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ABSTRACT 

This is a laboratory research program to characterize acoustic emis- 

sion (AE) from flaw growth and noise from innocuous sources in A5338 Class 1 

pressure vessel steel. The objectives are 

Characterize AE from a limited range of defects and material property 

conditions of concern to reactor pressure vessel integrity. 

Characterize AE from innocuous sources (including defects). 

Develop criteria for distinguishing significant flaws from innocuous 

sources. 

Develop an AE flaw damage model to serve as a basis for relating 

in-service AE to pressure vessel integrity. 

The purpose of the program is to build an experimental evaluation of 
the feasibility of detecting and analyzing flaw growth in reactor pressure 

boundaries by continuously monitoring for AE. 

A detailed program plan in the form of an analysis-before-test docu- 

ment has been prepared and approved. 

An AE monitoring system incorporating a new concept with data recording 

in solid-state digital memories and signal source isolation has been adapted 

for use on this program. 



A Biomation Model 8100 t ransient  wave analyzer has been purchased and 

interfaced with the AE monitor system for  signal wave form and frequency 

spectrum analysis. 

Two PNL A E  sensors have been calibrated in absolute terms ( r e  1 volt/pbar) 

by an independent calibration laboratory for reference sensors. 

The hydraulic system on an MTS t e s t  frame has been modified to  reduce 

noise. 

The range of A E  monitoring frequency to  be used in laboratory t e s t  

work has been evaluated in relation to  the range liniitations to  be expected 

on an inservice reactor. 

In i t i a l  calibration t e s t s  of the integrated A E  monitor-mechanical t e s t  

system have been performed using an A533B Class 2 s teel  specimen. Purchase 

of an existing 8 1/4 in. (210 m m )  thick plate of A5338 Class 1 s tee l  i s  in 

progress in collaboration with the Naval Research Laboratory. To f a c i l i t a t e  

an early s t a r t  of tes t ing,  a well characterized weldment specimen will be 

used. 

High temperature (600" F )  commercial A E  sensors have been purchased 

for  t e s t  and evaluation for long term inservice reactor monitoring. 
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INTRODUCTION 

The U.S. Nuclear  Regu la to ry  Commission (NRC) has au tho r i zed  B a t t e l l e ,  

P a c i f i c  Northwest Labo ra to r i es  (PNL) t o  per fo rm a l a b o r a t o r y  research p ro -  

gram t o  c h a r a c t e r i z e  acous t i c  emiss ion (AE) f rom f l a w  growth and no i se  f rom 

innocuous sources i n  A533B Class 1 pressure vessel  s t e e l .  The p r imary  

o b j e c t i v e s  o f  t h i s  program are: 

Charac te r i ze  AE f rom a 1 i m i t e d  range o f  d e f e c t s  and m a t e r i a l  

p rope r t y  c o n d i t i o n s  recognized as be ing  o f  p r ima ry  concern t o  

r e a c t o r  p ressure  vessel  i n t e g r i t y .  

Charac te r i ze  AE from innocuous sources ( i n c l u d i n g  d e f e c t s )  which 

can be reasonably  expected t o  e x i s t  i n  a pressure vessel .  

Develop c r i t e r i a  f o r  d i s t i n g u i s h i n g  s i g n i f i c a n t  f l aws  f rom innocuous 

sources. 

Develop an AE f l a w  damage model t o  serve as a b a s i s  f o r  r e l a t i n g  

i n - s e r v i c e  AE t o  pressure vessel  i n t e g r i t y .  



The purpose o f  t h e  program i s  t o  b u i l d  an exper imenta l  e v a l u a t i o n  o f  

t he  f e a s i b i l i t y  o f  d e t e c t i n g  and ana l yz i ng  f l a w  growth i n  r e a c t o r  p ressure  

boundaries by con t i nuous l y  mon i t o r i ng  f o r  AE. Th i s  r e p o r t  i s  t h e  f i r s t  

pub l i shed  progress rev iew  o f  t h e  program. The p e r i o d  covered i s  J u l y  1, 1976 

t o  February 1  , 1977. 

SUMMARY 

The program i s  reviewed by s p e c i f i c  t o p i c s  which c o l l e c t i v e l y  encompass 

t he  t o t a l  e f f o r t .  

PROGRAM PLAN 

The d e t a i l e d  program p l a n  i n  t h e  form o f  an a n a l y s i s - b e f o r e - t e s t  docu- 

ment has been prepared and approved by NRC. I t  i s  i nc l uded  as Appendix A  

o f  t h i s  r e p o r t .  

NRC and PNL s t a f f  members v i s i t e d  t he  B a t t e l l e - F r a n k f u r t ,  Germany 

Labora to ry  i n  September 1976 t o  r ev i ew  t h e i r  AE research  work. The purpose 

o f  t he  v i s i t  was t o  promote a  complementary r e l a t i o n s h i p  between t h e i r  p ro -  

gram and t h e  NRC-PNL program and t o  d iscuss  a n a l y t i c a l  techniques and 

r e s u l t s .  A  t r i p  r e p o r t  on t h i s  v i s i t  i s  i nc l uded  as Appendix B  o f  t h i s  

r e p o r t .  

PREPARATION FOR TESTING 

An AE m o n i t o r i n g  system i n c o r p o r a t i n g  a  new concept w i t h  da ta  r e c o r d i n g  

i n  s o l i d - s t a t e  d i g i t a l  memories and s i g n a l  source i s o l a t i o n  has been adapted 

f o r  use on t h i s  program. The system i s  capable o f  s in iu l taneous ly  ana l yz i ng  

and s t o r i n g  f i v e  AE parameters and up t o  two mechanical t e s t  parameters.  

A l l  parameters a r e  r e l a t e d  on a  common t ime  base. 

A  Biomat ion Model 8100 t r a n s i e n t  wave ana l yze r  has been purchased and 

i n t e r f a c e d  w i t h  t h e  AE mon i t o r  system. T h i s  w i l l  se rve  t h e  f u n c t i o n  o f  

s i gna l  wave form and frequency spectrum a n a l y s i s .  



Two PNL AE sensors have been calibrated in absolute terms (re 1 vol t/pbar) 
by an independent calibration laboratory. These will serve as reference 
sensors for routine calibration of test sensors. 

The hydraulic system on an MTS test frame to be used in specimen testing 

has been modified to reduce noise which might contaminate AE data. 

The range of AE monitoring frequency to be used in laboratory test work 

has been evaluated in relation to the range limitations to be expected on an 

inservice reactor. Reactor flow noise was simulated on a hydraulic test loop 

and AE detection vs monitoring frequency was evaluated in the presence of 

this noise. Inservice monitoring appears to be limited to frequencies 

>300 - 400 kHz. Primary monitoring frequency planned for laboratory testing 

is 200 kHz to 1 MHz. 

Initial calibration tests of the integrated AE monitor-mechanical test 

system have been performed using an A533B Class 2 steel specimen on hand. 

Items checked included performance of the AE monitor system, tuned vs untuned 

sensors, response of the AE system to various types of induced noise signals, 

and mechanical test system noise level. Some adjustments to the AE monitor 

system were indicated but in general the total test system operated as 

expected. 

SPECIMEN MATERIAL 

Procurement of suitable material for fabrication of test specimens has 

been a problem. Purchase of an existing 8 1/4 in. (210 mni) thick plate of 
A533B Class 1 steel is currently planned in collaboration with the Naval 
Research Laboratory, however, the material will probably not be available 

until about April 1977. To facilitate an earlier start of testing, a well 

characterized weldment specimen has  been obtained from a discontinued NRC 
program. The weldment will provide sufficient specimens to initiate two of 
the planned tests. 



HIGH TEMPERATURE SENSORS 

Two high temperature (600" F )  comnercial AE sensors have been purchased 

from each of two companies f o r  t e s t  and evaluation for  long term inservice 

reactor monitoring. Sensors from a third commercial source a re  available as 
NRC property. 

HSST TEST AE DATA 

PNL has met with Westinghouse HEDL Staff t o  coordinate plans to  obtain 

AE data from forthcoming irradiated fracture specimen test ing to  be conducted 

for HSST by HEDL. 

PNL participated in A E  monitoring an HSST thermal shock t e s t  a t  

Oak Ridge, TN on January 19, 1977. Using tuned sensors overcame a hydraulic 

noise problem associated with the t e s t  and observed AE appeared to  correlate  

with expected crack growth. Fully analyzed and recorded AE data was not 

obtained due to  low sens i t iv i ty  on one sensor. This resulted from the neces- 

s i t y  to  relocate sensors immediately prior to  the t e s t .  

AE LIBRARY 

Reported work in Germany and Japan, as well as the United States ,  rele- 

vant to  th i s  program are being reviewed for information beneficial t o  the 

NRC program. Summaries are  being included with the monthly reports. 

DISCUSSION 

Discussion i s  presented under the same topics as used in the summary. 

PROGRAM PLAN 

A detailed program plan to  achieve the program objectives and the 

rationale used in arriving a t  this plan are  contained in the Analysis- 

Before-Test document. The document i s  included as Appendix A of t h i s  report. 

Briefly the program consists of: 



Thirteen d i f f e r en t  types of laboratory specimen t e s t s  (56 specimens) 

using ASTM A533 Grade B y  Class 1 s t e e l .  

Flaw growth by fa t igue and f rac ture  a t  room temperature and 550" F in 

both weld metal and base metal. 

Innocuous noise sources of s lag inclusion and surface oxide. 

Investigate circumstances fo r  possible flaw growth without detectable 

A E  generated. 

Make avai lable  a 600" F AE sensor system su i t ab l e  f o r  inservice reactor 

monitoring. 

Coordinate and par t i c ipa te  i n  col lect ion and evaluation of A E  data from 

HSST t e s t s .  

Establish a l ib ra ry  of and review reports  on relevant AE R&D in foreign 

countries as well as  in the United S ta tes .  

The Battel le-Frankfurt  (BF)  Laboratory in Frankfurt,  Germany has per- 

formed a s ign i f ican t  amount of A E  R&D re la ted t o  application t o  reactor 

systems over the past several years.  Most of t h i s  work has been sponsored 

by the West Gernian government (FRG). NRC and PNL s t a f f  members v i s i t ed  BF 

in September, 1976 t o  discuss t h e i r  r e su l t s  and review our tenative program 

with them. The objective was t o  promote a complenientary re la t ionship  between 

the two programs and to  discuss analytical  techniques. A copy of the t r i p  

report  f o r  the v i s i t  i s  included as  Appendix B of t h i s  report .  In summary, 

the BF-FRG work has the following features :  

General emphasis is on application of A E  t o  de tec t  flaws during hydro- 

s t a t i c  t es t ing  of pressure vessels ,  to  detect  loose par ts  in steam 

generators, and t o  de tec t  leaks in pressure system during operation. 

Strong eniphasis on basic research - study of A E  source mechanisms. 

Seismic theory being used t o  guide i n i t i a l  investigation.  

Concentration on study of natural defects with fa t igue as  i n i t i a l  

consideration. 



Ultimate t es t ing  of heavy sect ions  up t o  27 1/2 i n .  (70 cm) thick 

being considered. 

Have performed reactor noise s tudies .  Results not c l ea r  in our 

discussions. Implied a lower s ign i f ican t  frequency range than 

shown by U. S. s tudies .  

Related work being performed a t  Saarbrucken, Bremer In s t . ,  and Berlin 

Ins t .  in pipe t es t ing ,  welding, and delayed cracking. 

PREPARATION FOR TESTING 

An AE monitoring system with unique features  developed a t  PNL has been 

adapted fo r  use on t h i s  program. Figure 1 shows the instrument and i t s  

main features .  The system expands on a new concept previously demonstrated 

on programs for  the Federal Highway Administration and the  E lec t r i c  Power 

Research In s t i t u t e .  Key elements a r e  use of so l id  s t a t e  d ig i t a l  memories 

fo r  data recording and source isola t ion t o  exclude t e s t  system noise. Data 
parameters recorded are:  

A E  event count ( t o t a l  ) 

AE event count (val id (a ) 

A E  energy (va l id )  

AE signal r i s e  time (va l id )  

AE signal amp1 i tude (va l id )  

Mechanical t e s t  parameters - e i t he r  level of a ramp load o r  t o t a l  
load cycles and the load cycles producing valid AE s ignals .  

