive testing 
personnel should be subject to qualification. Two years ago the 
Committee for Certification of Nondestructive Testing Personnel 
was formed and has been planning a possible system for 
qualifying nondestructive testing personnel. 

The code of qualification under consideration is still at the 
drafting stage and the outline is as follows:- 

Three levels of qualification are proposed as shown in 
Table 1. 



The strain measurement technique is taken as one of the 
nondestructive testing methods for reasons already mentioned, 
although no country other than Japan has done so. 

The examining and certifying agency is the NDI. 
Comparison of the Japanese system of certification with 

those by other countries indicates that the NDI system is similar 
to the SNT specifications of the U.S.A., since both classify non- 
destructive testing personnel into three grades and give simi- 
lar classifications of nondestructive testing methods. The main 
difference is that in the U.S.A. the certifying agency is the in- 
dustry employed, and in Japan it is the NDI. 

I n  Canada, radiographic testing personnel are classified 
in two grades which correspond to the lower two grades of quali- 

Table I 

Grade Requirements 

Special 
Grade 

Personnel of this grade shall have sufficient knowledge 
and training on all of the nondestructive testing tech- 
niques. They shall be capable of planning and per- 
forming NDT tests and also of establishing evalua- 
tion criteria and making evaluations. They may be 
allowed to call themselves certified NDT inspectors. 
Personnel of this grade shall have sufficient knowledge 
and training about the nondestructive testing method 
certified (hereinafter referred to as certified NDT 
method). Thzy shall be capable of planning and 
performing NDT tests and also of calibrating equip- 
ment setup when necessary, and reading and evaluating 
results and interpreting related specifications. They shall 
also be able to establish acceptance criteria involved 
and to develop reports on NDT test results. 

1st Grade 

2nd Grade Personnel of this grade shall have general knowledge 
and training on equipment and operating procedures 
involved in the nondestructive testing method certified. 
They shall be qualified to operate equipment and per- 
form tests under the direction and guidance of 1st grade 
personnel, but not authorized to designate the particular 
testing method to be used and evaluate the results for 
acceptance. 

The seven different nondestructive testing methods in Table 2 are 
under consideration for qualifying purposes. 

Table 2 
Ordinary X-ray radiographic testing 
High-energy radiographic testing 
Ultrasonic testing 
Magnetic-particle testing 
Eddy-current testing 
Liquid penetrant testing 
Strain measurement 

Discussion 
Q. A. C. WALKER, National Research Council of Canada, 
Ottawa, Canada: 

I would like to know what kind of specimens are used for 
training personnel? Are they actual, defective parts and, if so, do 
you have some system for collecting such parts from industry? 
A. We use weld and casting specimens for training personnel. 
It is difficult, however, to get a number of specimens with all pat- 
terns of defects, and a limited number of typical defective part 
specimens are employed. These defective parts are produced spe- 
cially for the specimen purposes. We do not collect actual defective 
parts from industry since this practice has proved to be unsuitable 
in our past experience, which showed that though a large number 
of actual defective parts were collected from industry, they unfortu- 

fication in Japan, and the Canadian system of examination is 
similar to the Japanese one since it is administered by the gov- 
ernment. 

In  my personal opinion, it is fair and just if a neutral agency 
can provide coordinated qualifying examinations for nondestruc- 
tive testing personnel, and thus help to level out the tech- 
nical skills of all qualified personnel. 

To conduct such an examination, all the subjects of study 
necessary for the applicant to be familiar with would have to be 
presented to him. It  would also be necessary to present typical 
examination problems. For this purpose we are preparing text- 
books, the contents of which will include those of Supplements 
of Recommended Practice No. SNT-TC-1 A accompanied by 
further technical details or explanations. We propose that the 
textbook will contain a full range of well-rounded information 
for the nondestructive testing candidate to master. 

We are of the opinion that any nondestructive testing opera- 
tor should not only know how to operate devices and equipment, 
but also should have full background knowledge of the tests. 
Our NDI certification system will be made effective this year or 
next. 
Suggestion for Establishing an International Certification of 
Nondestructive Testing Personnel 
The U.S.A. and Japan have adopted the same system of classi- 
fication for nondestructive testing personnel level, namely 3 
classes. Although the Canadian system is applicable only to 
radiographic testing personnel, the two classes correspond to the 
two lower classes of the U.S.A. and Japan. There appears to be 
no radical difference in the qualifying requirements specified 
by the three countries. 

Therefore I think there is a strong possibility of establish- 
ing an international system by which all nondestructive testing 
personnel can be qualified and certified on the same basis. To 
do this, it would be necessary for each country’s specifications 
for qualification and certification to be similar. Further it would 
be necessary for each country to make exchange information 
available on personnel certification systems quickly, and to 
establish its own standards from an international point of view. 
Such efforts would result in minimizing the differences in 
qualifying requirements or standards established by each 
country, and eliminate any obstacles to the future establishment 
of an international agency for nondestructive testing qualifica- 
tion and certification. 

The exchange of industrial products in the world increases 
each day, and nothing but inconvenience will result if methods, 
standards and requirements for qualification continue to be dif- 
ferent from country to country. 

I believe that the time has come for the International Con- 
ference on Nondestructive Testing to move ahead for interna- 
tional cooperation and make a decision to do something in sup- 
port of such an idea. 

nately did not include those with required patterns of defects. 
Furthermore, we are of the opinion that a great variety of defective 
part specimens are not always necessary for the purpose of training 
personnel on testing techniques, and such personnel will be able to 
obtain enough knowledge of defect images with the aid of radio- 
graphs or indicative photos of many different defect patterns. 

Such references available include reference radiographs of IIW 
and ASTM as well as the collection of standard radiographs for 
radiographic tests and reference atlas for ultrasonic testing issued by 
the Japanese Society for Non-Destructive lnspection(ND1). 

The standard NDI radiographs consist of a number of radio- 
graphs on defects as classified according to the Japanese Industrial 
Standard. The standard is under revision and re-edition of the NDI 
radiographs is expected to be made to the JIS as revised. 
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Certification of Radiographic Personnel 

W. E. HAVERCROFT, CANADA 

Introduction 

Potential hazards both in the use of penetrating radiations and 
in the interpretation of their results when applied to the 
inspection of critical safety items, make some form of control 
over their use mandatory. There have been many illustrations 
of injury and loss of life due to exposure to harmful radiation 
and to improper quality control of critical components. The 
rapidly expanding science of nondestructive testing demands 
that skilled personnel be available to avoid these hazards and 
to prevent the great waste of manpower and materials which 
are a result of improper practice. 

One of the first problems of this nature in Canada was 
concerned with obtaining skilled personnel to carry out aircraft 
radiography. The Royal Canadian Air Force established its own 
procedures for approval of personnel with the help of the Mines 
Branch in Ottawa and this eventually became the basis of the 
present C.G.S.B. Standard for the Certification of Industrial 
Radiographic Personnel. 

It is the purpose of this report to discuss the preparation 
of the Canadian Government Specifications Board Standard 
48-GP-4, the standard itself, the present status of the certifica- 
tion program and some problems which should be consid- 
ered in regard to the training and qualification of all NDT 
personnel. 

History 

The Canadian Government Specifications Board (CGSB) is a 
federal government body charged with the responsibility of 
preparing specifications and standards at the request of govern- 
ment agencies. The Board proper is made up of the deputy 
heads of government departments and agencies and operates 
through technical committees in the various commodity fields 
for which specification work is undertaken. Membership on 
these committees is held by representation of the interested 
government agencies and of the main elements of the industry 
concerned. 

The need for standardization resulted in the formation of 
a committee on nondestructive testing with a sub-committee on 
industrial radiography. The sub-committee recognized the fact 
that qualified personnel were needed if full benefit was to be 
derived from any specification it might issue. It was decided 
that the group should look into the desirability of certifying 
industrial radiographers and, if necessary, prepare a document 
outlining the certification procedure. 

This group was established in 1956 and in 1960 agreement 
was reached on the many problems involved. A standard 
designated 48-GP-4 “The Certification of Industrial Radio- 
graphic Personnel” was then issued. 

CGSB Standard 48-GP-4 

This standard establishes two levels of certification. A Junior 
Industrial Radiographer is defined as one who carries out 
industrial radiography under supervision and is not responsible 
for establishing techniques or for the assessment of radiographs. 
A Senior Industrial Radiographer, on the other hand, is a fully 
qualified man who can assume full responsibility for a radio- 
graphic laboratory and staff. 

It was necessary to set up standards of eligibility for 
applicants without penalizing those with years of experience, 
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in Canada 

but who lacked a basic education. The education and experi- 
ence requirements set forth in the standard for Junior Grade 
certification can be briefly stated as follows: 

1. Grade 12 education or equivalent-one year of 

2. Elementary School-two years experience. 
3. A minimum of five years experience in radiography 

and related fields for those who did not complete 
their elementary education. 

Eligibility requirements for Senior Grade candidates 

1. Three years experience as a certified Junior Grade 
industrial radiographer. 

2. Six years experience of which three years must involve 
duties comparable to those expected of a Senior Grade 
radiographer. 

3. Grade 12 education or equivalent-two years experi- 
ence as a certified Junior Grade industrial radiographer. 

4. University graduation or equivalent in science or 
engineering plus one year of experience as a certified 
Junior Grade industrial radiographer. 

A candidate must be able to satisfy at least one of the 
conditions stated above in the level of certification he requests. 

The standard 48-GP-4 also outlines the type of written 
and practical tests to be carried out by the examining authority, 
the percentage of marks to be obtained and states that a 
radiographer must be recertified if he is not employed for a 
continuous period of one year in the work for which he is 
certified. 

experience in industrial radiography. 

follow a similar pattern. 

Application of the Standard 

The Mines Branch of the Dept. of Energy, Mines and Resources 
agreed to act as the Examining Authority for the CGSB. It 
agreed to prepare the written and practical tests, conduct the 
tests, assess the results, and issue a certificate to successful 
candidates. 

The Radiation Protection Division of the Dept. of National 
Health and Welfare are also represented on the Certification 
Committee. The Division’s interest in the program made the 
committee members aware of the radiation hazard involved 
and of their responsibility to include radiation safety in the 
qualifying tests. The dangers involved in the handling of radio- 
active materials by inexperienced personnel stress the need for 
the standard. 

It wits decided that questions on radiation safety would 
be a part of the examination and that a passing grade on this 
subject would be required before certification was granted. 
Subsequently, the Radiation Protection Division agreed to 
prepare the test papers dealing with radiation safety and to 
assess the results. 

Applicants for Junior Grade certification are required to 
write three papers. The first deals with questions on the general 
knowledge of industrial radiography, the second with darkroom 
processing procedures, a prime responsibility of the Junior 
Grade radiographer, and the third with the problems of radia- 
tion safety. The time required for the three papers is usually 
one day. 



The Senior Grade applicant, as noted earlier, must pass 
both a written and a practical test. He is required to write a 
paper on general radiography to assess his knowledge of the 
theoretical aspects of the subject, a paper concerned with 
radiation safety and another concerned with each category in 
which he seeks certification. 

He may be certified in the following categories: 
( a )  Light Alloy Castings and Forgings; (b) Welds and 

Weldments; (c )  Heavy Metal Castings and Forgings; (d)  
Aircraft Structures. 

To date certification has not been granted in the Aircraft 
Structures category. This will begin as soon as the method of 
conducting the practical tests has been completed. These tests 
will be conducted at the National Defence (Air Force) non- 
destructive testing laboratories at Trenton, Ontario. Complete 
aircraft and aircraft components from both military and civil 
aircraft will be available on which applicants may carry out 
designated radiographic tests. 

The Mines Branch will continue to act as the Examining 
Authority and conduct the remainder of the examinations. 

It is hoped this cooperative effort will provide a sound 
method of assessing a radiographer’s ability to do a proper job 
in the rapidly expanding field of aircraft radiography. 

Present Status of the Program 

The written portion of both the Junior and Senior tests are car- 
ried out in many centres across Canada. They may be given in 
any area where an invigilator can be found to conduct them. 
Most of the practical tests have been given in Ottawa, although 
the Pacific Naval Laboratories at Esquimalt, B.C., and the North- 
ern Alberta Institute of Technology in Edmonton, Alta. are 
conducting both written and practical tests for applicants in 
western Canada. 

Since Canada is a bilingual country certification tests are 
arranged to be given in English or French at the option of the 
applicant. 

To date there are approximately 400 certified Junior Grade 
industrial radiographers in Canada and approximately 165 cer- 
tified Senior Grade radiographers. 

Although the program is relatively new it has been readily 
accepted by both industry and government in Canada. The 
RCAF abandoned its certification procedure in favour of this 
new national standard. The Atomic Energy Control Board saw 
in it a means of safeguarding industrial workers and announced 
that as of January lst, 1966, all industrial radiographers using 
radioisotopes are required to be certified as Senior Grade Indus- 
trial Radiographers. 

The certification program has been in effect for only a few 
years; however, the sub-committee has become aware of certain 
basic facts. 

(a) A good elementary education is essential if a candidate 
is to successfully complete the written examinations; (b) Before 
certification is granted in any of the nondestructive testing meth- 

Discussion 

Q. F. H. GOTTFELD, F. H. Gottfeld GmbH, Koeln-Lindenthal, 
Germany. 

What can be done to change the attitude of the clients? They 
ought to ask for the quality of the tests and their limitations first, 
and for the costs afterwards? 
A. We must show them that savings and quality go hand in hand, 
and are not in opposition as many believe. We must impress them 
with potential financial losses due to this attitude even though it is 

ods a candidate must have some experience in the particular test 
method. (c) A system of control must be established whereby 
the certifying body is kept informed of personnel who may be 
removed for extended periods from the work for which they 
are certified. The certifying body must decide when recertifica- 
tion is necessary. (d) There is a great need for courses of in- 
struction, lectures and practical training in industrial radiography 
or any of the nondestructive test methods. 

In order to encourage instruction in industrial radiography 
the sub-committee is preparing an instruction manual which may 
be used by schools or other organizations wishing to establish 
lecture courses on this subject. It will also serve as a reference 
book for use by personnel preparing for the certification exami- 
nations. 

Considerations 

A number of countries have similar training and qualification 
programs in one or more of the nondestructive testing methods. 
Although there is much to be done at the national level it is 
possible that some thought and effort at the international level 
may appreciably reduce the problems to be encountered. 

Let us consider some possible advantages of a qualification 
and certification system acceptable in whole or in part by two 
or more countries. 

(a) Duplication of training of personnel could be reduced; 
(b) A country would be more willing to accept materials or prod- 
ucts from another knowing that nondestructive tests had been 
made with qualified personnel; (c) Delays in the fulfillment of 
contracts due to the “checking out’’ of personnel may be avoided. 
In times of emergency this could be important. 

Many problems would have to be resolved before such an 
agreement could be reached; however, there are some funda- 
mental problems which could be considered at this time. 

(a) Agreement upon terminology and definitions commonly 
used in nondestructive testing; (b) The adoption of an interna- 
tional classification system of NDT personnel based upon duties. 
This would allow an exchange of information on personnel quali- 
fications to have meaning; (c) Agreement upon the levels of 
knowledge and experience necessary to carry out the duties 
within each classification; (d) The preparation of “a course of 
instruction outline” for each classification. This could be used 
as a foundation upon which national instruction courses could 
be based. 