All data is recorded in d ig i t a l  memories on a common time base. T h u s ,  

a l l  parameters a r e  d i r ec t l y  correlateable.  Memories a r e  readout d i r e c t l y  

to  a p r in te r  to  provide a numeric tabulation of data. This g rea t ly  reduces 

( a )  "Valid" designates those s ignals  which the source i so la t ion  system has 
validated a s  originating from the area of i n t e r e s t .  
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FIGURE 1. Digital Memory AE Monitor System w i t h  Source Isola t ion 
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FIGURE 1. Digi ta l  Memory AE Monitor System w i t h  Source I so la t ion  



the time required t o  develop data tabulations for  fu r ther  analysis  and 

i t  improves the accuracy of the data t rans la t ion .  

A E  data accepted fo r  recording i s  r e s t r i c t ed  t o  t ha t  or iginat ing from 

the specimen defect  through use of a two sensor source i so la t ion  technique. 

This subsystem defines an adjustable  range of d i f ference in time of signal 

a r r iva l  between sensors t ha t  wil l  be accepted. This, i n  turn, defines a 

limted area of the specimen from which accepted s ignals  can or iginate .  In 

t h i s  way, noise from specimen holding f i x tu r e s  and the t e s t  system can be 

excluded from the  data .  

An ex i s t ing  Dunegan/Endevco 3000 s e r i e s  laboratory AE monitor wil l  be 

used i n  para l le l  with the d ig i t a l  system t o  provide a cross check on the 

general p ro f i l e  of measured AE. 

A Biomation Model 8100 t rans ien t  wave analyzer has been purchased t o  

perform signal wave form and frequency spectrum analysis .  I t  has a maximum 

sampling r a t e  of 0 . 0 1 ~  seconds which should provide good resolution i n  the 

frequency range of i n t e r e s t  i n  A E  monitoring (up to  ~1 MHz). The Biomation 

has been interfaced with the d ig i t a l  A E  monitor such t ha t  the  source i so l a to r  

a lso  controls  the s ignals  retained by the  Biomation. T h u s  the Biomation will  

be limited t o  reading out information on only those s ignals  accepted by the  

d ig i t a l  memory system. Ultimately the output from the wave analyzer wil l  be 

stored in a d ig i t a l  casse t te  recorder to  permit processing a g rea te r  number 
of s ignals  than can be handled w i t h  present real  time readout on an osc i l lo -  

scope. Figure 2 presents a sample of an AE signal reproduced by the Bioma- 

t ion.  This i l l u s t r a t e s  the feature  of displaying pret r igger  information 

which permits examination of any A E  signal precursor information. The 
spectral  analys is  of the signal a lso  shown in Figure 2 i s  produced by routing 

the output from the Biomation t o  a Hewlett Packard swept pass band spectrum 

analyzer. 

Two PNL A E  sensors were cal ibra ted i n  absolute terms ( r e  1 volt /p bar) 

using the reciproci ty  technique in water. The work was performed by an 
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independent laboratory-Amtek Strausa, E l  Cajon, CA. The r e s u l t i n g  c a l i b r a -  

t i o n  cu rve  appears i n  F i g u r e  3. The v a l i d i t y  o f  t h i s  cu rve  i s  suspect. 

It was subsequent ly  lea rned  t h a t  t h e  sensor was p ressure  coupled t o  t h e  

s i g n a l  source as opposed t o  us ing  an u l t r a s o n i c  couplant .  Th is  would s i g n i -  

f i c a n t l y  reduce t h e  apparent  s e n s i t i v i t y .  We p lan  t o  e i t h e r  have t h e  sensor 

r e c a l i b r a t e d  by t h e  Bureau o f  Standards o r  purchase a  c a l i b r a t e d  standard. 

The servo h y d r a u l i c  system c o n t r o l  which i s  no rma l l y  mounted i n t e g r a l  

w i t h  an MTS t e s t  frame has been removed f rom t h e  frame t o  be used i n  t h i s  

work. It i s  connected t o  t he  c y l i n d e r  through h i g h  pressure hoses. Past  

exper ience has shown t h a t  t h e  servo c o n t r o l  can be a  source o f  a c o u s t i c  

n o i s e  t h a t  m igh t  i n t e r f e r e  w i t h  AE mon i to r ing .  

One impo r tan t  cons ide ra t i on  i n  p repar ing  f o r  l a b o r a t o r y  t e s t  work i s  

t he  ques t i on  o f  what f requency range should be used i n  c o l l e c t i n g  AE data.  

There i s  a  n a t u r a l  i n c l i n a t i o n  t o  use a  v e r y  broad range s t a r t i n g  perhaps 

i n  t he  low k i l o h e r t z  r e g i o n  up t o  t h e  low megahertz r e g i o n  e s p e c i a l l y  a t  t he  

o u t s e t  when t he  most meaningful  f requency r e g i o n  i s  unc lear .  On t he  o t h e r  

hand, m o n i t o r i n g  a t  v e r y  low f requenc ies  compounds t he  problem o f  no i se  

i n t e r f e r e n c e  w i t h  measurement o f  AE even i n  t h e  l a b o r a t o r y .  A lso,  t h e  end 

r e s u l t  o f  t h i s  program must be a p p l i c a b l e  t o  i n s e r v i c e  r e a c t o r  m o n i t o r i n g  

where t h e r e  i s  a  ve ry  d e f i n i t e  c o n s t r a i n t  on low f requency m o n i t o r i n g  due 

t o  c o o l a n t  f l o w  no ise .  I n  an e f f o r t  t o  e s t a b l i s h  a  l o g i c a l  b a s i s  f o r  s e l e c t -  

i n g  t h e  m o n i t o r i n g  f requency range, t e s t s  were performed on a  h y d r a u l i c  t e s t  

loop.  By t h r o t t l i n g  f l o w  i n  t he  l oop  w i t h  c o n t r o l  va lves,  i t  was p o s s i b l e  

t o  ach ieve a  reasonable s i m u l a t i o n  o f  measured r e a c t o r  f l o w  noise( ' ' ' )  as  

shown i n  F i g u r e  4. The curves a r e  p l o t t e d  on a  f acsm i l e  o f  t h e  v i deo  d i s p l a y  

on t h e  Hewlett-Packard spectrum ana lyzer  be ing  used. Th i s  makes t h e  p l o t  

d i r e c t l y  usab le  as a  re fe rence  i n  t e s t i n g .  The r e a c t o r  no i se  curves a r e  

c a l c u l a t e d  f rom measured va lues p r e v i o u s l y  r e p o r t e d  under t h e  Edison E l e c t r i c  

I n s t i t u t e  program t o  eva lua te  AE f o r  cont inuous r e a c t o r  mon i t o r i ng .  ( I )  The 

curves f o r  r e a c t o r  no i se  extend below t h e  i n d i c a t e d  ana lyzer  e l e c t r o n i c  no i se  

l e v e l  f o r  measurements taken on t h e  h y d r a u l i c  t e s t  loop. T h i s  i s  because 

t h e  r e a c t o r  measurements were made a t  a  h i ghe r  mon i to r  gain., hence t h e r e  a r e  

i d e n t i f i a b l e  da ta  p o i n t s  which f a l l  below t h e  ana lyzer  no i se  l e v e l  when 

reduced t o  t he  e q u i v a l e n t  c o n d i t i o n s  f o r  t h e  c u r r e n t  h y d r a u l i c  l oop  

measurements . 



FIGURE 3. PNL AE Sensor Calibration 
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F igu re  5  shows AE sensor response t o  f l o w  no ise  w i t h  v a r i o u s  f i l t e r i n g  

cond i t i ons .  Two bas i c  approaches t o  c o n t r o l l i n g  no i se  i n t e r f e r e n c e  a r e  

i l l u s t r a t e d .  Sensor 532 was tuned t o  a d j u s t  c i r c u i t  impedance t o  d i s c r i m i n a t e  

a g a i n s t  f requenc ies  below t h e  t u n i n g  p o i n t .  T h i s  approach a l s o  enhances 

s e n s i t i v i t y  a t  t he  tuned frequency. Sensor 512 i l l u s t r a t e s  va r i ous  l e v e l s  o f  

e l e c t r o n i c  f i l t e r i n g .  Each approach has un ique advantages f o r  c e r t a i n  a p p l i c a -  

t i o n s .  Th i s  w i l l  be d iscussed f u r t h e r  under c a l i b r a t i o n  t e s t i n g .  I t  i s  

ev i den t  f rom F i g u r e  5  t h a t  w i t h  100 and 200 KHz h i g h  pass f i l t e r i n g ,  t he  

h y d r a u l i c  n o i s e  i s  be ing  de tec ted  q u i t e  s t r o n g l y  making i d e n t i f i c a t i o n  o f  

AE s i g n a l s  d o u b t f u l .  A t  400 KHz h i g h  pass, t h e  h y d r a u l i c  no i se  i s  e f f e c t i v e l y  

suppressed. 

The e f f e c t  o f  100 kHz and 400 kHz h i gh  pass f i l t e r i n g  on AE s i gna l  

d e t e c t i o n  i n  t h e  presence of h y d r a u l i c  n o i s e  i s  i l l u s t r a t e d  i n  F i gu re  6. 

The bottom t r a c e  i n  t h e  t o p  photograph shows sensor 512 response over  a  

f requency bandwidth o f  100 kHz t o  3  MHz. The enhanced s e n s i t i v i t y  o f  t h e  

tuned sensor (532) i s  ev i den t  i n  t h e  bot tom photograph by comparing i t s  

response t o  sensor 512 w i t h  e l e c t r o n i c  f i l t e r i n g .  On t h e  bas is  o f  these 

t e s t  r e s u l t s  p l u s  p a s t  exper ience, i t  was concluded t h a t  a  m o n i t o r i n g  

f requency range o f  200 kHz t o  1  MHz f o r  l a b o r a t o r y  t e s t i n g  was a  reasonable  

compromise f o r  t h e  va r i ous  cons ide ra t i ons  d iscussed e a r l i e r .  

I n i t i a l  t e s t  system c a l i b r a t i o n  t e s t s  have been conducted us i ng  a  s i n g l e  

edge no tch  f a t i g u e  specimen o f  A533 Grade B Class 2  s t e e l  which was on hand. 

The purpose o f  t h i s  t e s t  was t o  eva lua te  t he  i n t e r f a c i n g  o f  t h e  mechanical 

and e l e c t r o n i c  systems, i n t e r f a c i n g  o f  t h e  ma jo r  components i n  t he  AE detec-  

t i o n  a n a l y s i s  system, and performance o f  t h e  AE system. Several  impo r tan t  

p ieces  o f  i n f o r m a t i o n  were e s t a b l i s h e d  f rom t h i s  t e s t .  

The source i s o l a t i o n  f u n c t i o n  performed w e l l .  F i g u r e  7 shows a  sample 

o f  t h e  a c o u s t i c  da ta  and l o a d  waveform i n p u t .  A t  t h i s  p o i n t  i n  t h e  t e s t ,  

r e l a t i v e l y  l a r g e  no i se  s i g n a l s  f r om  t h e  pin-specimen i n t e r f a c e  were i nc l uded  

i n  t he  a c o u s t i c  da ta  a long  w i t h  AE s i g n a l s  f rom t h e  growing c rack .  The 

conc lus ion  t h a t  t h e  source i s o l a t o r  i s  r e j e c t i n g  p i n  no i se  and accep t i ng  

s i g n a l s  f rom t h e  c rack  i s  by i n f e rence .  The groups o f  p i n  no i se  s i g n a l s  

were ve ry  r e g u l a r  o c c u r r i n g  every  l oad  c y c l e .  AE s i g n a l s  were i n t e r m i t t e n t .  
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The valid count data was also intermittent. Oscilloscope photos taken when 

the monitor was counting consistently showed the presence of signals such as 
the one labeled AE signal in Figure 7. Photos taken when the monitor was 
not counting showed only the p i n  noise signals. This basic type of source 

isolation system has been used i n  several t e s t s  in the past with similar 

resu 1 t s .  

I t  appears that  tuned sensors will not be sui table  for  laboratory t e s t s  

a t  leas t  a t  the outset. Figure 8 i l l u s t r a t e s  the basis for  this statement. 
Tuning the sensors i s  a very effect ive method for eliminating frequency 

components below the tuning point from data. I t  a lso enhances sens i t iv i ty  
near the tuning point by perhaps 15 to  20 dB. The resu l t  of t h i s  l a t t e r  
e f fec t  is to  make the t u n i n g  frequency predominant in the measured response 

as shown i n  Figure 8. The top s e t  of photographs show an untuned sensor 

response to  an AE signal. The spectral content i s  quite broad with a peak 
about 500 KHz. The bottom s e t  of photographs show the response of the same 

sensor to  an AE signal only now the sensor has been tuned to 350 KHz high 

pass. The spectral content i s  now strongly biased to  the near vicini ty  of 
the tuning frequency. These are  two different  AE signals,  however, the 
apparent influence of the tuning on indicated frequency content was observed 
repeatedly. Until more i s  known about what elements of the measured response 
to  an AE wave are  important to  program objectives, i t  would be unwise to  bias 

the frequency content by tuning. This i s  not intended to say that  sensor 
t u n i n g  i s  always undesirable. I n  f ie ld  t e s t s ,  for  example, where low 
frequency noise i s  strong and AE detection and location are  the primary 
concerns, use of tuned sensors may be the only reasonable method for  obtaining 
any data. 

Untuned sensor response to a noise signal (screw driver impact) 
i s  shown i n  Figure 9. This can be compared to  the AE signal response a t  the 
top of Figure 8. 

The calibration t e s t  was not intended to produce data for  detailed 

analysis, however, a limited amount of data i s  plotted i n  Figure 10 to 

i l l u s t r a t e  a point. This shows valid AE signal count (those accepted by the 
source isolator)  and measured crack growth. The crack was intentionally 
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During t e s t i n g  of compact tens ion  specimens, load, load ra te ,  COD 

and crack extension were mechanical parameters t h a t  were used t o  

cha rac te r i ze  the  e f f e c t  o f  s t ress  i n t e n s i t y  r a t e  (K)  on CAE event count and 

energy. I n  t he  l i n e a r  e l a s t i c  range, AE was r e l a t e d  i n  a l i n e a r  manner t o  K, 

where 

CAE a K. 

Tota l  AE count  increased w i t h  decreasing s t ress  i n t e n s i t y  r a t e  (K)  i n  the  

form 
1 CAE a T 

K 

2. Determinat ion of I n f l uence  o f  Hydride Coated and Dispersed Hydrides i n  

T i tan ium A l l o y s  on AE dur ing  Tens i l e  and Frac ture  Loading. 

The e f f e c t  o f  hydr ide  l o c a t i o n  i n  t i t a n i u m  a l l o y s  on AE parameters was 

s tud ied  us ing  t e n s i l e  and center-notched specimens. For both se ts  o f  

specimens,AE was very s e n s i t i v e  t o  c rack ing  of t he  hydrides which occurred 

almost e n t i r e l y  on t h e  surface. E s s e n t i a l l y  no c rack ing  occurred i n  the  

i n t e r n a l l y  dispersed hydrides. 

Stress s t r a i n  curves were used t o  determine s t ress  l e v e l s  a t  which 

hydr ide  sur face c rack ing  occurred and compared w i t h  AE count. Stress 

i n t e n s i t y  f a c t o r  versus summations AE count  curves showed a power law 

r e l a t i o n s h i p  of t h e  form 

CAE count =BK" 

where both B and m were s t r o n g l y  i n f l uenced  by hydr ide  c rack ing  i n  

comparison t o  base metal deforma t ionand crack extension. 

3 .  Determinat ion o f  t he  c elation o f  AE t o  Fat igue Crack I n i t i a t i o n  

and Growth. 

Fat igue data ( l oad  l e v e l ,  load cyc le  r a t e ,  crack length)  {was charac ter ized by 

Paris-Erdogan crack growth law 

- da = B ( A K ) ~ ,  where 6 and m are  constants 
d N 



grown a t  a  h i g h  r a t e .  The f i r s t  measured p o i n t  o f  c r a c k  growth was 31 112 

m i l s .  The p o i n t  t o  be made here  i s  t h e  d i s c o n t i n u o u s  s l o p e  o f  t h e  AE s i g n a l  

coun t  c u r v e  i n d i c a t e s  a  p o t e n t i a l  f o r  d i s t i n g u i s h i n g  p l a s t i c  zone growth 

f rom a c t u a l  c r a c k  area i ncrenients. 

SPECIMEN MATERIAL 

Procurement o f  s u i t a b l e  m a t e r i a l  f o r  f a b r i c a t i o n  o f  t e s t  specimens has 

been a  problem. A  number o f  p o s s i b l e  sources were c o n t a c t e d  s t a r t i n g  e a r l y  

i n  t h e  program. The sources con tac ted  were, 

1 )  Lukens S t e e l ,  C o a t e s v i l l e ,  PA 

2 )  Combustion Eng ineer ing ,  Chattanooga, TN 

3 )  HSST, Oak Ridge, TN 

4)  Chicago B r i d g e  and I r o n ,  Chicago, I L  

5 )  M a r r e l  F re res ,  France 

6)  EPRI, San Jose, CA 

7 )  Babcock and Wi lcox,  Lynchberg, VA/Barberton, OH 

and 

8 )  Rockwel l  I n t e r n a t i o n a l ,  Los Angel es, CA 

M a t e r i a l  was a v a i l a b l e  f rom sources ( 3 ) ,  (5 ) ,  ( 7 )  and (8) ,  b u t  was e i t h e r  

l i m i t e d  i n  amount, o r  th i ckness ,  u n t y p i c a l  o f  s t e e l  used i n  most U.S. r e a c t o r  

p ressure  vesse ls ,  o r  excess ive  i n  c o s t .  

P r e s e n t l y  BNW i s  c o l l a b o r a t i n g  w i t h  t h e  Naval Research L a b o r a t o r y  (NRL) 

f o r  purchase o f  an 8  114 i n .  (210 mm) t h i c k  p l a t e  o f  A533 B  Class 1  s t e e l  

from Lukens S t e e l .  T h i s  m a t e r i a l ,  however, w i l l  n o t  be a v a i l a b l e  u n t i l  about 

A p r i l ,  1977. I t  c o u l d  even t a k e  l o n g e r  because o f  r e s t r i c t i o n s  on n a t u r a l  

gas use i n  t h e  Eas te rn  U.S. Because o f  t h i s  r e s t r i c t i o n ,  hea t  t r e a t m e n t  o f  

t h e  p l a t e  c o u l d  be de layed thus  f u r t h e r  e x t e n d i n g  t h e  d a t e  a t  which t h e  

m a t e r i a l  would be a v a i l a b l e  f o r  f a b r i c a t i o n  i n t o  specimens. 



To begin t e s t i n g  e a r l i e r ,  a p iece  o f  HSST welded A533B Class 1 p l a t e  

was obta ined f rom a d i scon t i ned  NRC program. The m a t e r i a l  i s  approx imate ly  

6 x 20 x 23 inches w i t h  t he  weldment runn ing  t h e  23 i n c h  dimension a t  the  mid- * 

p o i n t  o f  t he  20 i n c h  dimension. The p iece  was designated by HSST as, "weld- 

ment no. 576, D, 96151-001, code-SD-401 U C Cont 3269, HT-C6200-4, A533-67A, 

LUK." Welding parameter i n fo rma t i on  i s  

A. I nspec t i on  

1. Magnetic P a r t i c l e  

2. Radiography 

B. Welding Process 

Submerged Arc 

C. Weld Data 

ROOT REMAINDER 

E lec t rode S i ze  & Type 1/4 in. ,  E-8018, C-3 3/16 in. ,  B-4 MOD. 

F lux  Type & S i ze  LINDE 1092, 65-200 

Cur ren t  & P o l a r i t y  325 t o  375 DC-SP 650 AC 

Arc Vol tage 25 3 1 

Travel  Speed i n .  /min 13 

Welding Pos i t i on :  F l a t  

Preheat: 250" F, Held u n t i l  PWHT 

In te rpass  Temperature: 500" F max 

In te rmed ia te  Post Weld Heat Treatment: 1100" + 25" F, Held 1 h r  

Post Weld Heat Treatment: 1150" + 25" F, Held 1 h r / i n .  

HIGH TEMPERATURE SENSORS 

I n  p repa ra t i on  f o r  eva lua t i ng  ava i  1 ab le  h i g h  temperature (600" F) AE 

sensor systems, two each o f  Westinghouse and Trodyne sensors have been pur- 

chased. Dunegan/Endevco h igh  temperature sensors a re  a v a i l a b l e  as NRC 



proper ty  from a d iscont inued program. Sensor system as used here inc ludes 

the sensor, a mounting technique and on acoust ic  coup l ing  technique s u i t a b l e  

f o r  reac to r  app l i ca t i on .  

The o b j e c t i v e  o f  t h i s  phase o f  the program i s  t o  f i r s t  evaluate com- 

m e r c i a l l y  a v a i l a b l e  sensor systems f o r  t h e i r  adequacy f o r  long term reac to r  

mon i to r ing  i n  the contex t  o f  t h i s  program. Quest ions o f  pr imary importance 

i nc lude  

I s  the bas ic  sensor s e n s i t i v i t y  adequate and i s  i t  cons i s ten t  w i t h  

t ime and temperature exposure? 

I s  the coup1 i n g  e f f i c i e n c y  adequate and does i t  change w i t h  

temperature? 

Have r a d i a t i o n  ef fects been adequately i nves t i ga ted?  

I s  the mounting technique s u i t a b l e  f o r  e x i s t i n g  p l a n t s  as we l l  as 

new p lan ts .  

The sensor systems w i l l  be evaluated a t  room temperature and then a t  600' F 

f o r  about two months. For any combinations t h a t  appear promising, t h e  

h igh  temperature t e s t i n g  w i l l  be cont inued f o r  several months w i t h  temperature 

c y c l i n g  added. From the  r e s u l t s  o f  t h i s  t es t i ng ,  i t  should be poss ib le  t o  

e s t a b l i s h  whether f u r t h e r  sensor system development i s  needed and i f  so, 

what aspects need t o  be emphasized, i.e., the  basic  sensor, coup l ing  technique, 

etc .  

HSST TEST AE DATA 

A meeting was he ld  January 26, 1977 w i t h  HEDL s t a f f  members t o  rev iew 

plans f o r  per forming HSST i r r a d i a t e d  f r a c t u r e  specimen t e s t s .  The t e s t  p lan  

i s  s t i l l  under d iscussion w i t h  NRC, however i t  appears t h a t  t he  t e s t i n g  w i l l  

be several months away. From examination o f  the furnace assembly t o  be used 

f o r  heat ing  the specimens, i t  appears t h a t  there  i s  adequate clearance f o r  

mounting AE sensors. 

The f i r s t  HSST t e s t  s ince  the s t a r t  o f  t h i s  program was a thermal shock 

t e s t  performed a t  Oak Ridge, TN on January 19, 1977. PNL p a r t i c i p a t e d  i n  



t h i s  t e s t  us ing  the  d i g i t a l  memory AE mon i to r  system. AE data was detected 

and observed du r i ng  the  t e s t ,  however a record  o f  analyzed data was n o t  

obta ined due t o  one f a u l t y  sensing p o i n t .  Th is  was an outgrowth o f  t h e  

necess i ty  t o  r e l o c a t e  sensors immediately p r i o r  t o  t h e  t e s t .  There were 

severa l  p o s i t i v e  r e s u l t s  from t h i s  t e s t  even though recorded AE data was 

no t  obtained. 