One object of the Standing Committee for International 
Cooperation within the field of Non-Destructive Testing is to 
promote collaboration, in association with national organiza- 
tions on nondestructive testing, in the formulation of interna- 
tional standards. Perhaps these national organizations who are 
represented by members of the Standing Committee should be 
encouraged to work together on the above problems. 

An organized exchange of information dealing exclusively 
with the training, qualification and certification of nondestruc- 
tive testing personnel is worthy of consideration. 

difficult to attach actual cost figures to such losses. 
Q. JACQUES MENETRIER, Appareils Gamma Siar, Paris, 
France: 

Regarding international coordination for the problems of forma- 
tion and qualification of NDT personnel, which organization could 
become the centre for this international coordination? 

An international centre is absolutely necessary to coordinate 
and sometimes encourage the initiatives dealing with projects and 
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specifications of national organizations or interested firms if a country 
does not have a national organization. 
A. If countries attempted to follow a procedure prepared by an 
international group such as the International Committee on Non- 
destructive Testing, no doubt less conflict would occur in the accep- 
tance of codes, specifications, test procedures etc. between nations. 
I believe the International Committee on Nondestructive Testing 
could prepare such a procedure. Naturally each country would con- 
duct its own programs in training and qualification of personnel, 
very likely within the main NDT group in that country. In a coun- 
try where no such group exists then one should be formed, even 
though it may be very small. 

Q. WALTER A. PYCHYL, The Steel Co. of Canada Ltd., Welland, 
Canada: 

Do I understand that only the use of isotope now require certi- 
fications at this time? When will the use of X-ray equipment 
require certification (mandatory) and at what level of certification? 
Would you expect that operator certification would be mandatory on 
an operation using X-rays where there would be little change, if 
any, in techniques, operating practices or product, from year to 
year? 
A. Your question appears to be in three parts. For the first, certi- 
fication to the CGSB standard is not mandatory in itself. The 
Atomic Energy Control Board, however, requires that personnel 
using radio-isotopes for industrial radiography be certified or super- 
vised by certified personnel. There is no such requirement for 
radiography using X-rays. 

X-ray safety committees advocate similar requirements, how- 
ever, it is not possible to say when this may come about or the 
level of certification that may be required. 

For the last part of your query, may I say that mandatory 
requirements in radiography have been based solely on radiation 
hazards. Therefore changes in technique, operating hazards, etc. 
may have no bearing on where operator certification is mandatory 
or not. 

Q. G. F. HOGERVORST, Toronto Iron Works Ltd., Toronto, 
Canada: 

Will there be a certification process for purchaser’s inspectors 
in the pressure vessel field? Quite a few of this category have come 
through the ranks, having perhaps worked as layout men or welding 
supervisors or fit-up foremen etc., thereby acquiring a lot of knowl- 
edge on the general process and procedure of fabrication, but 
hardly any in the nondestructive testing aspect of it. These people 
do sometimes become acceptance inspectors for the purchasers, and 
at times it does create a problem, though in most cases a minor 
one. 

A. This problem has been discussed by the NDT committees of 
the CGSB; however, no action has been taken. I believe the Cana- 
dian Welding Bureau is concerned with the qualifications of inspec- 
tors and supervisory personnel, and this may include the pressure 
vessel field. 

Q. JACK MCKINNON, Warnock-Hersey Co. Ltd., Halifax, 
Canada: 

What steps are being taken on the certification of ultrasonic 
technology? 

A. The CGSB has a group working on the certification of ultra- 
sonic testing of personnel. The main difficulties are in the establish- 
ment of suitable test procedures and in finding an organization 
capable and willing to conduct the certification program. 

Q. PIERRE RUAULT, Gaz de France, France: 
The quality of the result of a radiographic inspection depends 

on three broad areas: 
1 .  The technique used; 2. the competence of the operator, but 

also his physiological abilities, particularly for certain types of in- 
spection (sharpness of vision, appreciation of contrasts ) 3. the 
quality of the reading (sharp and clear, etc. . .). What do the 
authors think of the relationship between these various factors? 

A. (Mullins and Byrne) Mr. Ruault’s summary of the important 
factors is unquestionable. However capable the operator, he must 
be given the proper facilities to do his job efficiently. This is an 
aspect which is too often ignored by employers. 

A. (Tada) It is true that the results of radiographic examination 
are dependent on the parameters that Mr. Ruault points out. There- 
fore we are trying to limit radiographic techniques to standardized 
specifications. 

However, it is apparent that specifications can be no more than 
what they are, and each person who makes tests is required to have 
full knowledge about these parameters to enable him to adjust his 
environment or conditions to the best advantage. Our lectures and 
training programs reflect these points, especially for the radio- 
graphic inspector. 

A. (Havercroft) Candidates applying for certification tests differ 
widely in the degree of tension or nervousness experienced prior to 
the tests. Some appear extremely tense. We allow them to do some 
of the practical tests first. In becoming acquainted with the sur- 
roundings and equipment the tension gradually disappears. It is 
essential that the supervisors maintain a friendly attitude and the 
ability to put the candidate at ease. Of course, pleasant surround- 
ings and working conditions help in this regard. 
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Principal Session B/ Correlation of Weld Defects 

How Dangerous Are Weld Defects? 

R. WECK, U.K. 

What Has Experience to Teach Us? 

The pressure vessel shown in Figure 1 is a liquefier of 650-gallon 
capacity built in 1937, which formed part of a refrigeration 
plant. It was constructed in accordance with the B.E.S.A. stand- 
ard then in use for a working pressure of 220 lb sq in. at a 
service temperature of -35°C. It had not been stress relieved 
after fabrication but had been hydraulically tested to 375 lb sq 
in. before commissioning. It was in use for a period of 17 years, 
from 1937 until 1954, and was then put into storage until 1961 

Figure 1. General view of COn liquifier and header, showing longitudinal weld 
and lacing straps. 

when it was intended to be recommissioned as a storage vessel 
for COP. At that time it was inspected by an insurance company 
when it was discovered that there was practically continuous 
lack of fusion throughout the length of the longitudinal butt 
weld, and recommissioning was abandoned. The longitudinal as 
well as the circumferential welds were “reinforced” by butt 
straps, symptomatic of the lack of faith in welding and in 
particular the lack of confidence in the reliability of butt welds 
30 years ago. On the face of it, the continuous lack of fusion 
seems a very good reason for anxiety and the butt straps. The 
idea of “reinforcing” a suspect butt weld by butt straps looks 
terribly naive to us today when .we know that butt straps if 
anything make matters worse by producing stress concentrations 
rather than reductions in stress, and when we know how easily 
a brittle fracture, if it ever started in the butt weld, would pass 
through the straps. 

However, despite severe defects and despite the butt straps, 
the vessel gave satisfactory service over many years and would 
have continued to do so. It would have been almost worthwhile 
preserving it as a museum piece if it had not been put to even 
better use by testing it to destruction to find out how serious the 
weakening effect of the defects was. 
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A decision, of course, had to be made on the t e s h g  tem- 
perature since no information was available on the low tem- 
perature notch toughness of the material-in 1937 the signif- 
icance of this property in relation to brittle fracture was not 
appreciated-it was assumed that for the mild steel from which 
the vessel was constructed and which was nowhere less than 
0.48 in. thick, it would be about -5°C for 15 ft/lb Charpy 
V-notch. It was expected that failure would take place through 
the longitudinal butt welds. 

It was calculated that at 900 lb sq in. pressure the circum- 
ferential membrane stress would reach the yield point of the 
material. The vessel was cooled to -8°C and it failed at a 
pressure of 500 lb sq in., Le. at more than twice the working 
pressure. The failure, of course, was, as expected, by brittle 
fracture, which originated from a severe defect at the intersection 
of two welds shown in Figures 2 and 3. However, the crack 
only ran for a distance of about 8 in. when it was arrested, and 
the surface of the flaw was heat tinted indicating that it had been 
present ever since the vessel had been made and had been there 
throughout its service life. The flaw was situated in an area of 
stress concentration and the average stress in this area due to 
the change in shape was raised to at least yield level at working 
pressure. 

The opportunity of testing a structure to destruction after 
it had been in service over a long period does not occur very 
often, but there can be no doubt that there are many structures 
still in service today which were constructed at a time when 
neither welding nor methods of nondestructible examination had 
been developed and which are continuing to give perfectly 
satisfactory service despite the fact that, like the present example, 
they are afflicted with quite serious defects. 

Of course, when brittle service failures are experienced, 
the origin in practically every case reported and documented 
in the literature is associated with some kind of flaw and yet 
the number of structures that have failed is very small indeed 
in comparison with the number of defective structures which 
must be assumed to be in service today. 

The explanation for this, of course, is quite simple-it takes 
more than the presence of a defect to cause brittle fracture. 
Residual stresses and in particular the changes in mechanical 
properties at the tip of a sharp planar defect due to the heating 
and deformation caused by welding are now known to be as 
important as is the third factor: the notch ductility of the 
material at the lowest service temperature to be .experienced. 
The ancient liquefier tested has obviously been saved from 
failure in service by the hydrostatic test at a pressure of 375 Ib sq 
in. carried out at a temperature above the transition temperature 
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Figure 2. Close-up of short crack in vessel, 

of the material, since had it been carried out below the transition 
temperature the vessel would undoubtedly not have been com- 
missioned because it would have failed during the hydraulic 
test. The effect of prior overstrain above the transition tempera- 
ture, provided it does not extend an existing flaw, is now known 
to render defects innocuous in relation to brittle fracture at 
temperatures below the transition temperature. 

The only rational conclusion one may come to from this 
particular experiment is that even very severe weld defects of a 
character that would rarely occur-and if they did occur would 
not be tolerated today in any type of construction whose failure 
would present a risk to life or property-are not nearly as 
dangerous as the excessively severe inspection criteria almost 
universally in force today might lead one to expect. If it is 
remembered that for a very long time structures perforated 
with vast numbers of rivet holes have given perfectly satisfactory 
service, it seems absurd that today the fabricator is compelled to 
eliminate from welds in Class I pressure vessels and other im- 
portant structures almost every trace of scattered porosity. 

Figure 3. Close-up of flaw at point of initiation of fracture. 

Codes for Weld Quality 

In most countries the construction of welded structures of any 
importance is supervised and controlled by an inspection 
authority and in the last resort approval depends on the judg- 
ment of this authority. There are few other fields in industrial 
technology that offer so much scope for conflict and controversy 

and everybody in touch with industrial practice knows a good 
many cases where the fabricator considers the judgment of the 
inspection authority to be arbitrary and too severe. This is, of 
course, almost inevitable in a field where it is impossible to lay 
down standards in numerical terms. Practically every other re- 
quirement in  construction-the properties of the material, the 
dimensions of the structure and its form+an be defined in nu- 
merical terms and while it has become increasingly obvious that 
some of these requirements are not very logical, there can at 
least be no argument about them. In  relation to defects in 
welds the situation is different. Although attempts have been 
made-the A.S.M.E. Code being one example-to lay down 
acceptance criteria for defects, these attempts have not been 
very successful. To eliminate the element of arbitrary judgment, 
there is a persistent clamour on the part of the fabricator to have 
the standards of performance to which he is expected to work, 
codified. 

Considering the scarcity of empirical and experimental 
data at this time any attempt to create and enforce rigid manda- 
tory standards of acceptance will only make matters worse in 
the long run. The problem is complex and with the information 
so far available it is quite impossible to draw up a code that 
would take account of all the circumstances that must be con- 
sidered in any judicious assessment of a defect in relation to the 
risk it may present for the satisfactory performance of a struc- 
ture. Our factual knowledge in this field is continuously increas- 
ing-and could increase faster if a concerted international pro- 
gram was undertaken. A code introduced now would in large 
part have to be based on pure guesswork. Once a code becomes 
established, however, it takes many years to change it. It seems 
preferable to maintain the present flexible situation, however 
irritating it may be from time to time, rather than to freeze, as 
it were, requirements with a rigid code which it would take many 
years to change. 

Defects and Failure 

Defects are only relevant in relation to the possibility of initiating 
or facilitating structural failure. This can take place only in one 
of six ways: 

1. Ductile failure as a result of overload which will produce 
excessive deformation prior to rupture; 2.  Elastic or plastic in- 
stability; 3. Creep; 4. Corrosion and stress corrosion; 5. Brittle 
fracture; 6. Fatigue. 

In  relation to failure, defects have three effects: (a) They 
reduce a cross-section of area and augment the average stress; 
(b) As discontinuities they produce stress concentrations; (c) De- 
fects, where they are in contact with the corrosive medium, may 
not offer the same resistance to corrosion as the metal. 

The diminution of cross-sectional area in most cases is rela- 
tively small and the modest increase in average stress as a con- 
sequence of this reduction is irrelevant in relation to any pos- 
sible modes of failure because even with design stress at a higher 
level in relation to yield point or proof stress than is customary 
today, there would always be an ample margin to cover the rela- 
tively modest stress increase involved. In cases, however, such 
as in certain aluminium alloys where the strength of the weld 
metal may not match the strength of the parent metal, and where 
the static tensile strength of the joint is further diminished by the 
presence of defects in the weld, design stress should in any case 
be based on joint strength and not on parent metal strength so 
that even a defective weld would not be unduly overstressed. 

As far as the risk of failure by corrosion is concerned, de- 
fects, entirely surrounded by solid metal which do not penetrate 
to the surface in contact with the corrosive medium are without 
significance. Lack of fusion or the presence of slag inclusions 
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in the root pass in contact with the corrosive medium may lead 
to corrosive attack but so, of course, may the presence of ferrite 
in stainless steel welds which would not normally be classed as 
defects. Where protection from corrosive action depends on the 
maintenance of a continuous oxide film, corrosion may take 
place in crevices or cracks in a material normally resistant simply 
because at the bottom of a crack or a crevice, lack of oxygen 
may prevent the renewal of the protective film. 

Effect of Stress Concentrations Caused by Defects 

The most important aspect of the problem, however, arises 
solely from the fact that stress concentrations are discontinuities 
and discontinuities of any kind always produce stress concentra- 
tions. Stress concentrations, however, are known to be relevant 
only in relation to the possibility of failure from brittle fracture 
and failure by fatigue. 

There is very little information at present on the effect of 
defects, or for that matter stress concentrations, on the possi- 
bility of creep rupture failure. No experimental work at all 
has been carried out in this field. To do so would clearly be a 
very costly and lengthy undertaking which could only be 
accomplished by effective international cooperation. However, 
there is also little evidence that creep failures in service have 
been found to be associated with weld defects. This perhaps 
is the reason why the problem-if it is a problem-has not 
received attention. 