Observed AE appears t o  agree w e l l  w i t h  p red i c ted  crack growth sequence. 

Ad jus t i ng  t h e  sensing system impedance proved t o  be e f f e c t i v e  i n  over- 

coming the  h y d r a u l i c  no i se  i n t e r f e r e n c e  problem. 

The wave guide c o n f i g u r a t i o n  used i s  b a s i c a l l y  an e f f e c t i v e  method 

f o r  sensing AE from a h igh  temperature sur face.  

The d i g i t a l  memory system recorded i n fo rma t i on  from the  COD gauge as 

expected. 

AE LIBRARY 

AE research repo r ted  f rom Europe and Japan as w e l l  as the  Un i ted  States 

which i s  r e l e v a n t  t o  t h e  o b j e c t i v e s  o f  t h i s  program a re  being reviewed. 

Work a t  B a t t e l l e - F r a n k f u r t  i s  discussed i n  a t r i p  r e p o r t  a t tached as 

Appendix B o f  t h i s  r e p o r t .  A survey r e p o r t  from  enm mark'^) y i e l d e d  t h e  

fo l l ow ing  observat ions r e l e v a n t  t o  the  NRC-PNL program: 

A. P. Bent ly ,  e t  a1 . repo r ted  r e s u l t s  from an experimental  vessel t e s t  

where AE was n o t  detected f rom an a r t i f i c i a l  d e f e c t  which u l t i m a t e l y  

caused f a i l u r e  by leakage. Th is  was repo r ted  a t  t he  3 r d  Conference 

on Pe r iod i c  I nspec t i on  o f  Pressur ized Components, London, England, 

September 1976. A copy o f  the  proceedings from t h i s  conference i s  

being sought t o  ga in  f u r t h e r  i n fo rma t i on  on t h i s .  

B. There i s  need f o r  a s t a b l e  v e r s a t i l e  AE s i g n a l  source f o r  use i n  

c a l i b r a t i n g  s i g n a l  t r a n s f e r  f rom a s t r u c t u r e  t o  t h e  AE mon i to r i ng  

sys tem. 



C. I n  the  area o f  AE s igna l  ana lys is ,  s i gna l  ampl i tude v a r i a t i o n  i s  

c i t e d  as a  s p e c i f i c  parameter which has shown conf irmed r e l a t i o n  

t o  c rack ing  vs. p l a s t i c  deformation. Th is  a r i s e s  from work by 

H. A. Crostack, e t  a l .  i n  Germany. Signal ampl i tude i s  one o f  the 

parameters inc luded i n  the  NRC-PNL program. 

D. The r e p o r t  inc ludes  an extensive l i s t  o f  references, many from 

Europe, which may be usefu l  t o  t h i s  program. 

Another r e p o r t  concerned AE t e s t i n g  on smal l  pressure vessels i n  Japan. ( 4  

This  provided the f o l l o w i n g  in fo rmat ion :  

A. R e l a t i v e l y  smal l  ampl i tude AE s igna ls  were generated by p l a s t i c  

deformation and re1  a t i v e l y  1  arge amp1 i tude s igna ls  were generated 

by cracking. The h igh  ampli tude c rack ing  s igna ls  were u s u a l l y  

preceded and fo l lowed by low ampli tude s igna ls .  

B. Pronounced changes i n  emission r a t e  occurred when the f a t i g u e  cracks 

i n i t i a t e d  and began t o  propagate and when the cracks approached 

penet ra t ion  o f  the wa l l .  These changes were most ev ident  i n  change 

o f  slope o f  the cumulat ive AE count curve. 

C. AE du r ing  the i n i t i a l  pe r i od  o f  f a t i g u e  t e s t i n g  which was a t t r i b u t e d  

t o  p l a s t i c  deformation occurred a t  maxiniuni load. However, du r ing  

the  "process o f  f a t i g u e  damage" (c rack  growth?) AE occurred more a t  

descending loads o r  a t  minimum load. 

Note: This  sounds as though they may have been de tec t i ng  crack 

i n t e r f a c e  no ise  du r ing  crack growth. 

D. Source l o c a t i o n  e f f o r t s  were genera l l y  e f f e c t i v e .  

E. Noise i n te r fe rence  was experienced us ing  the  100 kHz resonant 

sensors. 

F. Conclude t h a t  i n -se rv i ce  mon i to r ing  would l i k e l y  be done i n  the  

mode o f  mon i to r ing  known areas o f  concern (e.g., known cracks) 

r a t h e r  than t o t a l  vo lumet r ic  moni tor ing.  

This  type o f  rev iew i s  planned on a  cont inu ing  bas is  dur ing  t h i s  program. 
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EXECUTIVE SUMMARY 

INTRODUCTION 

The purpose o f  t h i s  work i s  t o  b u i l d  toward an exper imenta l  e v a l u a t i o n  

( l a b o r a t o r y  and u l t i m a t e l y  on- reac to r )  o f  t he  f e a s i  b i  1  i ty o f  con t i nuous l y  

assess ing r e a c t o r  pressure boundary i n t e g r i t y  by acous t i c  emission (AE) 

techniques.  The c u r r e n t  program i s  t h e  f i r s t  o f  a  sequencial  t h r e e  s tep  

approach t o  l a b o r a t o r y  eva lua t i on .  The t h r e e  s teps  a re :  

1. Demonstrate t h a t  meaningful  AE-flaw growth r e l a t i o n s h i p s  can be 

developed cons ide r i ng  a  1  i m i  t e d  range o f  v a r i a b l e s .  T h i s  i nc l udes  

d i s t i n g u i s h i n g  AE s i g n a l s  f rom va r i ous  i n s i g n i f i c a n t  a c o u s t i c  

n o i s e  s i gna l s .  

2 .  Demonstrate t h a t  t h e  r e l a t i o n s h i p s  can be i d e n t i f i e d  under t h e  

c o n d i t i o n s  o f  t h e  f u l l  range o f  v a r i a b l e s  expected i n  a  nuc lea r  

p ressure  vessel .  

3.  Develop t h e  t r a n s f e r  f u n c t i o n ( s )  t o  t r a n s l a t e  l a b o r a t o r y  specimen 

r e l a t i o n s h i p s  t o  desc r i be  f a i l u r e  processes i n  a  f u l l  s i z e  pressure 

vessel  s t r u c t u r e .  Inc luded  here a l s o  i s  development o f  an 

a l go r i t hm(s )  whereby a  r e a c t o r  opera to r  can eva lua te  t h e  s i gn i f i cance  

of AE da ta  ob ta ined  f rom a  pressure vessel .  



OBJ ECTI VES 

The primary ob jec t ives  o f  t h i s  program are: . Character ize AE from a 1 i m i t e d  range o f  de fec ts  and mate r ia l  

p roper t y  cond i t ions  recognized as being o f  pr imary concern t o  

reac to r  pressure vessel i n t e g r i t y .  

Character ize AE from innocuous sources ( i n c l u d i n g  defec ts )  which 

can be reasonably expected t o  e x i s t  i n  a pressure vessel. 

Develop c r i t e r i a  f o r  d i s t i n g u i s h i n g  s i g n i f i c a n t  f laws from innocuous 

sources. 

. Develop an AE f l a w  damage model t o  serve as a basis f o r  r e l a t i n g  

i n -se rv i ce  AE t o  pressure vessel i n t e g r i t y .  

TEST APPROACH 

Two primary considerat ions under ly  development o f  the t e s t  approach. 

They are: . The t e s t  p lan by i n t e n t  inc ludes a r e s t r i c t e d  number o f  va r iab les  

i n  f l a w  type, f l a w  growth mechanisms, innocuous no ise  sources, 

m a t e r i a l  p roper t ies ,  and environmental cond i t ions  . 
The program i s  designed t o  develop macro-scale AE-flaw growth 

r e l a t i o n s h i p s .  It w i l l  n o t  d i r e c t l y  i n v e s t i g a t e  basic AE source 

mechanisms. 

The t e s t  approach i s  described under the  two categor ies o f  Ma te r ia l  - 
Frac ture  Mechanics and Acoust ic Emission. 

MATERIAL - FRACTURE MECHANICS 

Test work w i l l  be performed using specimens o f  Type A533 Grade 0 ,  Class 1 

pressure vessel s tee l .  Emphasis w i l l  be on s imu la t i ng  pressure vessel weld 

and p l a t e  s k i n  (ou ter  2 t o  3 i n . )  mater ia l .  

Condit ions 1 i s t e d  below w i  11 be inves t iga ted  approximately i n  t h e  

order  l i s t e d :  



Number o f  
Specimen Type Specimens Test No * -- Condit ion 

Un iax ia l  e l  a s t i c l p l  a s t i  c deformation 
base metal and weld ma te r ia l  a t  
room temp. and 550° F 

Tensi 1 e 

Fat igue crack growth through pre- 
e x i s t e n t  p l a s t i c  zone 

Pl a t e  tens i  on 
Surface notch 

B i a x i a l  e l  a s t i c l p l  a s t i c  deformation B i a x i a l  r e s t r a i n t  
-two notch r a t i o s  

Frac ture  i n  base metal a t  room 
temp. and 550° F 

S ing le  edge notch 
Surface notch 

Frac ture  i n  weld metal a t  room 
temp. and 550° F 

S ing le  edge notch 

Slag i n c l u s i o n  - no crack growth - 
cyc l  i c  e l a s t i c  load ing 

P la te  tension 

Fat igue crack growth i n  base metal 
a t  room temp. and 550° F 

S ing le  edge notch 

Fat igue crack growth i n  weld metal 
a t  room temp. and 5500 F 

S ing le  edge notch 

Surface notch growth by f a t i g u e  Surface notch 

Water i n  a f a t i g u e  crack w i t h  and 
w i thou t  crack growth 

Double c a n t i  l e v e r  
beam 

2-9 Oxide on crack surfaces dur ing  Dou b l  e can ti 1 ever 4 
unload and c y c l i c  load - a i r  and beam 
2000 F water 

2-1 7 Fat igue crack growth a t  constant Tapered doubl e 2 
K l e v e l  through base metal, heat cant  i 1 ever beam 
a f f e c t e d  zone, and weld metal a t  
room temp. and 5500 F 

3-6 Simul a te  pressure vessel serv ice  P l a t e  tension 1 
load ing sequence w i t h  subsequent 
fa t igue crack growth 

* Test No. r e l a t e s  t o  a master t a b l e  i n  Appendix B o f  189 proposal 

These t e s t s  are  categor ized under the  f o l l o w i n g  top i cs :  

Metal deformation and crack growth under monotonic loading, 1-1, 

1- la,  2-1, 2-4, . Metal deformation and crack growth under f a t i g u e  loading, 2-12, 

2-12A, 2-14, 2-17, 2-19, 3-4 and 3-6. 

Oxides and weld inc lus ions ,  1-11, 2-9. 



Weldments, 1-1, 1-11, 2-4, 2-12A, 2-17 

Simulated reac to r  operat ion cond i t i ons  (temperature, cool  ant ,  

defect  and s t ress  s t a t e )  2-1, 2-4, 2-9, 2-12, 2-12A, 2-14, 2-17, 

3-6 

Ka iser  e f f e c t  3-4 and 3-6. 

ACOUSTIC EMISSION 

AE data must p rov ide  two bas ic  c a p a b i l i t i e s :  1 )  the a b i l i t y  t o  

d i s t i n g u i s h  between s i g n i f i c a n t  and i n s i g n i f i c a n t  AE sources, and 2) t he  

a b i l i t y  t o  evaluate f l a w  s ign i f i cance .  

The pr imary mon i to r  system w i l l  be a d i g i t a l  memory AE moni to r  system 

w i t h  source i s o l a t i o n  developed a t  B a t t e l l e .  It u t i l i z e s  two sensors t o  

l i m i t  accepted data t o  t h a t  o r i g i n a t i n g  from an area o f  i n t e r e s t .  

Commercial AE equipment on hand w i l l  be used as a backup t o  and cross 

check on the  d i g i t a l  system. 

Parameters t h a t  w i l l  be measured w i t h  the d i g i t a l  memory system are:  

Parameter 

AE event count  

AE energy 

AE s igna l  amp1 i t u d e  - 
f o u r  ranges 

AE s igna l  r i s e  t ime - 
f o u r  ranges 

Mechanical - e i t h e r  
Load cyc les  producing AE 

and 

Tota l  l oad  cyc les 

o r  

Ramp l o a d  l e v e l  versus t ime 

Purpose 

Relate t o  f l a w  growth parameters. 

Sanie 

D i s t i n g u i s h  between AE sources - c rack ing  
versus p l a s t i c  deformation, and 
innocuous sources 

D i s t i n g u i s h  between AE s igna ls  and 
innocuous no ise  sources 

Develop power law r e l a t i o n s  between AE 
and f l a w  growth parameters 

Basic t e s t  c o r r e l a t i o n  

Re la te  AE data t o  i nc reas ing  l oad  l e v e l s  
I 

I n  a d d i t i o n  t o  t h e  d i g i t a l  memory system, a commercial t r a n s i e n t  wave 

analyzer  w i l l  be used t o  study d e t a i l s  o f  the AE s igna l  wave form. Also, - 
a commercial mu1 ti channel analyzer  w i  11 be used t o  measure d i s t r i b u t i o n  

o f  AE s igna l  ampl i tudes and r i s e  t ime. 



AE sensors c a l  i brated t o  recognized standards by an independent 

commercial l a b o r a t o r y  w i l l  be used as a standard re ference f o r  a l l  t e s t  

sensors. Also, the mon i to r  system performance w i l l  be checked p r i o r  t o  

each t e s t  us ing  a se r ies  o f  AE s igna ls  recorded on magnetic tape. 

DATA ANALYSIS 

There a re  two pr imary ana lys is  areas t o  be considered. One i s  

d i s t i n c t i o n  between meaningful AE s igna ls  and o ther  acoust ic  in fo rmat ion .  

The o the r  i s  development o f  AE-flaw growth i n t e r p r e t a t i o n  models. Our 

i n i t i a l  approach t o  ana lys i s  i s  described below. It must be recognized, 

however, t h a t  t h e  approach may change as the  program progresses and 

r e s u l t s  a re  examined. 

SIGNAL DISTINCTION 

AE s igna l  amplitude, s igna l  r i s e  t ime, and s igna l  frequency w i l l  be 

analyzed f o r  c h a r a c t e r i s t i c s  t o  d i s t i n g u i s h  AE s igna l  sources. Previous 

work w i t h  A533B s t e e l  has shown evidence t h a t  there  i s  a d i f f e r e n c e  i n  

ampl i tude of AE s igna ls  from deformation vs crack growth w i t h  crack growth 

producing the  h igher  ampl i tude.  Through a combination o f  s igna l  ampl i tude 

d i s t r i b u t i o n  and s c a l e r  s o r t i n g  o f  the amp1 i tudes i n t o  d i f f e r e n t  ranges, 

we should be ab le  t o  c o r r e l a t e  data w i t h  generat ing processes accura te ly .  

Signal r i s e  t ime w i l l  be examined as a means o f  d i s t i n g u i s h i n g  AE 

s igna ls  from acoust ic  s igna ls  generated by innocuous s lag  inc lus ions .  

Acoust ic energy r e 1  eased by perhaps i n t e r f a c e  movement between s l  ag and 

metal should occur over a longer  t ime pe r iod  and con ta in  r e l a t i v e l y  s t ronger  

low frequency components than t h a t  f o r  an AE s igna l .  The AE s igna l  should 

thus show a f a s t e r  r i s e  t ime than the  s igna l  from the s lag  i nc lus ion .  I f  

the  s lag  were cracking, we would expect t he  same e f f e c t  due t o  i n e f f i c i e n t  

coupl ing across t h e  i n t e r f a c e  between s lag  and metal.  

Signal frequency w i  11 be examined a1 so as a poss ib le  means of 

d i s c r i m i n a t i n g  between AE o f  i n t e r e s t  and unwanted acoust ic  s igna ls .  



As we develop evidence o f  the  v a l i d i t y  o f  the above methods, we p lan  

t o  incorpora te  c i r c u i t r y  i n  our  mon i to r  system t h a t  w i l l  impose l i m i t s  o f  

acceptance f o r  these parameters e i t h e r  i n d i v i d u a l l y  o r  i n  combination. 

Th is  w i l l  then a l l ow  us t o  con f i rm  t h a t  they  do perform the des i red  

d i s c r i m i n a t i o n  f u n c t i o n  i n  r e a l  t ime. 

AE INTERPRETATION MODELS 

Since AE data f r e q u e n t l y  d i s p l a y  sca t te r ,  s t a t i s t i c a l  analyses 

u t i l i z i n g  l e a s t  squares regression analyses and the  c o r r e l a t i o n  

c o e f f i c i e n t  "r" can be used as an index o f  t he  c o r r e l a t i o n  between l e a s t  

square l i n e s  and t h e  data p o i n t s  through which they are  drawn. Th is  

approach has proven e f f e c t i v e  i n  showing the c a p a b i l i t y  o f  a  se lec ted  

AE-fat igue parameter model t o  f i t  measured data. 

For AE developed dur ing  crack i n i t i a t i o n ,  no cons i s ten t  and encompasing 

theory  i s  p resen t l y  a v a i l a b l e  f o r  comparison. L im i ted  BNW data suggest 

t h a t  n e a r l y  a l l  AE produced du r ing  f a t i g u e  i n  A5338 i s  r e l a t e d  t o  growth 

o f  the  crack as opposed t o  i n i t i a t i o n  o f  crack growth both a t  t h e  beginning 

o f  t he  t e s t  as w e l l  as when a  f a t i g u e  crack i s  propagating. Once a  r e a d i l y  

measurable crack i s  formed, many crack propagation laws e x i s t  as a  bas is  

f o r  comparison w i  t h  AE parameters. 

SUMMARY 

I n  summary, we f e e l  t h a t  the most demanding quest ion a t  t h i s  t ime  i s ,  

"Can a  meaningful r e l a t i o n s h i p  be i d e n t i f i e d  even w i t h  the  advantages o f  

a  l i m i t e d  number o f  va r i ab les? "  We be l i eve  t h a t  t h i s  can be accomplished 

based on recen t  r e s u l t s  f rom some o f  ou r  p r i v a t e l y  sponsored research and 

t h e  r e s u l t s  achieved by o thers .  We are  aware t h a t  d e t a i l s  o f  AE-defect 

eva lua t ion  r e l a t i o n s h i p s  developed cou ld  be u l t i m a t e l y  a f f e c t e d  by f i e l d  

a p p l i c a t i o n  cond i t i ons  such as v a r i a t i o n  i n  e f f e c t i v e  sensing th resho ld  

due t o  s igna l  a t tenua t i on  i n  the  ma te r ia l .  This type o f  problem i s  n o t  

considered unsolvable, however. I n  t h i s  instance, a  combination of t o t a l  

vo lumet r ic  mon i to r ing  fo r  f l a w  de tec t i on  and l o c a t i o n  p l u s  l o c a l  area 

mon i to r ing  f o r  known de fec t  eva lua t ion  may prov ide  a  so lu t i on .  We f e e l  

t h a t  the immediate program i s  t he  c r i t i c a l  t e s t  o f  the v a l i d i t y  o f  the t o t a l  
a 

concept o f  cont inuous mon i to r ing  o f  reac to r  pressure boundaries us ing  AE. 

With l abo ra to ry  development of an AE data i n t e r p r e t a t i o n  method accomplished, 

we have t o t a l  conf idence t h a t  i t  can then be p ro jec ted  t o  e f f e c t i v e  a p p l i c a t i o n .  
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ANALYSIS BEFORE TEST 

PROGRAM TO DEVELOP ACOUSTIC EMISSION 

CHARACTERIZATION OF FLAW* GROWTH I N  A533B PRESSURE VESSEL STEEL 

1.0 INTRODUCTION 

The U. S. Nuclear  Regu la to ry  Comnission has au tho r i zed  B a t t e l  l e  Northwest 

t o  per form a l a b o r a t o r y  research  program t o  c h a r a c t e r i z e  a c o u s t i c  emiss ion 

(AE) f rom f law growth and no i se  f r om innocuous sources i n  A533B pressure 

vessel  s t e e l .  The purpose o f  t h i s  work i s  t o  b u i l d  toward a thorough expe r i -  

mental  e v a l u a t i o n  ( l a b o r a t o r y  and u l t i m a t e l y  on- reac to r )  o f  t h e  f e a s i b i l i t y  

o f  assess ing r e a c t o r  pressure boundary i n t e g r i t y  by acous t i c  emission on a 

cont inuous bas is .  Th i s  document p resen ts  t h e  s p e c i f i c  t e c h n i c a l  approach 

planned f o r  t h i s  program which i s  concerned w i t h  l a b o r a t o r y  development o f  

necessary a n a l y t i c a l  AE-flaw growth r e l a t i o n s h i p s .  

2.0 OBJECTIVES 

The p r imary  o b j e c t i v e s  o f  t h i s  program are :  

1. Charac te r i ze  AE from a l i m i t e d  range o f  d e f e c t s  and m a t e r i a l  p r o p e r t y  

c o n d i t i o n s  recognized as be ing  o f  p r ima ry  concern t o  r e a c t o r  pressure 

vessel  i n t e g r i t y .  

2. Charac te r i ze  AE from innocuous sources ( i n c l u d i n g  de fec ts* )  which can 

be reasonably  expected t o  e x i s t  i n  a  pressure vessel .  

3. Develop c r i t e r i a  f o r  d i s t i n g u i s h i n g  s i g n i f i c a n t  f l aws  from innocuous 

sources. 

4. Develop an AE f l a w  damage model t o  serve as a b a s i s  f o r  r e l a t i n g  

i n - s e r v i c e  AE t o  p ressure  vessel  i n t e g r i t y .  

*By d e f i n i t i o n  i n  t h i s  d iscuss ion ,  a  d e f e c t  i nc l udes  any m a t e r i a l  i m p e r f e c t i o n  
and a f l a w  i s  a  d e f e c t  ( p r i m a r i l y  a  c rack )  o f  eng ineer ing  s i g n i f i c a n c e .  



APPROACH PHILOSOPHY 

We a r e  conscious o f  t he  f a c t  t h a t  t h i s  l abo ra to ry  research program i s  

t o  p rov ide  a  bas is  f o r  u l t i m a t e  e f f e c t i v e  a p p l i c a t i o n  o f  AE techniques f o r  

continuous i n t e g r i t y  mon i to r ing  o f  nuc lear  reac to r  pressure boundaries. 

R e a l i s t i c a l l y ,  we fee l  t h a t  t he  l a b o r a t o r y  research must be approached i n  

a  progressive fash ion  which we view as f a l l i n g  i n t o  t h e  f o l l o w i n g  areas 

o f  development: 

Demonstrate i n  t h e  l abo ra to ry  t h a t  a  meaningful AE-flaw growth* 

r e l a t i o n s h i p  can be achieved cons ider ing  a  very l i m i t e d  range o f  

va r i ab les  ( f l a w  type, f l a w  growth mechanism, m a t e r i a l  cond i t i on ,  

environment, no ise  in te r fe rence,  e tc .  ). 