Before considering fatigue and brittle fracture, brief refer- 
ence must also be made to impact loading. The rates of loading 
normally occurring in engineering even if they may be fairly 
fast, such as water hammer in a pen-stock, do not introduce 
aspects essentially different from the problem of failure under 
purely static loading. Ductile failure, failure from instability 
or brittle fracture can, of course, be caused by impact loading 
as readily as by static loading. At very high rates of loading, 
produced by explosives which would not normally have to be 
considered by the engineer except in as far as he may be con- 
cerned with military constructions such as submarines, the 
behaviour of the material itself changes, and it is known that 
even very ductile materials will shatter into fragments without 
prior plastic deformation when subjected to shock from 
explosives of the highest velocity. Normally, however, if the 
engineer is concerned .with impact loading conditions at all he 
will have to consider quite modest loading speeds compared 
with those resulting from explosives. There is undoubtedly an 
influence of straining speed on the transition temperature from 
ductile to brittle fracture in steel, but if this is taken into 
account the criteria for accepting defects in structures exposed 
to impact need not differ from those where only static loading 
has to be taken into account. Provided that under the rates 
of loading in question the material can still be relied upon to 
behave in a ductile manner, even severe defects will have little 
effect on the over-all strength and performance of the structure. 

Brittle Fracture 

It is in relation to the risk from brittle fracture that defects 
really become important. No case of brittle fracture in a 
welded structure has ever occurred .that did not initiate from 
a weld defect. 

Having said this it is important to emphasize that we need 
concern ourselves only with low-stress brittle fracture, that is, 
the risk of failure by brittle fracture at stresses lower than the 
design stress, since yield-point fracture will never occur in 
practice. Stresses producing a state of general yield over a very 
large area of the structure will not normally occur unless a 
very serious mistake in design calculations has been made. 
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The distinction between yield-point fracture and low-stress 
fracture is important in relation to the role of defects. Yield- 
point brittle fracture could initiate from a defect of sufficient 
size provided the material was at a temperature well below its 
Charpy V-notch transition temperature, whereas low-stress 
brittle fracture requires in addition the presence of very high 
residual tensile stresses in the region of the defect. It follows 
that even fairly large crack-like defects perhaps equal in length 
to the plate thickness could be tolerated in a structure that 
has been stress relieved and that was not subjected to fatigue 
even if service temperature of the structure was below its 
transition temperature. To put it in another way; since for low- 
stress brittle fracture to occur there must be: (a)  A crack-like 
defect (ordinary porosity not extended by cracking would not 
constitute a risk); (b)  High residual tensile stresses in the 
region of the crack; (c)  A service temperature well below the 
Charpy V-no:ch transition temperature. 

The elimination of any one of these three factors would 
eliminate the risk of brittle fracture. That is to say, at a service 
(or test) temperature above the transition temperature even 
large crack-like defects (provided fatigue is absent) can be 
tolerated and stress relieving is unnecessary. In  a stress-relieved 
structure, defects can be tolerated even if the material is brittle, 
and if serious crack-like defects are eliminated, stress 
relieving is unnecessary even if  the material is brittle. One may 
go further still and say that stress relieving can be omitted even 
in the presence of fairly large crack-like defects (not exceeding 
plate thickness in length), even in material that is brittle at 
the lowest temperature reached by the structure, provided that 
( a )  the s:ructure has been subjected to an overload test at a 
temperature well above the Charpy V-notch transition tempera- 
ture before being put into service, and ( b )  that, at temperatures 
below the transition temperatures, applied stresses are lower 
than those experienced in the overload test. 

Experience has shown that only elongated crack-like defects 
present any real danger in relation to the initiation of brittle 
fracture. This is because only such defects produce strain 
concentrations of sufficient magnitude at their pointed ends 
under normal service loading to make brittle fracture initiation 
possible. 

Fatigue 
Fatigue failure is probably the most common type of failure 
in welded construction, but only a relatively small number of all 
such failures experienced are the direct result of the type of 
weld defect-porosity, blow holes, slag inclusion, lack of fusion, 
e:c.-that occurs accidentally and gives rise to the usual 
arguments between inspectors and contractors. Deliberate 
defects, such as one that occurs when either no weld prepara- 
tion for a butt weld is shown on a drawing, or a preparation 

Figure 4. Incomplete penetration butt weld. Many fatigue failures and brittle 
fractures have been initiated by this deliberate defect designed into the structure. 
Such welds should never be permitted. 



which will permit welding only about halfway through the 
plate thickness, (Figure 4) are known to have caused fatigue 
failures in service. 

The reason, of course. is obvious. In  such a weld, which 
hardly deserves the name, the abutting surfaces of the unwelded 
part of the plate constitute an exceedingly sharp and deep 
fissure which under cyclic stressing of even quite low magnitude 
will propagate almost from the start and penetrate very rapidly 
through the weld. The incomplete penetration butt weld should 
be prohibited for all but non-load carrying structures. It is as 
dangerous in respect of brittle fracture as it is in respect of 
fatigue. 

Newman ( 1 )  showed that i f  this type of defect is present in 
circumferential butt welds of B.S. 806: Class B mild steel pipe 
of 63 in. 0.d. and 2 in. wall thickness i t  would reduce the fatigue 
strength in reversed bending for 2 x 10" cycles to & 1 t tons/in.' 
which is only between 15% of the fatigue strength for unwelded 
pipe (i 72 tondin.' to +- 11 tondin.'; mean S i  t o d i n . ' )  and 
35% of the fatigue strength of sound butt welds (% 3: tons/ 
in.'). 

Most fatigue failures experienced in practice, with the 
exception of those due to this particular defect, stem from bad 
design of detail and this is one of the consequences of our using 
completely outdated methods of design. The fatigue resistance of 
a structure is determined by the magnitude of the stress at points 
of stress concentrations. Generally, in ordinary conventional 
design methods, we calculate only average stresses but ignore 
the stress concentrations due to such things as abrupt changes in 
section, sharp corners, attachments and other discontinuities. In a 
riveted girder, for instance, we calculate the maximum banding 
stress-making allowance for the loss of cross-sectional area due 
to rivet holes-but we ignore the fact that the actual maximum 
Stress in the cross-section where the maximum bending move- 
ment occurs will be nearly trebled at the edge of each rivet hole. 
From experience we know, however, that using conventional 
methods of design and permissible stresses it is quite safe to 
ignore this local stress increase and that riveted girders with 
certain notable exceptions (such as the stiffening truss of the 
Manhattan suspension bridge in New York which failed from 
fatigue after 40 years) are reasonably immune from fatigue 
failure for many years. 

Welded design, however, may introduce much more severe 
stress concentrations-and not by virtue of defects in the welds- 
than riveting, and it is a result of this fact that fatigue failures 
in welded structures are so common. For instance, the fatigue 
strength for two million cycles of a welded plate girder with a 
continuous web-to-flange weld will depend on whether the 
flanges are welded to the web by continuous automatic welding 
or by manual welding with its inevitable stop-start points when 
the electrode is changed. As a result of the stop-start points the 
fatigue strength of the manually welded plate girder will be 
about 9 tondin.' in terms of maximum bending stress in the 
flange and that of the automatically welded girder without stop- 
start points in the web-to-flange welds will be 11 tondin.' to 
12 tons/in.'. A butt weld in the flange may reduce the fatigue 
strength to 7 tondin.' and a transverse fillet weld attaching a 
stiffener to the flange will reduce the fatigue strength of the 
girder flange still further to about 5 tons/in.'. It is obviously 
quite immaterial to argue about even a serious defect in the butt 
weld of the flange if right next to this butt weld there is a trans- 
verse fillet weld across the flange. Continuous lack of root 
fusion, the most serious defect by far, will reduce the fatigue 
strength of the butt weld to only 6 tons/in.', which is not as large 
a reduction as that produced by the transverse fillet weld. 

Defects, in as far as they produce stress concentrations, 
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Figure 5. Effect of porosity on fatigue strength of butt welds. Porosity of 2% can 
be tolerated without detrimental effect on fatigue strength of unmachined butt 
welds, whereas porosity of only 1% would lower fatigue strength of machined 
butt welds. (Mild steel.) 

lower the fatigue strength of welded joints. However, it does not 
follow that, in structures subjected to fatigue, defects in welds 
cannot be tolerated. The diagram in Figure 5 illustrates the 
results of fatigue tests carried out on butt welds with differing 
degrees of porosity. Although the fatigue strength falls with 
increasing porosity the diagram shows that porosity less than 
2% could be tolerated in an unmachined butt weld with the 
overfill left on, whereas, of course, porosity of only 1% would 
reduce the fatigue strength of a machined butt weld by 6 
tons/in.2 from 16 tons/in.' to 10 tons/in.'. 

What decides whether a defect can be tolerated is the 
actual stress existing at the point where the defect occurs. If 
the fatigue strength of the weld for the appropriate number of 
cycles that the structure is expected to survive, even with this 
defect, does not fall below the stress known to exist at the 
particular point, there is no reason to remove the defect. 

It must be remembered in this context that in design for 
fatigue one cannot use a safety factor by choosing a permissible 
stress which is only a fraction of the fatigue strength. If it is 
known that the fatigue strength of a butt weld free from defects 
and with the overfill machined off is 16 tons/in.' for two million 
cycles, there is no reason why this figure should not be used in 
design. Safety lies in the fact that failure will not take place in 
less than two million cycles. If on the other hand a stress lower 
than 16 tons/in.' is used in design for some other reason than 
fatigue, a weld completely free from defects need not be insisted 
on. If one chooses such high design stresses, one must, of course, 
be certain that the number of cycles of maximum load has been 
correctly estimated for the life of the structure. Lower design 
stresses may have to be used, perhaps because the structure may 
very occasionally have to withstand an overload equal to twice 
the normal design load. This would not be expected to produce 
fatigue if it were only experienced a few times during the life 
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of the structure; nevertheless in this case the design stress for 
normal loading might have to be reduced to 8 tons/in.'. How- 
ever, if it is, fairly severe defects may be tolerated in the butt 
weld as is evident in Figure 6 (Newman and Gurney ( 2 ) ) .  On 
the right are shown the fracture surfaces of butt welds containing 
various types of defects typified by numbers DIB3 to DIBlO and 
on the left are given the S-N diagrams-that is, stress versus 
number of cycles to failure-obtained experimentally for these 
joints. Included in the diagram are two further lines giving the 
fatigue strength for defect-free welds both with the overfill left 
stress levels in the British Standard for Steel Girder Bridges 
(B.S. 153) for three classes of butt welds (see the accompanying 
on and machined off. The three dotted lines give the permissible 
Table). 

Members fabricated with full penetration 
transverse butt welds having the weld re- 
inforcement dressed flush and with no under- 
cutting. 

I 5  2 3 6 ' 2 3 6 5 
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Members fabricated with transverse butt 
welds, other than previously mentioned, 
or with transverse butt welds made on a 
backing strip. 

Figure 6. Fatigue S-N diagrams for butt welds tested in tension between zero 
and maximum stress. The photos on the right show the fatigue failures for different 
types of defect of increasing severity (downwards) corresponding to S-N diagram. 

It  will be seen that for Class A design stresses, perfect 
butt welds with the reinforcement machined off are essential 
but that all manner of defects-xcept continuous lack of 
fusion-are acceptable for Class E for two million cycles. For 
less than two million cycles even that defect is acceptable at 
a much higher design stress. 
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Figure 7. Fatigue strength of butt welds diminishes with decreasing angle included 
between tangent to overfill and plate surface. 

Definition for Classes A ,  D and E butt welds (B.S. 153) 

A 

(i) Plain steel in the as-rolled condition with no ga 
cut edges. 

(ii) Members fabricated with continuous full penetra 
tion longitudinal or transverse butt welds with thc 
reinforcement dressed flush with the plate surfaci 
and the weld proved free from defects by non 
destructive examination, provided also that thi 
members do not have exposed gas cut edges 
Welds shall be dressed flush by machining o 
grinding, or both, which shall be finished in thi 
direction parallel to the direction of the appliec 
stress. 

(iii) 

/ / I 

D E I 

~~~ 

Members with continuous longitudinal fillet Members fabricated with full penetration 
welds with start-stop positions within the cruciform butt welds. 
length of the weld. 

Members of mild steel to B.S. 15 (mild steel 
for general structural purposes) or B.S. 2762 
(notch ductile steel for general structural 
purposes) fabricated or connected with 
rivets or bolts. 
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It is particularly irritating in relation to the whole 
argument about defects that it focusses attention on defects 
revealed by nondestructive testing-porosity, slag inclusions, 
etc.-but completely ignores those that one can see just by 
looking at the joint,. but which, for no earthly reason, are 
assumed not to matter. 

In another investigation carried out by Newman and 
Gurney ( 3 )  on the effect of the angle formed between the 
plate surface and the overfill they have shown (Figure 7)  that 
the fatigue strength of perfect, defect-free butt welds may vary 
between 6 tons/in.' for an angle of 120" to 11 tonslin.' for an 
angle of between 140" to 160". Comparing these figures with 
the S-N curves in Figure 7 it is obvious that if such an acute 
angle as 120" is tolerated for any butt weld one can tolerate 
also at the same time the continuous lack of root fusion defect 
without reducing the fatigue strength to below 6 tons/in.', and 
even for an angle of 160" one can still tolerate some fairly 
hefty slag inclusions. 

Newman, in the investigation on the fatigue strength of 
butt welds in pipes, found that fatigue failure invariably 
started from the root of the weld (Figures 8 and 9)  irrespective 
of whether or not a backing ring was used and whether the 
root of the weld was machined or not. Any additional defects, 
even such gross defects as those shown in Figure 10, had no 
effect in lowering the fatigue strength any further. In one 
particular case where fatigue failure started from the root of 
the weld the lack of sidewall fusion defect shown in Figure 11 
was found after the broken specimen was examined and even 
this very serious defect could not compete with the overriding 
effect of the stress concentration in the perfectly sound and 
normal root of the butt weld. 

Figure 10. Gross defects in circumferential butt weld in pipe had no effect on 
bending fatigue strength. (Pressure strength may, of course, be reduced.) 

Figure 8. Fatigue crack in circumferential pipe weld starting from root overfill. 

Figure 12. Fatigue failure starting from small subsurface pore in experimental 
shaft reclaimed by welding. The shaft prior to 'reclamation' was, of course, 
virgin material and had not suffered any previous fatigue. 

Figure 9. Fatigue crack in circumferential butt weld of pipe starting from notch 
between backing ring and pipe wall. 

Figure 11. Lack of sidewall fusion in circumferential butt weld in pipe had no effect 
on bending fatigue strength of pipe. Fatigue failure started from perfectly normal 
and acceptable weld raot. 

In assessing the fatigue reducing effect of defects in welds 
one must consider first and foremost the over-all fatigue 
strength of the structure or component. Fatigue failure will 
start from the most sensitive point and this may not be-and 
very rarely is-a weld defect. The rolled surface of the plate 
itself produces a reduction in fatigue strength from 20 tonslin.2 
to 16 tons/in.2 (Figure 7), the overfill of the butt weld produces 
a further reduction and so will any trace of undercut. What 
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stress concentration effects may be produced by defects may 
be simply swamped by the effect of other stress concentrations. 

If, however, there are no other stress concentrations than 
those due to the weld defect even a single small sub-surface 
pore may produce fatigue failure and reduce fatigue strength. 
In a very extensive investigation of the problem where 
machinery shafts reclaimed by welding frequently fail from 
fatigue very soon after they have been put into service, Dawes 
(4) found that fatigue failure in 0.32% C steel shafts reclaimed 
by welding, and machined, would take place (at ten million 
cycles) at between & 9.5 tons/in.* to -t 11.5 tondin.’ rotating 
bending fatigue stress, which he estimated to be only about 
65% of the fatigue strength of the original machined but 
unwelded shaft, and that fatigue failure would originate even 
from a single small pore as that shown in Figure 12. This is 
not really surprising when it is remembered that a small pore 
will locally produce a stress concentration of nearly three, and 
that if this is the only stress concentration present in the whole 
of the shaft, fatigue failure will start from this pore and the 
fatigue strength of the shaft will be reduced, though as will 
be observed not to a third of the strength, i.e. not proportion- 
ately to the stress concentration factor. 

A few examples presented in this survey illustrate the 
complexity of the general problem of tolerance levels for 
defects in welded structures. The subject is more complex even 

Discussion 

Q. RONALD HALMSHAW, Ministry of Defence (UK) RARDE, 
Sevenoaks, England: 

Were the curves showing defect length against strength for 
various defects, based on a series of experimental results on actual 
welds? If so, were these welds stress-relieved or “as welded”? 

How do these results compare with calculations based on frac- 
ture toughness theories? 

A. The curves showing defect length against strength for various 
defects have all been obtained on the basis of fatigue tests with 
actual welds in the as-welded condition. Stress relieving may reduce 
fatigue strength still further, as has also been demonstrated experi- 
mentally. 

I am not sure that I understand the second question because 
fracture toughness theories do not permit at present any prediction 
of reduction in fatigue strength. 

Q. HERMAN GREENBERG, Westinghouse R&D Centre, Pitts- 
burgh, USA: 

I agree wholeheartedly with Dr. Weck’s comments that we 
place undue importance on some types of weld flaws, namely po- 
rosity and slag inclusions; however, I cannot agree as to lack of 
fusion and crack-like flaws. I am somewhat surprised that Dr. Weck 
did not utilize fracture mechanics concepts and data in his presenta- 
tion nor did he utilize KT concepts when considering the effects of 
flaws on fatigue strength. I am very much opposed to the concept 
of hydrostatic tests at 1+ or 2 times the service pressure for fear 
that these high stresses will rupture the metal between nonmetallic 
inclusion concentrations and subsequently cause failures which 
otherwise would never have occurred. 

I would appreciate receiving a copy of Dr. Weck’s paper in 
order to prepare a formal discussion for the proceedings. 

What is being done to change the British acceptance standards 
for weldments? 

A. Recent experimental work carried out in the laboratories of 
the British Welding Research Association has shown that lack of 
fusion and certain crack-like flaws are not as serious as one might 
have expected, although of course they produce a decidedly greater 
reduction in fatigue strength than porosity and certain types of 
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than has been indicated because the position of the defect in 
relation to the surface of the joint is important in joints made 
in thicker material. The location of a defect in a field of 
residual stresses, whether tensile or compressive, may influence 
the effect of the defect both on fatigue strength and brittle 
fracture strength. However, to make decisions on accepting or 
rejecting welds by ignoring all the experimental information 
now available is most unscientific and puts the engineer in the 
same class as the medicine man of a primitive tribe. Admit- 
tedly a great deal more experimental information is needed but 
enough is available already to show that the importance attached 
to certain typ-s of defect is frequently grossly exaggerated and 
may, in fact, divert attention from other undesirable features 
in design and execution. 
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slag inclusions. There is no evidence to show that the KT concept 
has been adequately developed in relation to fatigue, particularly 
in relation to ductile materials, to permit reliable application of 
fatigue strength reduction from flaw size. 

I am not sure what Mr. Greenberg means by “acceptance 
standards for weldments” but in Britain no such standards exist in 
the sense of the porosity charts in the ASME Code. 

Q. J .  E. BENSON, Canadian General Electric Co. Ltd., Peterbo- 
rough, Canada: 

The last illustration of Dr. Weck‘s paper was apparently in- 
tended to illustrate the serious effect of a small defect compared 
with the small effect of previously shown large defects. It seems 
likely that the real cause of failure of the welded shaft was the 
residual stress resulting from the weld and that failure would have 
occurred even if the defect had not been present. Do any of the 
discussors wish to comment? 
A. Mr. Benson’s presumption that failure would not have occurred 
if the shaft had been stress relieved, is quite erroneous. Stress re- 
lieving, as has been shown by experiment, makes no difference to 
fatigue strength; in fact it could reduce the fatigue strength still 
further as compared with a shaft in the as-welded condition if the 
heat treatment produced surface decarburization. 

The reason why such a small defect has ‘such a pronounced 
influence on fatigue strength must be seen in the fact that the 
fatigue strength of the shaft is very high compared with the fatigue 
strength of unmachined components. 

Q. JOHN KEITH PARKINSON, Montreal Locomotive Works 
Ltd., Montreal, Canada: 

Would you comment on the present practice of welders stamp- 
ing an identification stamp adjacent to the weld, often in H.A.Z. 
This is with reference to your comments on the effect of a small 
undercut or of over fill on the strength of the weld. 
A. The practice of stamping cannot be condemned too severely 
whether the stamp is in the heat affected zone or not. In certain 
types of steel, severe work hardening and strain ageing can occur 
and there are quite a number of failures reported in the literature 
which have been initiated from the sharp notches made by inspectors’ 
stamps. 



The Detection and Identification of Weld Defects 

A. de STERKE, NETHERLANDS 

General Aspects and Definitions 

Since the particular branch of nondestructive testing sometimes 
referred to as “defectoscopy” is unfortunately still suffering from 
vagueness in many respects (contrary to nondestructive measure- 
ments), there are a number of questionable subjects on which to  
focus attention. There is, to start with, the expression “weld de- 
fect”. 

I t  is questionable whether the use of this term is justified, 
as long as the significance of the imperfection is not established. 
As such there is a certain contradiction in the title of this paper. 
Once an imperfection has been identified as a discon:inuity 
which, based on  the present knowledge of its significance in rela- 
tion to service performance, is detrimental, the term “defect” is 
justified. 

Meanwhile it is worth mentioning that most of the studies 
to evaluate weld defects refer to  their influence on mechanical 
strength. I n  many cases, however, it is not so much strength, 
but surface condition, which determines their significance. In  
this respect, gas inclusions, rather harmless as far as their influ- 
ence on  strength is concerned, may be unacceptable if  they tend 
to increase the risk of leakage. If they are open at the surface 
they may impair, with surface smoothness and consequently with 
corrosion, resistance and cleanliness. Thus, discontinuities may 
be unacceptable in one case and called defects while in another 
situation be regarded merely as a n  imperfection. 

From this consideration it becomes obvious that identifica- 
tion of discontinuities is very important. However, identification 
is always the second step in defectoscopy; first comes the detec- 
tion of inhomogeneities. 

I t  is essential to differentiate between these two aspects of 
nondestructive examination as the requirements for each of them, 
with respect to  the appropriate nondestructive testing techniques, 
differ. 

For instance, in radiography, the detection is mainly deter- 
mined by the exposure technique, but the identification by the 
conditions of viewing. 

Another example can be found in ultrasonic testing where 
 the detection of imperfections calls for a reasonably wide spread 
of the ultrasonic beam while on  the other hand the identifica- 

’. tion,can better be accomplished by the use of a more or less 
penci!-like beam. With a narrow beam the determination of 
shape, location, orientation and size can be better accomplished. 

N&+oubt for detection and identification there are different 
requirements. 

I t  see& worthwhile to define more closely first of all what 
’ ,has to be understood ‘as detection and what is meant by identifi- 

1, 
\\. 

h i o n  in  this connectids. 

Detection ~ 4 
’3 .T%s.can be defined as the possibility of readily and clearly indi- 

cating the presence of a discontinuity in material by a nonde- 
structive testing method, in an economically justifiable way. Ob- 
viously in  this definition vagueness is still present; for instance 
what is meant ‘by  “readily indicate”? 

This seems a rather flexible expression and the same com- 
ment also applies to  the provision “economically justifiable”. 
These two requirements are, after all, very closely connected 
because the examination must be of such a nature that it can 
be matched with production or, at least, it s h o d d  not cause a 
prohibitive delay in the delivery of the finished product. 

The speed of examination, however, is very much deter- 
mined by the testing sensitivity required. I t  is therefore very 
important that the tests are based o n  well considered standards 
of acceptance, stating at least the nature and minimum size of 
the defects to be revealed. 

The time required to repair any unacceptable defects found 
cannot of course be considered a part of the nondestructive test, 
but i t  is an extension of the production time needed to obtain 
the required quality level. I t  should, however, be realized that 
the speed of examination can be considerably influenced by the 
amount of discontinuities present in the piece under test. 

This is particularly true for manual ultrasonic weld testing, 
where every imperfection demands special attention and the 
question of what is o r  what is not economically justifiable is diffi- 
cult to answer. I t  cannot simply be settled by stating a given 
percentage of production costs. F o r  example in less critical struc- 
tures 1 %  or 2% of the processing costs may be thought high, 
but in other cases it may be economically justified to spend as 
much money on testing as o n  the production of a certain part 
when it has a key position in a critical structure. I t  is not only 
important to consider the production costs of the particular com- 
ponent, but also to appreciate the consequences and the cost of 
failure. 

What should be understood by “clearly indicate” in  the 
definition given? A n  experienced operator will observe a flaw 
indication, for instance, during ultrasonic testing, which may 
be unnoticed by the unskilled observer (inti1 his attention is 
drawn to the particular indication on the screen. The same may 
apply in radiography, where fine details like cracks should be 
discerned; they also may remain unnoticed to the untrained 
observer until an experienced person indicates their existence. 

It seems therefore to be reasonable to  accept that the 
statement “clearly indicate” refers to the situation where a 
nonexpert, once informed about a particular flaw indication, 
is able to see it and to differentiate it from irrelevant indications. 
To express the definition still more clearly, one can consider 
the opposite situation. 

It  is not true to claim viable defect detection when a 
multitude of operations are required involving an unreasonably 
long testing time and  putting the testing costs on an economic- 
ally unacceptable level. 

With regard to the second step in testing, that is the 
identification, a similar definition can be given. 
Identifica!ion 
Identification can be defined as the possibility of readily 
characterizing discontinuities in a material by nondestructive 
testing in a n  economically justifiable way, stating their nature, 
shape, precise location, orientation and size. From what is 
known today about the influence of weld defects on  service 
performance, it is obvious that identification in  this sense is of 
paramount importance. 

On the other hand one is inclined to  question the use of 
sophisticated nondestructive testing methods to reveal small 
internal imperfections in conventional welded structures. Would 
it not be better to spend the money devoted to testing on 
achieving smooth merging contours in the welded joint? Care- 
surrounded structures like nuclear reactors, air- and spacecrafts 
obviously call for still further perfection of nondestructive 
testing methods, but do normal structures require this attention? 
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Nondestructive testing engineers would certainly appreciate 
somewhat more guidance as to the future developments and 
requirements in the different branches of industry. 

Detection of Weld Defects by Radiography 

The most widely accepted nondestructive testing technique for 
welds is still radiography, as long as the thickness does not 
exceed 2 to 3 in. It therefore seems reasonable to consider first 
the aspects of radiography in connection with flaw detectability. 
Starting with the most simple case, the butt weld, there are no 
severe problems in the detection of the so-called three-dimen- 
sional flaws, at least when their dimensions exceed 2.5% of the 
material thickness. Lower percentages mentioned 'as a criterion 
for irnagy quality, for instance 1.5 % , refer to discontinuities 
which are relatively long, for example like the wires found in 
the wiretype image quality indicator. 

However, this low figure is not valid for local discon- 
tinuities of a restricted length, for instance a spherical inclusion. 
Nevertheless the sensitivity of radiography to detect such three- 
dimensional flaws is generally considered to be adequate. 

In view of the data which predict their influence on 
strength, it seems that improvements in radiography in this 
direction are redundant. 

In the case of the so-called two-dimensional defects, the 
picture is quite different and in fact far less acceptable. 
Although the same percentage may be valid for crack- 
detectability, it is assumed that the crack has sufficient width, 
and runs nearly parallel to the direction of the passing rays. 
The 'detection of two-dimensional defects is therefore the 
weakest point of radiography. 

Although for some ten years the general opinion was not 
too plessimistic about this characteristic, one was inclined to 
suppocse that, at least some parts of a crack would run reason- 
ably parallel to the direction of radiation; comparative radio- 