Demonstrate i n  t he  l abo ra to ry  t h a t  t h e  r e l a t i o n s h i p  can be extended 

t o  t h e  f u l l  r e a l i s t i c  range o f  va r i ab les  expected i n  a  nuclear  

pressure vessel.  

Develop the  t r a n s f e r  f u n c t i o n  ( s )  t o  t rans1 a t e  t h e  1  aboratory specimen 

r e l a t i o n s h i p s  t o  a  r e a l  s t r u c t u r e  i n  a  form use fu l  t o  a  r e a c t o r  

operator .  By t h i s  we mean determinat ion  o f  t h e  v a l i d i t y  o f  t h e  

l abo ra to ry  r e l a t i o n s h i p  t o  descr ibe f a i l u r e  processes i n  t h e  r e a l  

s t r u c t u r e  and conver t ing  the  r e l a t i o n s h i p s  t o  a  format  d i r e c t l y  

usable by a  r e a c t o r  operator  f o r  f l a w  evaluat ion.  

The immediate program i s  concerned w i t h  the  f i r s t  developmental area. 

The most demanding quest ion a t  t h i s  t ime  i s ,  "Can a meaningful r e l a t i o n s h i p  

be i d e n t i f i e d  even w i t h  the  advantages o f  a  l i m i t e d  number o f  va r i ab les? "  

We be l i eve  t h a t  t h i s  can be accomplished based on recent  r e s u l t s  from some 

o f  our p r i v a t e l y  sponsored research and the  r e s u l t s  achieved by o thers  such 

as D. W. P r i n e l s  work( ' )  on AE ana lys is  o f  weld q u a l i t y .  We are  aware, 

t h a t  d e t a i l s  o f  AE-defect eva lua t ion  r e l a t i o n s h i p s  developed cou ld  be u l t i m a t e l y  

a f f e c t e d  by f i e l d  a p p l i c a t i o n  cond i t ions  such as v a r i a t i o n  i n  e f f e c t i v e  - 
*The word growth i s  used i n  the  w ides t  sense ranging from p l a s t i c  zone - 

growth, t o  slow crack growth i n  f a t i gue  t o  growth r a t e s  s h o r t  of r a p i d  
f r a c t u r e .  

2 



sensing th resho ld  due t o  s igna l  a t tenua t i on  i n  the  ma te r ia l .  This  type 

o f  problem i s  n o t  considered unsolvable, however. I n  t h i s  instance, a  

combination o f  t o t a l  vo lumet r ic  mon i to r ing  f o r  f l a w  de tec t i on  and l o c a t i o n  

p lus  l o c a l  area moni t o r i n g  f o r  known de fec t  eva lua t i on  may prov ide  a  

so lu t i on .  We f e e l  t h a t  t h e  immediate program i s  the  c r i t i c a l  t e s t  of the  

v a l i d i t y  of t he  t o t a l  concept of continuous mon i to r ing  of reac to r  pressure 

boundaries us ing AE. With l abo ra to ry  development o f  an AE data i n t e r p r e -  

t a t i o n  method accomplished, we have t o t a l  conf idence t h a t  i t  can then be 

p ro jec ted  t o  e f f e c t i v e  app l i ca t i on .  

SPEC1 FIC TEST APPROACH 

The purpose o f  t h i s  sec t i on  i s  t o  present t he  s p e c i f i c  t e s t  program 

planned i n  support of the  ob jec t i ves  o f  t h i s  program. The j u s t i f i c a t i o n  

and c r i t e r i a  app l i ed  a re  discussed i n  Sect ion 5.0. There a re  two pr imary 

considerat ions t o  be kept  i n  mind i n  rev iewing t h i s  t e s t  plan. 

1. The t e s t  p lan  by i n t e n t  inc ludes a  r e s t r i c t e d  number o f  var iab les  

i n  f l a w  type, f l a w  growth mechanisms, innocuous no ise  sources, 

ma te r i a l  p roper t ies ,  and environmental cond i t ions .  We recognize 

t h a t  a  wider range o f  va r i ab les  must be considered u l t i m a t e l y ;  

however, we f e e l  t h a t  the  program o u t l i n e d  i s  appropr ia te  f o r  the  

i n i t i a l  i n v e s t i g a t i o n .  

The program i s  designed t o  develop macro-scale AE-flaw growth 

re la t i onsh ips .  It w i  11 n o t  d i r e c t l y  i n v e s t i g a t e  basic  AE source 

mechanisms. This  l a t t e r  area cou ld  be important  t o  our  ob jec t ives ,  

however. Review o f  AE i n v e s t i g a t i o n s  both a t  B a t t e l l e  Frankfur t ,  

Germany, and i n  Japan show t h a t  a  s i g n f i c a n t  e f f o r t  i s  being 

d i rec ted  t o  study o f  basic  AE mechanisms i n  both count r ies .  For 

expediency, we p lan  t o  supply our  near f u tu re  needs fo r  bas ic  

mechanism in fo rma t ion  through an i n fo rma t ion  exchange arrangement 

p a r t i c u l a r l y  w i t h  B a t t e l l e  F rank fu r t .  We w i l l ,  o f  course, a l s o  

u t i l i z e  any i n fo rma t ion  i n  t h i s  area which i s  a v a i l a b l e  t o  us from 



work done by o thers  i n  t he  Un i ted  States. I n  add i t i on ,  BNW has 

in-house c a p a b i l i t y  f o r  doing bas ic  mechanism i n v e s t i g a t i o n  

where requ i red .  

A more ex tens ive  d iscuss ion  of background cons idera t ions  invo lved 

i n  designing t h i s  program i s  inc luded i n  attachment 1 o f  our  189 Proposal 

t o  NRC dated March 1976. I n  the  i n t e r e s t  of conciseness, t h i s  i s  n o t  

repeated here. 

4.1 MATERIAL STUDIES AND FRACTURE MECHANICS 

The t e s t s  described a r e  designed f o r  i n i t i a l  eva lua t i on  o f  AE 

generated by f l aws  and innocuous sources o f  noise. These t e s t s  a r e  

centered on t h e  general p ropos i t i ons  of de tec t i ng  and assessing AE 

associated w i th :  

a growing crack, 

a growing p l a s t i c  zone and, 

a growing e l a s t i c / p l a s t i c  s t r a i n  f i e l d .  

W i th in  t h i s  general framework, t he  cond i t i ons  expected t o  e x i s t  i n  a 

nuclear  r e a c t o r  pressure vessel which a re  addressed together  w i t h  the  

associated t e s t  numbers i n c l  ude: 

1 ) Metal deformation and crack growth under monotonic 1 oadi ng , 
1-1, 1- la ,  2-1, and 2-4. 

2) Metal deformation and crack growth under f a t i g u e  loading,  2-12, 2-12A 

2-14, 2-17, 2-19, 3-4 and 3-6. 

3) Oxides and weld i nc lus ions ,  1-11, 2-9. 

4) Weldments, 1-1, 1-11, 2-4, 2-17, 2-12A 

5)  Simulated reac to r  opera t ion  cond i t i ons  (temperature, coolant,  defect, 
and s t ress  s t a t e )  2-1, 2-4, 2-9, 2-12. 2-12A. 2-14. 2-17. 3-6. 

6) Kaiser  Effect, 3-4 and 3-6. 



A d e s c r i p t i o n  o f  each t e s t  i s  g i ven  i n  Table 1, Experimental  Program. 

Test  specimen c o n f i g u r a t i o n s  c u r r e n t l y  planned a r e  shown i n  F igures  

l a  and l b . *  An es t ima te  o f  m a t e r i a l  requi rements f o r  specimen l a y o u t  

i s  shown i n  F igu re  2. Th i s  m igh t  change depending on t h e  p l a t e  th ickness,  

e tc . ,  se lec ted .  The q u a n t i t y  of m a t e r i a l  shown i n  F igu re  2  i nc l udes  a  

p i ece  o f  f o u r  i n c h  t h i c k  m a t e r i a l  f o r  p r e s e n t l y  undef ined t e s t  specimens. 

Dur ing t h e  program we a n t i c i p a t e  t e s t i n g :  

15 t o  20 t e n s i l e  specimens, 

up t o  b i a x i a l  r e s t r a i n t  specimens, 

up t o  4 p l a t e  t ens ion  specimens, two c o n t a i n i n g  
s l a g  i n c l u s i o n s ,  

14 s i n g l e  edge no t ch  specimens, 

6 double c a n t i  1  ever  beam specimens 

2 tapered double c a n t i  1  ever  beam specimens, 

6 su r face  no tch  specimens 

4.2 ACOUSTIC E M I S S I O N  

AE da ta  niust p rov ide  two bas i c  c a p a b i l i t i e s :  1 )  t h e  a b i l i t y  t o  

d i s t i n g u i s h  between s i g n i f i c a n t  and i n s i g n i f i c a n t  AE sources, and 2 )  the  

a b i l i t y  t o  eva lua te  f l a w  s i g n i f i c a n c e .  Furthermore, these c a p a b i l i t i e s  

must be developed i n  a  form t h a t  can be i nco rpo ra ted  i n t o  a  p r a c t i c a l  

ope ra t i ona l  mon i t o r i ng  system. I n  ou r  work t o  develop these c a p a b i l i t i e s ,  

we p lan  t o  use t h e  approach descr ibed  i n  t h i s  s e c t i o n  t o  o b t a i n  AE data.  

Genera 1  

The p r imary  mon i t o r  System w i l l  be a  d i g i t a l  memory AE mon i t o r  system 

w i t h  source i s o l a t i o n  (F igu re  3 ) .  T h i s  u t i l i z e s  two sensors t o  1  i m i t  accepted 

da ta  t o  t h a t  o r i g i n a t i n g  f r om t h e  area o f  i n t e r e s t .  Commercial AE 

*Long specimens such as t h e  p l a t e  t ens ion  specimen f o r  s ing le-edge notch 
and surface no tch  f law geometr ies and double c a n t i l e v e r  bend and tapered 
double c a n t i l e v e r  bend specimens a r e  used because o f  t h e i r  o v e r a l l  a b i l i t y  
t o  s a t i s f y  t e s t  program needs and t h e  a b i l i t y  t o  ma in ta i n  AE sensors i n  
n e a r l y  ambient temperature areas. 