graphic and ultrasonic studies show more and more that the 
situation is not that favourable. This, in the first place, should 
lead [to some caution, as soon as radiography reveals the 
presence of a crack and be a reason for further investigation. 

After all, cracks found either in the weld or in the heat- 
affected zone are the most serious defec:s; they indicate some 
severe condition with regard either to weldability or to residual 
stresses. 

This observation leads to discussions on acceptance criteria 
of defects and is, as such, outside the scope of the present 
paper but a further elaboration would certainly be worthwhile. 

It does lie within the scope of this paper, however, to con- 
sider what measures could be taken to improve the situation 
and achieve the best possible results in radiographic crack 
detectlion. Should the use of more appropriate fine-grain film 
emulsions be advised? Here the fine grains improve definition 
and the steeper film characteristic may improve contrast. How- 
ever, a slower film requires a relatively longer exposure time. 
If a normal grain film for the detection of three-dimensional 
defects were chosen, the selection of a fine-grain film for the 
detection of two-dimensional cracks introduces a factor of five 
to seven in the exposure time. Would it not be better to accept 
the coarser grain film but make better use of time by increasing 
the number of radiographs instead? 

It would be possible to extend the radiographic examination 
by angular shots at the same weld location. For instance five 
exposures; the normal shot, plus two extra exposures on either 
side of it, taken at angles of 10' and 20' from the normal. 
Clearly the angular shots require a longer exposure time because 
of the greater material thickness to be penetrated and therefore 
this technique does not seem very practicable. 
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Investigations show that for cracks longer than 10 to 15 mm 
there is only a minor improvement in crack visibility when 
normal and fine-grain films, differing not less in speed than a 
factor 7, are used. The visibility of short cracks and small 
inclusions is improved by the use of fine-grain film. 

As the exposure time may be set for economic reasons 
(and this is often the case) the use of fine-grain films calls auto- 
matically for the application of harder rays. The result is that 
the desired gain in definition and contrast is almost eliminated 
by loss of contrast due to decreasing half value layer. 

If, for the moment the favourable possibilities of ultrasonic 
testing in connection with the detection of two-dimensional flaws 
are not considered the best use of the testing budget can be 
made by taking a maximum number of low kV exposures on 
normal grain film. For the detection of lack of side fusion, 
angular shots are not so much a game of chance and may give 
better results, particularly when the unfused areas are of ap- 
preciable width. Besides, their presence can often be deduced 
from the appearance of accompanying inclusions. 

The examination of fillet welds is, in general, much more 
complicated. Nevertheless three-dimensional defects can be found 
reasonably well. 

The detectability of two-dimensional defects is still more 
difficult than in a normal butt weld. Generally, relatively high 
energies are used to obtain low-contrast over-all pictures in spite 
of the thickness variation inherent to the type of weld. 

Notwithstanding the restrictions which have been high- 
lighted there are no serious handicaps in the application of radio- 
graphy. It is practically insensitive for the weld structure, which 
makes it the only practical method for the detection of internal 
weld defects in austenitic structures and, with increasing thick- 
ness, the detectable thickness variation improves. 

For detection of three-dimensional discontinuities, radio- 
graphy is almost ideal. The chief requirement is the correct 
selection of radiation energy for the given thickness to obtain 
optimum results. 

In normal radiography focal-spot size plays a far smaller 
part than is often believed on the basis of conventional con- 
siderations of geometry. For the three-dimensional defects it is 
of no practical influence on defect detectability and for two- 
dimensional defects it may even effect a small improvement. 

The situation is different when direct enlargements are 
made, a technique which is worth more attention; the influence 
of focal-spot size may then become a dominant factor in film 
unsharpness. Meanwhile improvements can still be made. 

In particular, radiologists are still worried when they ob- 
serve that at least 80% of the total film density in cobalt gamma 
radiography on four inches of steel is due to radiation scattered 
in the object and only the remaining 20% is caused by the 
primary beam. Also the use of lead back-screens is questionable; 
they seem useful to obtain a specified density, but add little or 
nothing to the formation of the image of the wzld since their 
intensifying effect comes mainly from radiatiw scattered in 
the back-screen. It is a much better practice to use copper 
screens for cobalt radiography; however, an exposure 3 times 
as long is then required. 

Some remarks inviting criticism, may conclude this para- 
graph. Suppose the existence of fine cracks in a particular 
welded structure is likely and creates risks. In  this case use of 
fine-grain, high-contrast films is recommended, unless the radio- 
graphic examination can be supplemented by ultrasonic testing. 
A peculiar situation may sometimes arise when structures are 
made to general specifications not requiring fine-grain films but 
indicating at the same time that all cracks are unacceptable. 



What should be done when crack-like indications are found, 
hardly visible on the coarse-grain film? 

I t  would seem sensible from the technical point of view, 
to select a better film. This viewpoint, however, is often ques- 
tioned as it does not comply with the letter of the specification. 
“What one does not know causes no woe” sometimes seems, 
under these circumstances, more appealing than the collection 
of optimum information for subsequent critical analysis, a 
situation comparable to driving with welder’s glasses in dense 
traffic to see less and feel safer. 

A similar undesirable situation is found when ultrasonic 
testing is used as a supplement to radiography but where accep- 
tance criteria are based on the information given by the film. A 
clear ultrasonic flaw echo signal is disregarded if not confirmed 
on the radiograph and yet it is likely that this very indication is 
obtained from a crack-like defect. 

Detection of Weld Defects by Ultrasonics 

Again confining our subject to detection in the first place, we 
observe that ultrasonic testing is much more influenced by char- 
acteristics of the weld to be examined than is the case in radio- 
graphy. 

The most important factors are: 1. surface condition (in- 
fluence on coupling and beam distortion); 2. geometry (influence 
of weld contours, backing strips, etc. on occurring irrelevant 
indications); 3. condition of the parent metal (influence on at- 
tenuation, scattering and occurrence of shadow effects due to 
laminar discontinuities); 4. structure of the weld (influence on 
sound propagation of austenitic structures). 

Another important factor, much more important than in 
radiography, is the quality of the operative, particularly if 
manual weld scanning is involved. Not only his skill but also the 
means and abilities at his disposal to perform correct equipment 
calibration are most essential and determine the success or failure 
of the test. 

In  general, ultrasonic testing is regarded as the best method 
with which to detect internal two-dimensional discontinuities. In 
the absence of a better method, some restrictions must be recog- 
nized, for example, with decreasing width slits become trans- 
parent to ultrasonic waves and the critical condition is ap- 
proached when the slit opening falls below lo-’ mm. Although 
this seems extremely small, even more severe conditions may 
exist when cracks (or other two-dimensional discontinuities) are 
present in the central region of a weld; due to stresses developed 
by contraction of the weld metal the surfaces of such a dis- 
continuity may be pressed so firmly together, that the reflection 
factor approaches zero. Their detection before stress relieving 
(if at all possible) would require much higher frequencies than 
are normally used and may appear impracticable. Another risk 
in ultrasonic crack detection, often overlooked, is the increase 
in directionality of the reflected beam with increasing flaw size. 
Cracks large enough to be found radiographically may be missed 
during the ultrasonic test, very much to the surprise of ultrasonic 
advocates; however, the use of two ultrasonic probes in tandem 
soon brings the excitement down to an acceptable level. When- 
ever such a situation arises, for instance when lack of side wall 
fusion is expected, a single-probe scan should always be comple- 
mented by double-probe scanning to reveal gross defects, having 
smooth surfaces. 

The possibility of finding small imperfections by ultrasonics 
has been shown for many years, but it will be appreciated that 
the results of laboratory tests yield no direct measure of test sen- 
sitivities which may be achieved in practice. As a guide, an ex- 
perienced operator can detect, during a normal routine weld 
inspection, discontinuities having minimum dimensions of length 

’ 

5 mm and depth 2 mm; even a defect 1 mm in depth may be 
found if it is located near to, or at, the weld surface, irrespective 
of the weld thickness. 

The limiting factor is not so much a matter of equipment 
or technique but to a far greater extent the human factor, which 
is involved in the combined action of physical scanning, obser- 
vation and the mental correlation of the observations with the 
internal weld condition. This takes time and as the signal-to- 
noise ratio decreases, more and more time is needed; this im- 
plies that the ultimate limitation lies in the presence of irrele- 
vant indications. 

It is outside the scope of this paper to describe techniques 
but a number of publications cover this subject already. 

Detection of Weld Defects Magnetically 

Detection of imperfections at the surface of magnetic materials 
is most commonly accomplished by the magnetic-particle method. 
The use of the so called magnetographic method, whereby the 
strayfield pattern is transferred to magnetic tape, has certain 
advantages in that it is more sensitive for the detection of sub- 
surface defects. 

However, the method is still in the development stage and, 
for surface inspection, it is not yet of sufficient interest, unless 
inspection on a mass production system is envisaged. The con- 
ventional magnetic-particle testing is a very reliable and sensi- 
tive method for the detection of surface defects. 

While surface condition certainly has some influence-the 
smoother the better-shape and dimensions of the object have 
no appreciable effect when the prod method is applied. In  
addition, the influence of structure and plate condition are 
insignificant in the case of normal carbon steels. The heat 
affected zone in high-strength steels might show sufficient 
difference in permeability to cause a magnetic leakage field, 
and consequently a magnetic indication can be obtained. In 
comparison with radiography and ultrasonic testing the method 
offers more reliable and clearer information on surface defects 
at less expense. 

For the detection of internal or even sub-surface defects 
in welds it is, in general, not a good method. Polished surfaces 
are then required and relatively high current densities should be 
applied to obtain reasonable results. Selection of the magnetizing 
current strength is much more critical than in the case of 
surface inspection and should be related to the optimum value 
of the relative permeability during magnetization. 

Very little data on the minimum defect size which may 
be found in a particular material thickness are available. The 
detection of a 20-mm-deep crack in a 25-mm-thick weld is 
certainly possible, but most people think defects must be revealed 
in terms of a few per cent of the thickness. Under ideal condi- 
tions (polished surface, etc.) for a plate having a thickness of 
25 mm, a 15-mm-deep crack located 10 mm below the surface 
gives only a very faint indication. A 3-mm-deep crack should 
be as close as 6 mm below the surface to be revealed under 
ideal conditions. 

Detection of Weld Defects by Penetrant Testing 

There is little or no doubt that penetrant testing is a most 
practical method for the detection of surface defects in non- 
magnetic materials. However, this does not imply that it is 
also the most simple method and that, for this reason alone, 
it could replace magnetic-particle surface inspection when 
normal steels must be examined. The difficulty in making a 
satisfactory penetrant test is often underestimated and this may 
be partly due to the name, which suggests that penetration 
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is the most important factor in the effectiveness of the test. 
This in fact is not true. It is correct to say that unless liquid 
has penetrated into the defect the method cannot work but 
unless it comes out again, and interacts with the developer, no 
defect is shown. 

There are many unsatisfactory ways of removing the 
penetrant from the component and unfortunately, due to lack 
of appreciation of the method, they are often applied. First of 
all, excessive washing spoils the indication. Washing must take 
place in such a way that background indications due to normal 
surface irregularities are only just removed. Another fault in 
manipulation lies in the application of the developer. If a wet 
developer is used it should be applied with a minimum of 
liquid carrier as this also may wash out the remaining penetrant 
liquid from the defect. It is often overlooked that the finer 
the imperfection the smaller the quantity of penetrant liquid 
taken up in this minute reservoir and the more reason to treat 
it with the utmost care. 

Misleading effects may also be due to insufficient drying 
time after pre-cleaning and the excessive use of developer, 
as a layer of developer which is too thick may conceal the 
indication. 

Identification of Imperfections in Welds 

Since not all defects have the same influence on service per- 
formance, their identification (once detected) is important. 
There is still another object in their identification, namely the 
initiation of remedial or, even better, preventive action. 
Identification of imperfections from the indications produced 
requires basic knowledge of the material in which they occur. 
For weld examination it means that weld shape, welding 
process etc., must be known, otherwise a good interpretation 
of the indications is very difficult to achieve, if not impossible. 
This is true for all methods of examination and important as 
this is such basic information is also required to establish an 
optimum technique of examination. 

To set significant standards for the acceptance of weld 
defects one assumes that all defects present in the weld can 
be detected, identified and measured by some nondestructive 
testing method. The last aspect seems the most problematical, 
as flaw-size determination is still a source of much trouble. 
In the following, the four main methods of testing are consid- 
ered again, but from the point of identification alone. 

Identification by Radiography 

Until now the radiographic image offers the best possibility for 
the identification of internal weld imperfections, although there 
are some restrictions. In the full sense of identification one 
would like not only to characterize the nature of the discon- 
tinuities present, but also define their shape, position, 
orientation and size. Flaw depth, orientation and size cannot 
be fully established from the radiograph alone but may be 
guessed when weld shape and welding process are known. 

The only way to measure flaw size depends on density 
measurements, a rather tiresome and not very accurate method. 
Microdensitometry, providing correct steps have been taken for 
calibration, may offer some possibilities but it is increasingly 
inaccurate with decreasing flaw width-yet then the flaws be- 
come most interesting. On the other hand radiography provides 
an extremely good impression about the nature, length and 
distribution of the discontinuities in a weld, and a reasonable 
impression of their shape. 

With regard to the determination of their nature, a good 
deal of experience is required for good interpretation, in 
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particular when the imperfections are located in an area com- 
mon for different types, e.g. incomplete penetration and incom- 
plete root fusion. 

The radiologist often bases his interpretation on previously 
made sample radiographs, the particulars of which have been 
checked by subsequent destructive tests. Moreover general col- 
lections of reference radiographs are useful to put the charac- 
terization and grading of the discontinuities on a common 
footing. The situation is still open for much improvement; not 
only should existing collections of radiographs be brought more 
up to date and be subdivided for different types of welds but 
also the essential element in the interpretation of radiographs, 
namely viewing, deserves more attention. The major efforts put 
into better radiographic practices designed to gain only a small 
part of one per cent in sensitivity are in real contrast to the 
rather simple conceptions one meets with regard to film viewing. 

Of course barbaric film viewing against the sunlight window 
is out of date but nevertheless the results of sophisticated radio- 
graphic techniques are often diminished by the application of old 
fashioned viewing practices. The tendency to increase film 
density in an endeavour to obtain better contrast is not matched 
by the instalment of suitable film viewers. 

Good viewing of radiographs having a density of 2.5 re- 
quires a brightness of at least 10.000 Lux. A good film viewer 
should furthermore have adequate brightness-control over a 
range from 100 to 30.000 Lux, sufficient cooling to prevent film 
damage, facilities for film masking and possibly automatic 
dimming or closing when the film is removed. For optimum 
viewing a little more attention should also be paid to the optics 
behind it. After all, we deal with two emulsions, the pattern 
of which should be accurately superimposed. 

Ultrasonic Identification 

To identify defects in ultrasonic testing is a much more com- 
plicated, a much more difficult and mostly a very lonely task. 
In critical circumstances the ultrasonic operative, lacking the 
encouraging remarks normally surrounding his colleagues in the 
radiologists group, and far from the stimulating atmosphere of 
the viewing room, has to find out the facts for himself on site, 
warm or cold, dry or wet, high or low. 

Walking along the boundaries of unbelief he is engaged in 
a continuous struggle between responsibility and looking for 
trouble until he reaches a conclusion, in spite of the optimist 
who created the specification in the firm belief that conclusions 
are only drawn at a later stage. 

The operative knows, and if he is wise admits, that porosity 
and similar small three-dimensional flaws, nicely presented on 
a radiograph, are difficult to detect in a routine scan, let alone 
identify individually. But identification of large discontinuities 
is not always simple either. It requires a great deal pf skill and, 
besides good equipment, a set of well selected probes. Flaw 
identification from the appearance of its echo signal indication 
alone is like identifying a person from his silhouette. A charac- 
teristic nose would help, providing he faces in the right direction. 

Secondary circumstances-for instance, movement-may 
disclose further characteristics, also in a metaphorical sense. 
Fundamental particulars for identification are derived from 
flaw location. Great accuracy is therefore exercised in calibration 
and in locating techniques; preferably location is made in a 
direct scan. Subsequent scanning is necessary to discover the 
orientation and reflecting properties of the discontinuities. Com- 
pared with radiography there are certainly some advantages 
with respect to identification, e.g. the possibility of determining 
quite easily the depth and orientation of the discontinuity. 
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However, determination of nature and shape is much more 
difficult and with the present ultrasonic equipment it is nearly 
impossible to differentiate between gas cavities, slag inclusions, 
and little cracks. It is mostly the location of the defect which 
brings the experienced operative to a cautious statement. He is 
faced with a similar problem when two-dimensional discon- 
tinuities must be distinguished. 

Is it a crack, lack of fusion, or is it a lack of fusion ending 
in a crack? Is it incomplete penetration, lack of fusion in the 
root or a crack in the rootlayer?-many questions, to which it is 
very difficult to give a definite answer. 

It may be that it is not necessary to look for such a degree 
of accuracy in identification, providing three-dimensional dis- 
continuities can be well separated from two-dimensional flaws 
of appreciable size. But what is appreciable size and how can it 
be assessed? This latter question leads to a more detailed con- 
sideration of ultrasonic flaw-size determination. 

In considering this problem the first thing to agree upon 
is the accuracy required. In view of the many factors playing a 
part in the ultimate influence of weld defects on service per- 
formance, it is a little difficult to believe that an “absolute ac- 
curacy” (whatever this may be) is necessary. Should, for the time 
being an accuracy of plus or minus 2 mm be acceptable it would 
be a good deal closer to practice. 

Two basic techniques for flaw-size determination have been 
developed. In  the first place there is the technique whereby the 
probe is placed in an optimum position to receive a flaw echo 
and the echo signal height produced is compared with the indi- 
cation from a known discontinuity (flat bottomed hole, saw 
cut, etc.). Since all of these artificial defects are ideal reflectors 
(air-filled, smooth and flat) they produce greater echo indica- 
tions than real weld imperfections, which are irregular and often 
filled with matter having an acoustic impedance much closer to 
that of the metal under test. 

A similar principle is applied when calibration curves are 
used, such as AVG diagrams of Krautkramer. 

In  the other size estimation technique, the probe is moved 
to obtain the full envelope of the flaw-echo indication and from 
the dynamic screen image thus obtained a certain estimate of 
flaw size is made. 

Both methods have their advantages. The first method is 
rather simple in its application and particularly suitable when the 
orientation of the flaw is known. However, deviations from nor- 
mal incidence of some five degrees reduce the accuracy by more 
than 25%. Another disadvantage is that the total reflecting area 
is responsible for the echo obtained and it is impossible to dif- 
ferentiate between the length and depth of the flaw. 

In this respect the second method offers better possibilities 
but here the probe characteristic should be determined precisely 
before any measurement of flaw size can be made. Theoretically 
the method works alright; however, in practice it is rather com- 
plicated and requires great skill and well selected probes to es- 
tablish the contours of the imperfections. This is due to both 
equipment and scanning conditions. As far as the equipment is 
concerned, it is mainly the probe which gives rise to difficulties. 
Polar diagrams, according to the textbooks, have a rather simple 
shape but in practice can show considerable irregularities. The 
boundary of the beam is often not so well defined as expected 
and sound distribution in the beam may have an irregular pat- 

Discussion 
Q. PIERRE RUAULT, Gaz de France, France: 

The author thinks that the size of the focus has no great 
influence on detection of defects of three dimensions. How does he 
explain the decrease of the IQI values when the size of focus in- 
creases? 

tern. Some probes show a very peculiar polar diagram and in 
some cases one is even apt to think that the beam has no single 
axis, but more. It is obvious that this circumstance makes flaw- 
size determination complex. After all, a rumpled ruler is not a 
very useful aid to measurement. 

Investigations to determine beam characteristics more ac- 
curately are going on in many laboratories. They are hampered 
by the fact that no suitable beam calibration blocks have yet 
been developed. But it is to be expected that they are soon to 
come and that, from then on, better specifications for the require- 
ments of probes for flaw-size determination can be given. Al- 
though the use of well selected and calibrated probes is essential, 
other features of the equipment, for instance paralax-free C.R. 
tubes (having the scale marking at the inside of the tube) are also 
important. 

With regard to the conditions of examination it should be 
borne in mind that variations of coupling during manual scan- 
ning and inaccuracies in probe manipulation may already intro- 
duce amplitude differences of 10 dB and this consequently may 
result in inaccuracies in the measured flaw size. 

Identification of Surface Defects 

Whether found magnetically or by the penetrant method, identi- 
fication of surface defects can best be accomplished by normal 
optical methods. 

Sometimes grinding or polishing may be required to deter- 
mine the true nature of an imperfection under the microscope. 
Attention should be given to magnetic indications caused by 
local differences of permeability due to structural changes, for 
instance at the boundaries of the H.A.Z. The length is easily 
established and today fairly reliable equipment is on the mar- 
ket to determine the depth. 

In the case of sub-surface flaws, their identification is very 
difficult. Also in this respect magnetic-particle testing is not of 
much use for hidden flaws. 

Observations 

Some general supplementary observations can be made: 
a )  the several nondestructive tests mentioned are comple- 

mentary: in some cases, application of two or more methods 
is advisable to obtain the best picture of the internal weld 
condition. 

b)  the extent of nondestructive testing should be related to 
the materials and joint details involved and, also, the service 
conditions should be taken into consideration, so that the most 
sensible test may be chosen. 

c )  the examination of welds with complicated shape, for 
instance connections of muzzles, is in general very difficult 
and yet such welds may represent the most important areas 
with a view to occurring stresses. 

d )  in many cases the nondestructive test should be 
regarded as a means for quality control, a guidance for welding 
technologists and for the welding operation rather than a search 
for defective welds which need repair. 

e )  the examination of welds in austenitic steels in thick- 
nesses over 2 to 3 in. is an unsolved problem as far as crack 
detection is concerned. 

Why does the author say that contrast is improved by a de- 
crease of photon energy, without influence of film-grain size? 

The quality of a radiographic result relies on three factors: 
namely, film quality; quality of the man looking at the negato- 
scope; examination conditions. How does the author appreciate the 
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part of failure coming from every one of them? Has the author an 
analytical method of judging separately every one of these three 
influences? 
A. With regard to the first question raised by Mr. Ruault, it is the 
author’s belief that for those three dimensional defects which seem 
detrimental according to the present knowledge, there is no appre- 
ciable influence on its detectability when one considers the normal 
range of focal spot sizes used in radiographic equipment. It is true 
that higher IQI values can be obtained with decreasing focal spot 
size. However, in practice the unsharpness of the contours of sig- 
nificant three dimensional defects do not interfere with their de- 
tectability. 

If radiography is applied to search for cracks, which in fact is 
a questionable subject anyway, it is from the scientific point of view 
necessary to strive for the best possible image quality, which can be 
derived from an IQI. However, I do not believe that an IQI figure 
gives an indication for crack detectability. 

Regarding your second question, I do believe that the 
radiographic contrast is improved with decreasing photon energy and 
unless insufficient measures are taken to prevent scattered radiation 
from reaching the film, also increased film contrast may be ex- 
pected. Influence of radiation energy on film grain size is well 
known and is proved by practical investigations. 

On the third question, I feel that this was outside the scope of 
my presentation, however, I must admit that I have no analytical 
method to judge separately the influence of film quality, quality of 
the observer and influence of viewing conditions on the ultimate 
detectability and identification of weld defects on radiography. 

Recommendations of viewing conditions are the subject of 
study in IIW Commission V sub-commission A, in which also the 
eyesight of the observer will be taken into consideration. It is obvious 
that here also other factors play a part, for instance fatigue of the 
observer, and available reading time per film, depending on the 
number of films he has to read per day. 

Q. N. 0. CROSS, Esso Research and Engineering, Florham Park, 
USA: 

In the use of angle beam U.T. examination we have verified 
the difficulty in correlating signal amplitude with discontinuity size 
for certain slow shapes and geornetrics. Does not the use of some 
system which can quantitatively record the change in CRT echo 
profile or envelope shape as the search unit is traversed across the 
flaw appear as a reasonable approach to evaluating not only the area 
and predominant type (planar, spherical or cylindrical) of the 
discontinuity? 
A. The remark of Mr. Cross points to one of the difficulties still 
encountered in ultrasonic testing. 

I believe that the suggested record of flaw echo envelop contains 
indeed information about both area and nature of the flaw. The 
accuracy with which the area can be estimated depends largely on 

~ 

the orientation and reflecting properties of the flaw. Generally one 
would apply this method of flaw size determination when discon- 
tinuities are expected being large compared to the wave length 
applied. 

Q. RONALD HALMSHAW, Ministry of Defence (UK) RARDE, 
Sevenoaks, England 
It seems to me that the author has greatly oversimplified the 

problems of radiographic techniques and so reached some false 
conclusions. For instance, in the radiography of 1-in.-thick steel 
welds, if one changes from a medium speed film technique to a 
fine-grain film technique, one does not usually increase the exposure 
time by a factor of 5 or 7: other parameters would usually also be 
changed, and it can be shown that by a slight increase in KV a 
better radiograph can be obtained with the same exposure time. 

Also the author’s comments on the influence of X-ray tube 
focus size, were based on experiments with high-energy X-rays. They 
are not applicable to lower X-ray energies. 
A. With regard to Mr. Halmshaw’s comments I must confess that 
some of my remarks can be regarded as simplifications. As I re- 
marked in the introduction of my paper I was invited to submit a 
provocative rather than didactic contribution and it is difficult to 
achieve such a situation if no playground is left for discussion. 

Nevertheless I think that from the practical point of view my 
statements are not per se leading to false conclusions. Suppose the 
filmtypes under consideration are Kodak Industrex D and Kodak 
Microtex. Here a facrtor of nearly 7 is involved. For the thickness 
Mr. Halmshaw suggests of 1 in. of steel, an exposure of 15 mA. 
min. would require 205 kV to obtain (on Kodak D) a density of 1.75 
with 0.125 front and back lead screens. 

To obtain the same density on Microtex requires, for the same 
exposure of 15 mA.min., a kilovoltage of at least 280 kV. This 
means an increase of 75 kV, which in my appreciation is not a slight 
increase. 

It would require the use of heavier radiographic equipment, 
which is no real drawback for tests in the factory but has no doubt 
its influence on working pace in the field. Since the basis of the 
observation in my paper was the best use which can be made of a 
given testing budget I still think there is room left for further 
discussions. 

With regard to the second part of Mr. Halmshaw’s remark I 
would like to repeat the comment given above to Mr. Ruault, 
knowing that this is again an invitation for discussion. I fully 
agree that for lower X-ray energies the geometrical unsharpness is 
the dominating factor in the total unsharpness. Nevertheless it does 
not have great effect on detectability of three dimensional dis- 
continuities of a size regarded nowadays as significant in classical 
medium stressed structures. As such my provocative remark was 
intended as a warning against an overestimation of the influence of 
focal spot size on detectability of three dimensional flaws. 

Standards for the Acceptance of Weld Defects 

ROY B. McCAULEY, USA 

Past participation in the activities of the International Institute 
of Welding has taught me caution in the use of a term the 
translation of which may have a variety of meanings. One of 
these terms has been present in the title of every paper in this 
session. The term is defect,  which is related to the term 
defective, and calculated to be classified with such crimes as 
murder, treason, etc. However, it is also possible to look at 
the positive side of this dilemma and say that the choice of 
such a word simplifies greatly the treatment of this paper. 
Obviously then, there can never be standards for the acceptance 
of defects and we must reject every part, welded or not, which 
has been proven to be defective through the containment of 
defects. Our choice at this point then is to reject the part or 
repair it. As we study the possibility of repair, we must 
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determine whether repair is economical or whether reliability 
has been reduced as you modify these unnamed items to restore 
the product from the state of being defective to being 
acceptable. By this time it is necessary to turn our attention 
to the naming of the nameless items. After hours of attempt- 
ing to determine the difference between the terms flaw and 
defect with my British colleagues, neither term seemed to be 
adequate. Perhaps the term discontinuity may fit. Certainly 
it is long enough to be adequately professional. 

If the term discontinuity would serve, it has the fortunate 
capability of having its existence defined as a physical 
inhomogeneity without the prejudice of the term defect.  The 
inhomogeneity can be identified and described with the effect 
upon product service, life or use, and hence a quantitative 
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acceptance may be determined. Standards then have as their 
purpose the defining of the limits of acceptability in the 
identification of the discontinuity by the nature of the intended 
service. These types of standards may then serve both in design 
and production as well as product development. 

Probably one of the earliest and most powerful of the 
specifications to produce a reliable manufactured product is 
the Power Boiler Code of the American Society of Mechanical 
Engineers. In 1909 this group took the task of unification and 
modernization of the various boiler codes authorized by 
numerous states in the United States. In  1914 this society 
issued its first “Power Boiler Code”. Since that time it has 
issued seventeen major revisions of the code, with numerous 
interim addenda. Probably much of the continued success of 
this code was a logical beginning. The logic was continued 
with the combined use of Design-Manufacturing-Inspection 
-Material-Safety-and Research. In 1914, the concept of 
design related to manufacturing and inspection through the 
code stamp, and the impartial boiler inspector was most 
effective. An addendum in 1930 recommended the use of weld- 
ing. The use of radiography and penetrameters as reliability 
tools were recommended to gain the grade of Class 1 welding. 
Then the 1931 edition of the code incorporated these concerns 
and added fusion welding to the boiler manufacturing 
capability. 

Since the beginning of the American Society of Mechanical 
Engineers pressure-vessel research and specification analysis have 
continued. Today some fourteen countries of the world have 
developed their own pressure-vessel specifications. Additional 
countries use these specifications but conduct independent re- 
search in their own country. However, the concern of each 
group for local problems or the tall tales carried from one 
country to another, (and suffering in the retelling) has caused a 
new crisis. For example, if a contract were let in Germany, 
Sweden, Holland, Finland or Czechoslovakia for a particular 
pressure vessel of mild steel for room-temperature service at a 
working presure of 600 psi, and sent to New Zealand for instal- 
lation, the walls of the vessel would be just & the thickness 
required by the code at the point of installation. The conditions 
for the pressure vessel are rather ordinary and the results show 
a great inconsistency between these groups. Perhaps the pressure- 
vessel specification groups have been more diligent about inter- 
country exchange of research and study than others. By this 
means they have been able to focus more attention on their 
problems. More often we find those who have no problems are 
either naive or dishonest. In addition the pressure-vessel groups 
have been the leaders in the direction of logical control of 