TAB1 F 1, TEST PROGRAM 

TEST SPECIMEN 
l!l.QL-irYEE- 

1-1 DETERMINE UNIAXIAL ELASTIC/ UNIAXIAL 
P l A S T I  C DEFORMATION AE TENSILE 

PARAMETERS AND FOR PERIODIC (UT) 
F I N A L  EQUIPMENT CHECKS 1/11'' D I A ,  

RF - ~ A I  CONDITIONS 
LoADING GEoMETRY E N V l R O N M E N T M A T L -  
MONOTON I c , SMOOTH AIR,RT A S H E A T  NONE, 

GAGE SOME AT TREATED, WITH 

SECTION, 550°F, WELD STRESS 

RELIEF; BASE 

METAL AND 

WELDMENT, 

3-4 EFFECT OF PRIOR UNIFORM PT-1/2" MONOTONIC PART- RT-A I R , As HEAT NONE, 
PLASTIC STRAIN ON AE DURING THICK, PLASTIC LOAD, THRU TREATED, 

Q, FATIGUE CRACK GROWTH, GETTCYCLIC WALL. 
LOAD, 

1-1~ DETERMINE BIAX IAL ELASTIC/ BIAXIAL MONOTONIC, SMOOTH AIR, RT, SAME A S  1-1, NONE 
PLASTIC DEFORMATION AE RESTRAINT, UN IAX IAL  GAGE 

PARAMETERS, THICKNESS SECTION, 

TO BE TWO L/W 
DETERMINED RAT I OS 

2-1 DETERMINE EFFECT OF TEMP SINGLE EDGE UNIAXIAL, NOTCHED, AIR, RT As HEAT NONE 
ON AE-FLAW PARAMETERS DURING NOTCH (SEN) MONOTONIC, AND AND 550 F ,  TREATED WITH 

MONOTONIC LOADING OF BASE 1" THICK FATIGUE WELD STRESS 

METAL FRACTURE MECHANICS AND SURFACE PRECRACKED n RELIEF; CRACK 

SPECIMENS, NOTCH 1" PROPAGATION 

THICK, DIRECTION 

PERPENDICULAR 

TO ROLLING 

DIRECTION 

CoMMENTs 
LOAD SEVERAL 

SPECIMENS 

WITHOUT 

REDUCED SEC- 

T ION TO HELP 

ASSESS NOISE 

FROM 

THREADED 

ENDS 



JAB1 F 1, TEST PROGRAM (CONTINUED) 

2-4 DETERMINE EFFECT OF TEMPERA- 

TURE ON AE-FLAW PARAMETERS 

DURING MONOTONIC LOADING OF 

FRACTURE MECHANICS WELDMENT 

SPECIMENS 

1-11 DETERMINE EFFECT OF SLAG 

INCLUSIONS ON E L A S T I C  CYCLIC  

LOAD AE PARAMETERS, 

2-12 DETERMINE THE EFFECT OF 

TEMPERATURE ON AE-FAT IGUE 

CRACK GROWTH PROPERTIES AT  

RT AND 550°F, 

SEN MONOTONIC, THRU-WALL AIR, RT, SAME A S  2 -1  
1" THICK, UNIAXIAL NOTCHED 550°F EXCEPT WITH 

WELDMENT, 

PLATE UNIAXIAL, SMOOTH AIR, RT, 
TENSION S I N U S O I D A L  GAGE 

(PT) 1" WAVEFORM, SECTION,  

THICK, GROSS ELASTIC INCLUSIONS 
TENSION- INTERNAL,  

TENSION TO 

1/3 UTS, 

SEN, GETT THRU-WALL AIR, RT, 
lN THICK, SINUSOIDAL NOTCHED 550°F 

C Y C L I C  LOAD; 

GROSS P L A S T I C  

T-T 
S I N U S O I D A L  

C Y C L I C  LOAD 

FOR A LONG 

CRACK, 

SAME A S  1-1 SLAG INCLU- 

WITH S IONS 

WELDMENT, [RADIOGRAPH 

TO DETERMINE 

APPROX, 

INCLUSION 

S I Z E  AND 

D I S T R I -  

BUTION], 

CYCLE AT 

F I X E D  MIN, 

MAX STRESS 

TO G I V E N  NO, 

OF CYCLES 

FRACTURE, 

LOOK FOR ANY 

FATIGUE 

CRACKS TO 

DETERMINE I F  

A L L  AE DUE 

TO SLAG 

1 NCLUSION 

RUBBING/ 

CRACKING, 

EVALUATE ONE 

SPECIMEN 

WITHOUT 

NOTCH AT 

550°F AND RT, 
AS CRACK 

BECOMES LONG, 

NET SECTION 

W I L L  P L A S T I -  

CALLY CYCLE, 



TABLE 1, TEST PROGRAM (CONTINUED) 

2 - 1 2 A  SAME A S  2-12 EXCEPT WELDMENT SAME A S  - SAME A S  2-12 SAME A S  SAME A S  WELDMENT 
2-12 2-12 2-12 

2-19 DETERMINE EFFECT OF A SEMI- PT GETT PART-THRU AIR, RT, SAME AS 2-1 NONE COMPARE w ITH 

EMBEDDED FLAW ON AE PROPER- 1" T H I C K ,  S I N U S O I D A L  WALL EXCEPT CRACK THRU-WALL 

T I E S  DURING F A T I G U E  CRACK C Y C L I C  LOAD, NOTCHED. GROWTH I N  CRACK GROWTH 

GROWTH T H I C K N E S S  AE 
D I R E C T I O N  PROPERTIES.  

AND PERPEN- 

D I C U L A R  TO 

R O L L I N G  

D I R E C T I O N ,  

2-14 EVALUATE EFFECT OF WATER ON DCB SINUSOIDAL FOR THRU-WALL AIR, THEN SAME A S  2-1 WATER, CONDUCT H20 
FATIGUE CRACK SURFACES DURING 1 1/2 IN, PRE-FATIGUE NOTCHED, H20 : COMPLETE EVALUATION 

FATIGUE LOADING, EVALUATE GETT CYCLIC RT, 200°F, IMMERSION, WHEN CRACK 
T H I C K .  

CRACK CLOSURE NOISE, LOAD , PEAK OVER- GROWING AND 

SINUSOIDAL LOAD AND NOT GROWING 

GETT IN H20, REPEAT IN (AFTER PEAK 

PEAK OVER- H20, OVER LOAD , 
LOAD, THEN 

S I N U S O I D A L  

GETT LOAD SAME 

A S  PRIOR 

F A T I G U E  LOAD, 



TABLE 1 TEST PROGRAM (CONTINUED) 

EVALUATE EFFECT OF OXIDE DOUBLE SINUSOIDAL 
LAYERS ON CRACK SURFACES CANTILEVER FOR FATIGUE 

DURING UNLOAD AND FATIGUE BEAM (DCB) PRE-CRACK, 

CYCLING AT RT AND 200°F SPECIMEN CONSTANT COD 
H20, I 1/2 IN, DURING EXPO- 

SURE; GROSS 
T H I C K .  

ELAST I C 

C Y C L I C  LOAD 

(<COD MAX, 

LOAD), 

THRU-WALL RT AIR FOR SAME A S  2-1, 
NOTCHED PRE-FATIGUE; 

AND PRE- 550°F AIR 

FATIGUE AND RT H20 
CRACKED, EXPOSURE, 

TWO CRACK RT A I R  FOR 

LENGTHS, UNLOAD AND 

C Y C L I C  LOAD, 

CYCLIC LOAD 

AT 200°F IN 

H20, 

OXIDE LAYER 

ON CRACK; 

MACHINE OFF 

OXIDE ON 

OUTSIDE 

SURFACES 

FATIGUE CRACK 

GROWTH 
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2-17 UETERMINE EFFECT OF BASE TAPERED CONSTANT LOAD THRU-WALL AIR; RT SAME AS 2-1 NONE, GROW CRACK 
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AT A CONSTANT K-LEVEL, BEAM (TDCB) WELD SO THAT 

1" T H I C K ,  CRACK PROP- 

AGATES BM- 
HAZ-WM-HAZ- 
BM , 

3-6 D E T E R M I N E T H E E F F E C T O F P R I O R  PT SEE 
PRESSURE VESSEL SERVICE 1/2" THICK, FIGURE 1, 
LOADING AND TEMPERATURE 

CONDIT IONS ON SUBSEQUENT 

AE FATIGUE CRACK GROWTH, 
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equi pment on hand (Dunegan/Endevco 3000 s e r i  es ) and/or equi pment be1 ongi ng 

t o  NRC which may be a v a i l a b l e  from another program w i l l  be used a lso.  This  

w i l l  p rov ide  a secondary backup f o r  checking data obta ined w i t h  the  d i g i t a l  

system and a l s o  prov ide  a l i n k  f o r  r e l a t i n g  t o  comnercial equipment t h a t  

might  be used f o r  r e a c t o r  moni tor ing.  

Sensor 

A minimum o f  two sensors w i l l  be used on each specimen. They w i l l  

be mounted d i r e c t l y  on the  specimen surface. Funct ional  c h a r a c t e r i s t i c s  

o f  s e n s i t i v i t y  and response bandwidth w i l l  be the  pr imary concern. 

C a p a b i l i t y  o f  t he  sensor t o  w i ths tand l ong  exposure t o  r e a c t o r  environment 

w i l l  be secondary. Sensors w i l l  be fabr ica ted  by BNW w i t h  t h e  i n t e n t  o f  

us ing  the  same sensors throughout t h e  t e s t i n g .  

Sensor Mounting and Coup1 i n g  

Two bas ic  methods of sensor mounting and acoust ic  coup l ing  t o  a 

specimen w i  11 be used. One i s  mounting w i  t h  room temperature c u r i n g  

epoxy which prov ides both phys ica l  mounting and acoust ic  coupl ing.  The 

o ther  i s  a sp r ing  pressure clamp mounting w i t h  a h igh  v i s c o s i t y  f l u i d  

common i n  u l t r a s o n i c  work a c t i n g  as an acoust ic  couplant.  I n  ou r  

experience, these two methods a r e  s i m i l a r  i n  sensing e f f i c i e n c y .  

Coupling e f f i c i e n c y  w i l l  be the  f i r s t  concern. A b i l i t y  t o  w i ths tand 

r e a c t o r  environment w i l l  be important  on l y  t o  t h e  ex ten t  requ i red  f o r  

specimen t e s t i n g  under elements o f  r e a c t o r  environment. 

Preamp1 i f  i ers  and Amp1 i f  i ers  

Special  low noise, f i x e d  ga in  AE p reamp l i f i e r s  and a m p l i f i e r s  

f a b r i c a t e d  by BNW w i l l  be used i n  t h e  t e s t  work. Fixed ga in  of about 

90dB t o t a l  w i l l  be used t o  promote s tandard iza t ion  o f  t e s t  cond i t ions .  

Sys tern Frequency Bandwidth 

The bas ic  frequency range t o  be considered wi  11 be 200 kHz t o  1 MHz. 

This i s  based on several  considerat ions.  Recent work on o the r  programs 

has i n d i c a t e d  t h a t  about 300 kHz i s  the  lower frequency l i m i t  a t  which 



AE could be e f f e c t i v e l y  monitored i n  t he  presence o f  reac to r  f l o w  noise. 

I t  i s  necessary t o  f i l t e r  a t  the  sensor us ing an inductance tun ing  c o i l  

t o  reach t h i s  lower frequency l e v e l .  We f e e l  t h a t  t o  mon i to r  t e s t s  a t  a 

frequency below 200 kHz would be adding s i g n i f i c a n t l y  t o  no ise  i n t e r -  

ference problems w i t h o u t  ga in ing  any added in fo rma t ion  t h a t  cou ld  be 

used i n  t h e  u l t i m a t e  a p p l i c a t i o n  on a reac to r .  The upper l i m i t  of 1 mHz 

i s  genera l l y  accepted as t h e  upper frequency range l i m i t  a t  which AE can 

be nionitored p r a c t i c a l l y  due t o  the  increas ing  s igna l  a t tenua t i on  i n  

s tee l  a t  h igher  frequencies. 

As AE-flaw growth r e l a t i o n s h i p s  a r e  developed, i t  would u l  t i n l a te l y  

be des i rab le  t o  i n v e s t i g a t e  de tec t i on  o f  these same r e l a t i o n s h i p s  us ing AE 

data over a frequency range l i m i t e d  t o  500 kHz t o  1.0 MHz. I f  the r e l a t i o n -  

ships can be v e r i f i e d  a t  t h i s  h igher  frequency range, i t  w i l l  con f i rm the 

v a l i d i t y  of minotor ing  on reac to r  i n  a range t h a t  w i l l  minimize noise i n t e r -  

ference. This  work would be done under a l a t e r  phase where a wide range of 

a l l  va r i ab les  would be considered. 

Analyzer and Recorder 

The AE analyzer- recorder  system being extended fo r  use on t h i s  program 

expands on a new concept p rev ious l y  demonstrated on programs f o r  the  

Federal Highway Admin is t ra t ion  and the  E l e c t r i c  Power Research I n s t i t u t e .  

Key elements a re  use of s o l i d  s t a t e  d i g i t a l  memories fo r  data record ing  

and source i s o l a t i o n  t o  exclude t e s t  system noise. A1 1 data parameters 

w i l l  be recorded i n  d i g i t a l  memories on a common t ime base. Thus, a l l  

parameters are  d i r e c t l y  co r re la teab le .  Memories a r e  readout d i r e c t l y  t o  

a p r i n t e r  t o  p rov ide  a numeric t a b u l a t i o n  o f  data. This g r e a t l y  reduces 

the  t ime requ i red  t o  develop data tabu la t i ons  f o r  f u r t h e r  ana lys is  and 

i t  improves the  accuracy o f  t he  data t r a n s l a t i o n .  