manufacturing for much of our industry. In  fact, the lack of 
similar more appropriate manufacturing control by other in- 
dustries, is a real concern at the present time. 

It is recognized that standards are useful and a very im- 
portant engineering tool. They tell a manufacturer what is 
required of him to permit a fair price or bid to be submitted 
and a clear contract and execution to be accomplished. These 
standards permit the buyer a measure of the performance of the 
industry and a measure of the product. Without these necessary 
assurances many miscarriages of contractual manipulation may 
be accomplished. 

On the other hand, certain negative problems also arise 
from standards. Tests for materials and assemblies may remain 
primitive and naive because of the fear that more complex tests 
with less accurately defined interpretation may cause confusion. 
Design may become over-simplified and discourage the desire 
or initiative of study groups to investigate newer and more 
venturesome product configurations. Standardization may lead 
to fixed prices where, because of the risk of capital equipment, 

new methods may be discouraged. Often the performance asked 
of new processes and materials cannot be answered by current 
methods. The question may then be raised whether or not 
present techniques are being reviewed with the purpose of 
examining current acceptance criterion. 

Probably one of the earliest specifications concerning the 
evaluation of weld discontinuities in the U.S. was an Ordnance 
Department specification of the U.S. Army AXS-476 dated 
July 15, 1939. Here a series of reference radiographs were 
collected and classified as to the type of weld, fillet or butt 
(groove) and the type of discontinuity. These radiographs were 
further qualified as to whether the indications were acceptable, 
border-line acceptable or not acceptable. Rejectable defects 
were listed as: 

1 .  Porosity (uniformly distributed, linear or cluster dis- 
tribution) ; 2. Slag inclusions; 3. Improper fusion (incomplete 
fusion) ; 4. Incomplete penetration (inadequate joint penetra- 
tion) ; 5. Undercuts; 6. Cracks (longitudinal, transverse, crater 
and plate cracks); 7. Lack of prescribed fit. 

The scope of the standard is noted as applicable to all 
ordnance material for which radiography is required. Additional 
methods of inspection and the use of penetrameters was also 
described. The type of radiographic exposure by example 
suggested a single radiograph in the direction perpendicular to 
the surface with film, if possible, parallel and close to the 
surface, except in the case of a fillet weld where it was nearly 
45” to the surface. 

In general the standard in 1939 drew from the experience 
of a supply of radiographs of the type of manufacturing typical 
of a fabrication at the time. The authors were attempting to 
up-grade the current welding quality by revealing to the manu- 
facturer the nature of the weld soundness. Cracks were not 
permitted, however, it is quite unlikely that many.  cracks 
would be revealed by the inspection procedure. Inspection 
seemed directed to revealing longitudinal cracks in the fillet weld 
and other discontinuities such as crater cracks and cracks perpen- 
dicular to the surface, in butt welds. The likelihood of finding 
other configurations is a gamble. Porosity is considered and tol- 
erated. Comments about pores-10% of plate thickness in &in. 
plate material and 7% of plate thickness in 2&in.-thick material 
with single cavities whose maximum length equal plate thickness 
are noted. However, the illustrated examples almost rule out 
linear and cluster porosity. Slag was permitted in single lengths 
up to 4 T, with the seam of lengths no greater than T in a 12T 
total. T is equal to plate thickness. Distance between inclusions 
must exceed 6 times the length of the longest inclusion. When 
imperfect fusion, incomplete penetration and undercut were 
revealed, these discontinuities were then called to the attention 
of the inspector, and his decision was then based upon the 
conditions of service. Warnings of a process out of control 
indicate that these conditions would be called to the attention 
of the manufacturers. 

It might be assumed that the design agencies were aware 
of the current quality of manufacturing and considered the 
“typical soundness” in their calculations. Surface analysis was 
the problem of the visual inspector and it is assumed that he 
used his own criterion of good surface appearance and sympto- 
matic indications. The earlier pressure-vessel codes solved the 
surface problem by grinding or blending. The ordnance group 
did this in part; however, many welds were left in the “as 
welded” condition and became a problem of inspection. Surface 
inspection aids to visual inspection such as magnetic-particle 
and liquid-penetrant techniques greatly assisted the visual 
methods. 

In rapid succession various additional supplements con- 
cerning the nondestructive testing procedure followed to 
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improve the X-ray or X-ray image. Still, however, the geometry 
of the fillet weld and the single exposure by radiography 
persisted. This also was coupled with the rather variable con- 
cept of where inspection was to be used. Should the radiography 
be of 100% of the welds, of the structure, or how should the 
burden be carried? On occasion when radiography began to be 
a sample lot program, repair caused a manifold increase in the 
amount of inspection. With this acceleration in manufacturing 
cost, both the buyer and seller became concerned that inspection 
became an open end in the purchase agreement. To the bidder 
it seemed that with some small inconsistency in manufacturing 
he could suffer a substantial change in cost. For the buyer, he 
was concerned for his product with the numerous repairs 
required. For many years these two groups sat down together 
to develop specifications which each could understand and use 
in process and manufacture. The bidder was usually concerned 
about less inspection to reduce price, and the buyer concerned 
that he had adequate inspection to assist in a guarantee of 
serviceability. 

The term serviceability then became the concern of many 
groups. A review of inspection criteria which are not related to 
design were of the first order of business. However, while it was 
possibly not true in all areas, the costs relegated to serviceability 
testing seemed to discourage study in this realm. Some designers 
began to consider the concern of the state of stress in service with 
the design analysis. However frequently between the time of the 
final blueprint and the finished manufactured part numerous ex- 
pedient modifications frequently took place. Even the designer 
could not be sure that the design stress analysis was still valid. 
Although the need for final product analysis from the viewpoint 
of both a design verification and a basis of in-service study was 
obvious, the cost of testing time delay caused hasty decisions to 
terminate manufacturing, and to ship. 

Such problems as plate laminations caused concern. How- 
ever when the extent of laminations became considerable, it 
caused an analysis of the expediency of the project. All too often 
the weld which allowed the inspector to find the lamination was 
repaired by closing the seam at the weld. In short, it would be 
too difficult or expensive to replace the plate, SO the weld was 
merely replaced. 

When plate rupture took place frequently, notch ductility 
of the material was studied. Then for some unfortunate reason 
the notch ductility as a measure of plate performance became 
part of the general code of the plate material, and never part of 
the acceptability of the assembly concern. Actually the needs for 
notch ductility vary in the fabricated product and also vary in 
the plate production. I t  could well be that each may vary in 
opposition. For example, specification concerns for notch tough- 
ness values in an easy-to-test region may dictate that the fabrica- 
tor place in remote regions, (those regions most likely to have 
high near balanced triaxial loading), the least ductile material 
because testing complications free this region from control. Fre- 
quently the notch ductility is lower in heavier plate. More than 
likely the heavier plate is due to increased stress requirements. 
Is it clear that when fabrication is complete that the worst com- 
bination of problems have not culminated at the most critical 
point in the part? One further point concerning notch ductility 
and thickness. Some codes relieve the fabricator in the area of 
joint efficiency if stress relief is employed. With thick plate the 
fabricator may well choose to use slightly heavier plate to avoid 
the stress-relief problem. I t  also could be that his plate-notch 
ductility capability continues to suffer with increased plate 
thickness. There may be some concern to consider the plate 
properties in stress relief where local residual stress may reduce 
final assembly capability. 
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A review of current specifications reveals a certain piece- 
meal historical development caused by progressive chronologi- 
cal modification. With time, weld fit-up has been generally im- 
proved, welding materials have become more reliable, and weld- 
ing processes have become more efficient. Inspection equipment 
can now reveal more minute discontinuities and techniques, now 
employ more varied tests and locations. With these new capa- 
bilities, new demands for inspection criteria have been met. Is 
this the proper trend? Possibly only the price of the manufac- 
tured article is raised rather than serviceability as well. The in- 
crease in price may also reflect a reduced market. 

The principal question to be faced is, will the part do the 
job for which it is intended? Once again the prime concern is 
product serviceability and reliability. In many industries this con- 
cern was passed by as a needless expense. Today with new test 
methods available an additional review of product analysis may 
have merit. Numerous recently publicized failures have stressed 
the unit concept. The concern was not in the area of parts in- 
spection or specifications, but with a final analysis of the as- 
sembled unit. Final service analysis has proven to be quite a sur- 
prise to some machinery. Often they find that their rugged model 
built to take punishment is so constrained by strengthening mem- 
bers, that a less complex and more economical model outlasts 
the “ruggedized” unit. 

If at all possible the reporting of test indications should in- 
clude information that can be employed beyond the manufac- 
turing area. If development research is to plan serviceability, test- 
ing and design is to review the case of the prototype and the 
product, and manufacturing should be capable of a production 
review in terms of prior inspection criteria. Inspection should 
not make its findings in radiographic or ultrasonic jargon, but 
in terms that can be used in design and stress analysis. 

A review of tests and testing will readily prove that many 
tests which specifications cherish are not contributing to our 
serviceability analysis. For example, weld metal tension testing 
may contribute to a raw materials evaluation but will not be 

USA 

UK 

Poland 

Holland 

Japan 

Table 1 
A.S.M.E. Boiler & Pressure Vessel Code-1965 

Section I-Power Boilers 
Section 11-Nuclear Boilers 
Section 111-Unfired Pressure Vessels 

1104 Standard for Welding Pipe Lines and Related 
Facilities 
5LX High Test Line Pipe 

American Welding Society 
D2.0-66 Welded Highway and Railway Bridges 

Military (Partial list of general and draft documents) 
NAVSHIPS 250 Series (e.g. 1500 and 637 types) 

American Petroleum Institute 

MIL-STD 779, CE 260 
British Standard 15 15 

Fusion Welded Pressure Vessels-Part 1, Carbon 
and Ferritic Steels 

Fusion Welded Pressure Vessels-Part 3, Aluminum 
(Drafts of Parts for: Austenitic Steel Fusion Welded 
Pressure Vessels; Copper and Copper Alloy Pressure 
Vessels. ) 

British Standard 2633-Class 1, Arc Welding of Ferritic 
Steel Pipework for Carrying Fluids 

Polish Standard PN-60/M-69773 Classification of Welded 
Joints on the Basis of Evidence Supplied by Radio- 
graphs 

Dienst Voor Het Stoomwezen VKR-’I-SDFT, Evaluation 
of Acceptance Limits for Inhomogeneities Revealed 
by Radiography 

Standards for the Visual Examination of Welds in Hull 
Construction 

British Standard 1500 



Table 2 
Maximum Permissible Porosity Indications in Radiographs per 6 inch Length of Weld 

Total Area LARGE-Pore Size (in.) MEDIUM-Pore Size (in.) FINE-Pore Size (in.) 
Weld of Permitted 

(in.) (sq. in.) Fraction Valuel No. Fraction Valuel No. Fraction Valuel No. 
Thickness Porosity Approx. Decimal Approx. Decimal Approx. Decimal 

~ 

.0075 

.015 

.030 

.045 

.060 

.090 

.120 

.150 

.180 

.210 

.240 

- 
- 
.10 
.125 
.I25 
.125 
.125 
.125 
.I25 
.125 
.125 

- 
- 

4 
4 
5 
7 

10 
12 
15 
17 
20 

- 
31128 
1/32 
1/32 
51128 
3 164 

5 164 

71128 
1/16 
1/16 

5 164 

- 
.025 
.031 
.034 
.039 
.048 
.055 
.061 
.068 
.073 
.078 

- 
31 
40 
50 
50 
50 
51 
51 
50 
50 
50 

1/64 
1/64 
3 1128 
31128 
1/32 
1/32 
5 1128 
3 164 
3 164 
71128 
71128 

.014 

.0138 

.0195 

.024 

.0275 

.034 

.039 

.044 

.048 

.052 

.055 

49 
100 
101 
99 

101 
99 

100 
99 
99 
99 

101 

1These values used for calculating total area of permissible porosity given in second column, 

effective as an assembly property analysis. In fact any uniaxial 
test may prove to give only relative analysis. Plate properties 
may show that an inordinate amount of concern has been given 
to connections. Tests directed to finding cracks rather than con- 
forming to test configurations will certainly reveal internal cracks 
in structures accepted as having ‘$no cracklike flaws”. Would 
some realism here be in order? 

A recent review of international specifications concerned 
with criteria for weld inspection was made by Commission V 
of the IIW. Their document V-332-66 notes that five countries 
of the world have specifications of this type. Table 1 has ex- 
panded the International Institute of Welding document to some 
degree. While some countries have acceptance criteria in their 
pressure vessel codes, these reflect the criteria of the U.S.A. or 
the U.K. for the most part. 

I t  would be impossible to review the development of all 
world discontinuities in this paper. Because porosity studies seem 
to be under current consideration, this particular criterion may 
serve to illustrate a specification trend. Again in reference to 
the American Society of Mechanical Engineers we note first use 
of internal soundness as an acceptance basis in 1931. At this time 
sample X-ray film was used to set the limit of acceptability. In 
1951 the film gave way to charts on porosity. This method per- 
mitted the standard committee a more flexible tool to describe 
acceptable radiographs. However, acceptance was still within 
the confines of the language of the inspection group. In 1962 
a revised set of charts was produced which permitted the size of 
pore to be increased but permitted fewer pores to be accepted. 
In  1965 the tables were supplemented with a tabular indication 
of “maximum permissible porosity indications”. Table 2 is a copy 
of the porosity chart from the ASME Power Boilers Section I. 
Other portions of the code are similar. If one can assume that 
the code speaks of spherical porosity it is quite clear that the 
ASME porosity specification employs roughly a 1 % loss in cross- 
section by porosity as its criterion. For the intended service and 
the structural configuration of necks and nozzles employed to 
do the power transducing of heat to electrical energy, it is quite 
likely that one part of the unit may be asked for three times the 
service of another. In a review of the total job the strict case of 
1% loss in section may prove a severe inequity. 

A recent U.S. military specification has been developed to 
expand acceptance for a variety of service requirements. Five 
levels of porosity are recommended which fall approximately 
in the range of 1, 2, 4, 7 and 10% loss in cross-section. The 

motivation for this study was an examination of the real require- 
ments of service. 

Many stress analysts have used a classical Timoshenko 
analysis of a spherical cavity in a tension field as an adequate 
study of spherical type gas porosity in static load service. If a 
gas pore of 0.015 in. in radius is internal in a section, the average 
stress is increased to a value slightly more than two times, actu- 
ally 2.04 at the edge of the hole. A stress concentration factor, 
K of 2.04. This K-value then decreases with distance from the 
hole as: K=1.27 at 0.005 in. from the cavity, 1.11 at 0.010 in. 
and 1.009 at 0.030 in. 

These values are meaningless however unless we consider 
the material performance. Again consider the material a 200,000 
psi yield strength high tensile strength steel with a 4% strain at 
rupture was examined for its capability of absorbing or redistrib- 
uting local stress concentration. A K of 6.0 for the material 
indicates that in the tension field stress concentrations of this 
magnitude are absorbed, far more than the 0.015-in. porosity 
would indicate. Hence the problem may simply be loss in cross- 
section in this case. A porosity study in the static case indicates 
that original plate properties may be produced where a loss of 
cross-section of mild steel of 40,000 psi yield strength up to 7% 
may be occasional. With 100,000 psi yield strength material a 
loss of cross-section up to 5 or 6% may be present with original 
plate properties obtained. These figures may suggest further need 
for criteria re-evaluation. 

Many specifications note the concern for cluster or linear 
porosity. This problem too, may be considered by this analysis. 
The interaction of two adjacent cavities may well increase the 
magnitude of the stress concentration at the pore edges. An 
analysis of two 0.015-in. pores first in contact and then removed 
specific distances was calculated. A K of 3.08 is revealed for the 
pores in contact. Thus even in contact the most severe case of 
linear porosity the K-value is well below the plate capability of 
6.0. Table 3 indicates that the stress concentration drops off 
rapidly as the pores separate. Previous studies of porosity tests 
in mild steel and quenched and tempered steel failed to reveal 
the need for extra concern in the linear and clustered cases, other 
than being related to a loss in cross-section. The stress analysis 
gives additional weight to this conclusion. 

As the standards groups review practical service the possi- 
bility of fatigue-type loading is cause for evaluation. R. E. Peter- 
son has put this phenomenon on a quantitative basis with ex- 
tensive test correlation. He defines his “notch-sensitivity fac- 
tor” = q as: 
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q =  -- 
where ( Z t - 3  

K f  = fatigue-notch factor 
Endurance Limit of unnotched specimens 

Endurance Limit of notched specimens 
- - - 

and 
Kt = the theoretical stress concentration factor where results 

are obtained by photoelastic materials. 

Table 3 
Interaction of Two Pores as the Distance of Separation is Increased 

Pore Spacing in Per cent 
K of Pore Diameter 

3.08 
2.12 
1.60 
1.20 
1.12 
1.08 
1.05 
1.03 
1.02 

0.0 (Contact) 
0.1 
0.2 
0 . 3  
0 .4  
0.5 
0 .6  
0 . 7  
1 .o 

Figure 1. Stress distribution. S=Sel. 

The notch sensitivity factor is a property of the material and 
also a function of the notch radius, r .  As the notch radius 
becomes small, Kt increases, however, q decreases and clarifies 
the problem of the infinite radius crack. Thus the relationship 
considers the material as non-homogeneous and recognizes 
actual grain structure. 

When we consider the stress distribution across a section 
which contains a hole it is noted that the stress gradient at 
the edge of the hole is maximum. However if the load is just 
sufficient to bring the peak stress up to the fatigue limit, S., as 
in Figure 1, it would not be expected to produce fatigue failure 
because the volume of material at this stress value is zero. Due 
to grain structure some finite volume of material must be at 
the fatigue limit before a crack will form. One way of express- 
ing this is to say that the fatigue limit stress must exist at some 
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Figure 2. Stress distribution. S> Sez. 
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Figure 3. Strength reduction factors; elliptical holes and elongated cavities. 

finite dspth, 6 below the surface (see Figure 2 ) .  The steeper 
the stress gradient the higher the load required to produce 
fatigue failure. The dimension, 6, is a material property. In 
general, hard fine-grained materials have small 6 values while 
the values for soft-grained materials are large. 

Peterson has estimated the relationship between Kt and 
notch radius, r,  for three cases, ( 1 )  an elliptical hole or external 
notch, (2) an elongated cavity, ( 3 )  an ellipsoidal cavity. 
Figure 3 shows K ,  plotted against r for the first two cases. For 
each ellipse b l a  is equal to 1 ,  2 ,  or 5.  Kt starts at 1.0 for “r” 
= 0 and would approach K I  as r becomes larger. 

For a round hole through a plate or a worm-hole cavity 
where b l a  = 1 ,  if r = 0.001 then Kr = 1.1. The plate is not 
weakened more than 10%. 

With a cavity radius of 0.036 in. or a radius of 0.018; 
Kt = 2.4. With the theoretical Kt at 3.0 the notch sensitivity 
factor becomes 0.7. These particular tests were conducted in a 
100,000 psi U.T.S. steel with a 6 of 0.002. The low value of q 
gives support to the fact that porosity need not be a concern. 
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Figure 4. Strength reduction factors; ellipsoldal cavities. 
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Figure 5. Effect of porosity on strength reduction factor. 
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Figure 6. Porosity requirements-weldments-rocket systems. 

This should not be considered a case to replace the service test 
but only further justification for the study. 

Figure 4 is the case of the ellipsoidal cavity. The curve for 
b l a  = 1 shows the weakening effects to be expected from 
spherical cavities such as those produced by porosity. A pore 
of 0.018 in. radius produces a K I  of 1.65. The fatigue strength 
has been reduced about 60% of its basic value. Now the 

theoretical Kt for this case is 2.04, and the “q” becomes 0.625. 
Peterson also shows that Kt is markedly lower when the cavity 
is filled with another material, even if that material has a 
modulus of elasticity only that of the base metal. Tungsten 
inclusions may fit this case while slag inclusions may have less 
than an 8 million psi modulus. Even so the potential capability 
of the system may place both slag and porosity problems in the 
province of deserving reviewed study as acceptance criterion. 

Two studies by HomCs and Masi-Erra showed that with 
mild steel tested in alternating tension that at the 5% porosity 
level the strength reduction factor of approximately 1.7 or a 
60% reduction of the fatigue strength. HomCs’ results indicates 
that at 5% K f  is 1.68 and at 7% KI is 1.78 (Figure 5). 

Encouraged by low fatigue cycle tests typical of rocket 
systems, Young made a study of porosity requirement for this 
field. Figure 6 shows the results of this work with an  addition, 
insertion 6, considering percentage loss of section due to 
porosity. Two classes of work are considered and levels of 
porosity of approximately 6% and 7% are indicated. This 
work indicates that low-cycle fatigue service and prior work 
in static tension and impact are justified in predicting that 
review in porosity standards are in order. Most certainly service- 
ability studies may well permit new designs and cost reduction 
of useful products. 

Standards for the acceptance of weld defects and all 
material are a logical and sound business practice. I t  is as sound 
as a contract to buy or sell. Many misfortunes arise when two 
parties have not effectively communicated, and standards are 
most capable of narrowing the gap of misunderstanding. How- 
ever the method of hastily constructing standards based upon 
some simple technique of evaluating current production often 
becomes a deterrent to progress. With evaluation on the 
opposite side of the situation, carefully constructed standards 
have the advantage of becoming a major boon to the industry. 
Here standards are the result of long-range growth and develop- 
ment, based upon studied experience. Often the keeping of 
significant records of material, inspection, manufacturing 
procedure, design analysis and serviceability analysis are the 
principal ingredients. 

Reference has been made to the significance of service- 
ability analysis, which is logically the ultimate answer. This 
test, however, comes at the end of manufacture where costs and 
time are critical. Therefore if any test is missing, serviceability 
analysis is usually absent. This is truly amazing, for with this 
fact it is admitted that only high-production industries use this 
valuable test. However, it is no secret that often startling 
information is revealed by service testing competitive products. 
The same attention paid to in-house products would be more 
effective by many orders of magnitude. 

When standards are documented and products are tested 
it is startling how manufacturing emphasis changes. Also 
inspection can alert manufacturing of an increased discontinuity 
trend which may be corrected before any production is rejected 
as being defective. Designs become classic in line and manu- 
facturing attention to critical regions is routine, and less critical 
regions receive statistically occasional analysis. The review of 
the discontinuities and their effect on service also becomes an 
important function of design, manufacture, and reliability. As 
well, repair becomes a clear-cut manufacturing procedure with 
no sacrifice in properties, only improvement. The logic in every 
case is clear, calculated proof of each step in manufacture, and 
decision making in inspection-the result a better product. 
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Report Session 

Training and Qualication of NDT Personnel 

PROFESSOR R. C. McMASTER, USA, Session Chairman 

The authors of the papers on Training and Qualification of Non- 
destructive Testing Personnel are to be congratulated on the basic 
and important work they have undertaken, on which they have 
reported so clearly at this session. I should like to congratulate 
each author on his contribution. The development of parallel 
concepts in several great nations of the world is illustrated in 
these papers and is in itself a confirmation of the need and of 
the methods being developed for certification and control of per- 
sonnel involved in interpretation and use of nondestructive 
tests in industry and other applications. 

Canada has been a pioneer in certification of radiographic 
personnel and has provided a guide to many other countries in 
their development of similar certification techniques. Mr. Haver- 
croft’s report on Certification of Radiographic Personnel in Can- 
ada provides a historical review and identification of junior and 
senior grade certification standards. The existence of the examin- 
ing authority provided by the Mines Branch of the Department 
of Energy, Mines and Resources is a national asset not presently 
duplicated in the United States, for example. The availability of 
a national standard with approximately 400 certified junior 
grade and 165 senior grade radiographers is a tribute to the 
pioneering effort of the members of the committees who have 
contributed to this development. Their interest in international 
collaboration in the field of nondestructive testing is to be com- 
mended. 

The parallel development of certification systems in Great 
Britain as reported by W. C. Heselwood in Training and Certi- 
fication of NDT Personnel in Great Britain represents a highly 
significant achievement. Mr. Heselwood’s report on the historical 
development and recognition of the needs for such certification 
was most illuminating. The degree of humour, practical insight, 
and intelligent compromise between conflicting needs and de- 
mands frankly described in this report represents the challenge 
which each nation faces in developing such certification stand- 
ards. 

Professor Tada’s report Education and Qualification of Non- 
destructive Testing Personnel in Japan presents a clear historical 
record of the development of the Japanese society for nonde- 
structive inspection and its achievements during the past 15 
years. Dr. Tada’s emphasis upon the need for more than one 
basic nondestructive testing method to assure the reliability of 
weldments and other test objects is to be commended. In  addi- 
tion, Japan has developed programs for teachers of technical 
high schools and for university department faculty. T o  an educa- 
tor it is particularly pleasing to know that the engineering depart- 
ment of Osaka University has classes on the engineering of non- 
destructive testing. 

The attainment of laws dealing with radiation protection 
and of national examinations to assure safety and security under 
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the laws represents a useful result of the efforts of individuals 
who have contributed their services to advance the field of non- 
destructive testing. The Certification of nondestructive testing 
companies by the Japanese Welding Engineering Society and of 
nondestructive testing personnel by the Japanese nondestructive 
inspection society represent major contributions toward safety 
and proper application of nondestructive tests. Dr. Tada has 
compared the Japanese systems with those of Canada and the 
United States and suggests a strong possibility that an interna- 
tional system could be established wherein all nondestructive 
testing personnel can be qualified and certified on the same basis. 

Mr. Harold Hovland’s report on the personnel qualifications 
document SNT TC-1A of the American Society for Nondestruc- 
tive Testing records the achievement over the past several years 
of hard-working committees on certification of nondestructive 
tests personnel. These committees have prepared training docu- 
ments, examination questions, and procedures for the presenta- 
tion of courses and certification of personnel who have received 
such training. Mr. Havland’s delineation of the factors which 
contribute to the confidence level which can be applied to non- 
destructive test procedures is significant of all those who under- 
take this type of task. The fact that documents for several basic 
test methods have been published and approximately 1000 sets 
made available to industry, technical societies and private orga- 
nizations, has been a major contribution to the standardization 
of nondestructive test certification in the United States. 

Collectively the efforts reported in this session represent a 
basic trend in the field of nondestructive testing and contribute 
to the professional status of this field of engineering service. Cri- 
tical to effectiveness in assuring reliability in industry and other 
applications is the integrity of the individuals and of the philos- 
ophy and programs used to implement certification procedures. 
There can be no question of the need for and value of these 
types of efforts which have led to useful national procedures 
for assurance that nondestructive testing and inspection are car- 
ried out to adequate standards. 

As an individual involved in nondestructive testing leading 
to new methods and new concepts for their implementation, the 
session chairman recognizes the validity and need for certifica- 
tion and standardization efforts. However, the one question 
which remains always to be carefully considered is the possibility 
that by implementation of fixed standards for certification and 
specific types of knowledge, a limitation may be placed upon 
further introduction of novel methods and advanced methods of 
interpretation of test results. Methods for up-dating and for re- 
vision of the basic information, and of standards for its applica- 
tion, must exist. The next generation of nondestructive test sys- 
tems may be much more complex than the present methods in 



use. In particular, it is possible that further use of electronic com- 
puters and other methods of evaluation, and of quantitative ef- 
forts to relate nondestructive test indications to the precise di- 
mensions and nature of discontinuities, and to the probable serv- 
ice life remaining in structures, will become vitally important. 
Thus, flexibility and provision for change, as new methods are 
developed and proven to be valid, should always be provided in 
the establishment of standards and methods for certification and 
training of personnel for our rapidly growing field of nondestruc- 
tive testing. 

REPORT OF MEETINGS OF THE INTERNATIONAL 
COMMITTEE 

W .  E .  Havercroft 

Two meetings of the International Committee for Nonde- 
structive Testing were held in the Mount Royal Hotel, Mont- 
real, during the Conference. The first meeting on Sunday, May 
21st and the second on Thursday, May 25th. 

Sixteen delegates representing 11 countries were present at 
the first meeting at which time the following action was taken. 
(a) The terms of reference of the International Committee which 

had been revised by the delegates from Canada, Germany, 
Great Britain, Poland and the United States were adopted 
by the delegates. 
The revision included a change in name of the committee 

from “The Standing Committee for International Co-operation 
within the Field of Nondestructive Testing” to “The International 
Committee on Nondestructive Testing”. 
(b) The invitation submitted by the delegate from Germany Dr. 

R. Seifert to host the Sixth International Conference on 
Nondestructive Testing in Germany in 1970 was unani- 
mously accepted by the committee. 
A total of 21 persons representing 14 countries attended the 

second meeting of the committee. Czechoslovakia’s request for 
membership on the committee was welcomed and unanimously 
accepted by the delegates. The Czechoslovak Scientific and Tech- 
nical Society named Ing. L. Cizek and Dr. M. Baimler as their 
representatives to the committee, these gentlemen were welcomed 
to the meeting. 

Discussions were held on the future activity of the Com- 
mittee and on matters relating to the Fifth International Confer- 
ence on Nondestructive Testing which could be of benefit to 
future Conferences. 

I t  was recommended that the International Standards Or- 
ganization (ISO) be approached to establish and support a Tech- 
nical Committee on Nondestructive Testing. 

CLOSING SESSIONSUMMARY 

Dr.  G. H .  Tenney 

The final session of this impressive Fifth International Con- 
ference on Nondestructive Testing is now completed. As Ses- 
sion Chairman it is my desire to express sincere thanks to our 
Canadian friends for making this Fifth International Conference 

a reality. Having played an active part in all five conferences 
and having been on the international scene in the field of non- 
destructive testing since 1951, I believe that I am in a position 
to say that this conference, which now enters the history of non- 
destructive testing, has been at least as successful and informative 
as its four predecessors. By now it is firmly established that the 
nondestructive testing profession encompasses the entire world. 
Through international conferences great progress has been made 
in the dissemination of technical knowledge across the borders 
and over the oceans. These are indeed great contributions. In 
addition I wish to emphasize a much more important impact of 
these conferences and that is the opportunity to meet each other, 
to know each other, and to establish a common denominator 
based on personal knowledge and friendship. These human fac- 
tors are, in the final analysis, the heartbeat of human endeavour 
toward peace on earth. Let us include in our philosophy the 
motto of our host city Montreal-“Concordia Sa1us”--Salvation 
through Harmony. 

It has been my privilege to introduce three gentlemen who 
have ably summarized some of the achievements of the Con- 
ference. 

My good friend Dr. R. C. McMaster, Professor at Ohio 
State University and my predecessor as President of the Ameri- 
can Society for Nondestructive Testing, has reported on the rec- 
ommendations of the session dealing with the training and quali- 
fication of personnel. 

It was an honour to present Professor Dr. G. Homes of the 
University of Brussels, Belgium, an elder statesman in the field 
of nondestructive testing and General Chairman of the First In- 
ternational Conference on Nondestructive Testing held in Brus- 
sels in 1955, who reported on the recommendations made at the 
session dealing with the correlation of weld defects. 

Last, but not least, it was a special privilege to introduce a 
man whose efforts helped to make this informative gathering 
possible, the General Chairman of this Conference, Mr. William 
E. Havercroft, who reported on the meetings held by the Inter- 
national Committee for Nondestructive Testing. 

I wish to thank these gentlemen for their reports of activi- 
ties that have taken place during the five days of the conference 
in the beautiful “Expo 67” City of Montreal. Another major 
milestone to be remembered and appreciated has been placed 
on the road of progress in nondestructive testing. Let us be mind- 
ful that the road continues and that the next milestone will be 
established when we meet again in Germany in 1970. 

PRESENTATION OF STANDARDS 

A set of standards prepared by the British Standards Insti- 
tution relating to nondestructive testing and welding was pre- 
sented to the Canadian Council for Nondestructive Technology 
by Messrs. C. C. Bates and C. Campkin of the United Kingdom. 

The gift was acknowledged by Mr. W. E. Havercroft, Presi- 
dent of the Canadian Council for Nondestructive Technology, 
who expressed thanks to the donors, to the British Standards In- 
stitution and to the British National Committee for Nondestruc- 
tive Testing for this gesture of international cooperation and 
friendship. 
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