AE data accepted f o r  record ing  w i l l  be r e s t r i c t e d  t o  t h a t  o r i g i n a t i n g  

from the  specimen defect  through use of a source i s o l a t i o n  technique. This 

subsystem def ines  an ad jus tab le  range o f  d i f f e r e n c e  i n  t ime o f  s igna l  a r r i v a l  

between sensors t h a t  w i l l  be accepted. This,  i n  tu rn ,  de f ines  a 1 i m i t e d  

area o f  t h e  specimen from which accepted s igna ls  can o r i g i n a t e .  I n  t h i s  

way, no ise  from specimen ho ld ing  f i x t u r e s  and the  t e s t  system can be 

excluded from the  data. 



I n  a d d i t i o n  t o  t h e  d i g i t a l  meniory system described above, a comnercial 

t r a n s i e n t  wave analyzer w i l l  be used t o  study d e t a i l s  o f  t he  AE s igna l  

wave form. Also, a commercial mult ichannel analyzer w i l l  be used t o  measure 

d i s t r i b u t i o n  o f  AE s igna l  amplitudes and r i s e  time. 

Parameters 

Parameters t h a t  w i l l  be measured w i t h  the  d i g i t a l  memory system are: 

Parameter Purpose 

AE event count Relate t o  f l aw  growth parameters. 

AE energy Same 

AE s igna l  amp1 i t u d e  - 
f o u r  ranges. 

AE s igna l  r i s e  t ime - 
f o u r  ranges. 

Mechanical - e i t h e r  
Load cycles producing AE. 

and 

Tota l  load cycles.  

Ramp load l e v e l  versus 
time. 

D is t i ngu ish  between AE sources - 
cracking versus p l a s t i c  
deformation, and innocuous 
sources. 

D is t i ngu ish  between AE s igna ls  
and innocuous noise sources. 

Develop power law r e l a t i o n s  
between AE and f l aw  growth 
parameters. 

Basic t e s t  c o r r e l a t i o n .  

Relate AE data t o  increas ing 
load leve ls .  

An i d e n t i f i e d  parameter which may be added o r  subs t i t u ted  f o r  one o f  t h e  

above i s  s igna l  dura t ion .  This may be usefu l  i n  d i s c r i m i n a t i n g  aga ins t  

e l e c t r i c a l  t rans ien ts  as we1 1 as poss ib ly  prov id ing  s igna l  i d e n t i f i c a t i o n  

information. Other parameters can be added t o  o r  subs t i t u ted  f o r  those 

l i s t e d  as the  work progresses i f  j u s t i f i e d .  

The mu1 t ichannel  analyzer w i l l  be used i n  p a r a l l e l  w i t h  the  d i g i t a l  

system t o  measure d i s t r i b u t i o n  o f  s igna l  amplitude and r i s e  t ime values. 

This w i l l  guide d e f i n i t i o n  o f  t h e  f o u r  ranges o f  these parameters t o  be 

monitored on a s c a l e r  basis. 



A transient wave analyzer will be used to study AE signal wave form. 
This will provide insight to  changes in information contained i n  the 
different  wave propagation modes, and to  signal frequency content. 

Calibration 

System calibration i s  c r i t i ca l  to  the success of th i s  program. 

Constant measurement conditions should be maintained to  establish methods 
of identifying different  signal sources and s ignif icant  data parameter 
changes. Subsequent investigation of the e f fec t  of changes in measurement 
conditions such as threshold cha'nges must be done in a carefully controlled 

manner that  can be related back to  the base measurement conditions. The 
following calibration procedure will be used: 

1 .  All sensors will be calibrated on a 4 in. x 12 in. x 12 112 in.  Type 

A212B carbon s tee l  block using a 50 micron alumina g r i t  blast  from a 
0.070 in. inside diameter nozzle under 80 psig a i r  pressure to  generate 
broadband input energy. The g r i t  blast  nozzle i s  held 3/8 in. '  from the 
block and directed a t  a point 1 112 in.  from the sensor. We have found 

from test ing and experience that  th i s  provides a repeatable input energy 
from 100 kHz u p  t o  about 2 MHz. A permanent reference sensor independently 

calibrated to  a traceable standard will be used to  check consistancy of 

calibration input in terms of absolute reference t o  1 vol t / p  bar. 

2 .  While mounted on the s teel  block, sensor response to  an electronic 
f i e ld  pulser will also be measured. 

The above steps a re  considered t o  be a basic calibration. In addition 
to th is :  

3. After the sensors are  mounted on each specimen ready for  testing a 
calibration measurement will be made using the BNW g r i t  blast  
direct ly  on the specimen. 

4. Response of the fu l l  AE monitor system to a f ie ld  pulser will be 

measured with the sensor in place on the specimen ready for  t e s t .  

Steps 3 and 4 will be performed fo r  each t e s t  specimen both a t  the beginning 
and a t  the end of the t e s t .  These l a s t  two steps serve several purposes. 

I t  guards against unexpected changes in mounted sensor character is t ics  and 



moni to r  system performance. It a l s o  prov ides a  bas is  f o r  comparing 

e f f e c t i v e  moni tor  system gains and s e n s i t i v i t y  i n  each t e s t  and between tes ts .  

I n  a d d i t i o n  t o  the  c a l i b r a t i o n  procedure described i n  1  and 2  above, 

we p lan  t o  ob ta in  a  d e s c r i p t i o n  o f  the  r e c i p r o c i t y  c a l i b r a t i o n  method used 

by B a t t e l l e  F r a n k f u r t  and apply i t  i n  p a r a l l e l  w i t h  the  g r i t  b l a s t .  This 

w i l l  prov ide a  second bas ic  c a l i b r a t i o n  f o r  cross checking and i t  w i l l  a l so  

prov ide  a  re ference p o i n t  i n  our data f o r  use by B a t t e l l e  F r a n k f u r t  i n  

i nformat ion excha,nge. 

Records 

Permanent records w i l l  be mainta ined f o r  each t e s t .  I n  a d d i t i o n  t o  

bas ic  data tabu la t i ons ,  t h i s  w i  11 i nc lude  sensor i d e n t i f i c a t i o n  and c a l  i b r a -  

t i o n ,  inst rument  system hook up diagram, inst rument  c o n t r o l  se t t i ngs ,  and 

any observat ions made dur ing  the  t e s t .  Such a  record  i s  p a r t i c u l a r l y  

va luable i n  t h i s  type work as re ference i n  data ana lys is .  

4.3 DATA ANALYSIS 

Our planned a n a l y t i c a l  approach f o r  i n i t i a l  t e s t i n g  i s  discussed i n  

t h i s  sec t ion .  We s t ress  i n i t i a l  because i t  i s  essent ia l  t h a t  we r e t a i n  the 

f l e x i b i l i t y  t o  change a n a l y t i c a l  methods. Typical  o f  R&D, r e s u l t s  as the 

work progresses may s i g n i f i c a n t l y  a l t e r  what i s  t h e  optimum ana lys i s  method. 

There a re  two pr imary ana lys i s  areas involved.  One i s  d i s t i n c t i o n  between 

meaningful AE s igna ls  and o the r  acoust ic  in fo rmat ion .  The o the r  i s  develop- 

ment o f  AE i n t e r p r e t a t i o n  models. 

4.3.1 Signal D i s t i n c t i o n  

AE s igna l  amplitude, s igna l  r i s e  t ime, and s igna l  frequency w i l l  be 

analyzed f o r  c h a r a c t e r i s t i c s  t o  d i s t i n g u i s h  AE s igna ls  sources. Previous 

work a t  B N W ( ~ )  w i t h  A5338 s t e e l  has shown evidence t h a t  there  i s  a  d i f -  

ference i n  ampl i tude o f  AE s igna ls  from deformation vs crack growth w i t h  

crack growth producing the h igher  amplitude. This  r e l a t i o n  has a lso  

been observed by o the r  i n ~ e s t i g a t o r s ( ~ )  i n c l u d i n g  B a t t e l l  e  Frank fur t .  ( 4 )  

Through a  combination o f  s igna l  ampl i tude d i s t r i b u t i o n  and sca le r  s o r t i n g  

o f  the  ampli tudes i n t o  d i f f e r e n t  ranges, we should be ab le  t o  c o r r e l a t e  

data w i t h  generat ing processes accura te ly .  



Signal r i s e  t ime w i l l  be examined as a means o f  d i s t i n g u i s h i n g  AE 

s igna l  s  from acoust ic  s igna ls  generated by innocuous s lag  inc lus ions .  

Acoust ic energy re leased by perhaps i n t e r f a c e  movement between s lag  and 

metal should occur over a longer t ime per iod  and con ta in  r e l a t i v e l y  

s t ronger low frequency components than t h a t  f o r  an AE s igna l .  The AE 

s igna l  should thus show a f a s t e r  r i s e  t ime than the  s igna l  from the  s lag  

i nc lus ion .  If t h e  s lag  were cracking,  we would expect t h e  same e f f e c t  due 

t o  i n e f f i c i e n t  coup l ing  across t h e  i n t e r f a c e  between s lag  and metal.  This  

would be analogous t o  observat ions o f  s lag  c rack ing  vs metal c rack ing  s igna ls  

i n  mon i to r ing  submerged a rc  welding . A f t e r  being t ransmi t ted  across the  

i n t e r f a c e  between s lag  and metal,  t he  s lag  cracking s igna ls  have l o s t  much 

of t h e i r  h igh  frequency content  r e s u l t i n g  i n  a detected s igna l  w i t h  slow 

r i s e  t ime and a predominance o f  low frequency. Metal c rack ing  s igna ls  

do no t  t raverse  t h a t  i n t e r f a c e  and hence r e t a i n  the  h igher  frequency w i t h  

f a s t e r  r i s e  t ime. 

Signal  frequency w i l l  be examined a l s o  as a poss ib le  means o f  ' 

d i s c r i m i n a t i n g  between AE o f  i n t e r e s t  and unwanted acoust ic  s igna ls .  The 

bas is  f o r  t h i s  i s  inc luded i n  the  d iscussion above. 

As we develop evidence of t he  va l  i d i t y  o f  t he  above methods, we p lan  

t o  incorpora te  c i r c u i t r y  i n  our  mon i to r  system t h a t  w i l l  impose l i m i t s  o f  

acceptance f o r  these parameters e i t h e r  i n d i v i d u a l l y  o r  i n  combination. 

This w i l l  then a l l ow  us t o  conf irm t h a t  they do perform the  des i red  

d i s c r i m i n a t i o n  f u n c t i o n  i n  r e a l  t ime. Some o f  t he  r e l a t i o n s h i p s  described 

a r e  a l ready being used success fu l l y  by D. W .  Pr ine  i n  h i s  weld mon i to r ing  

program f o r  NRC. (1 ) 

4.3.2 AE I n t e r p r e t a t i o n  Models 

I n  previous work, AE has been i n t e r p r e t e d  w i t h  respect  t o  s p e c i f i c  

mechanical parameters and ma te r ia l  cond i t ions .  The mechanical parameters 

were associated w i t h  experiments i n v o l v i n g  "uniform" s t r a i n  i n  unnotched 

specimens and flaw growth i n  notched specimens. 

Several examples based on prev ious work a re  shown below: 

1. Determinat ion o f  t he  E f f e c t  o f  a Monotonical ly  Increas ing  Stress 

I n t e n s i t y  Rate (k )  on AE Parameters. 



During t e s t i n g  o f  compact tens ion  specimens, load, l o a d  r a t e ,  COD 

and crack extension were mechanical parameters t h a t  were used t o  

cha rac te r i ze  the  e f f e c t  o f  s t ress  i n t e n s i t y  r a t e  (K) on CAE event count and 

energy. I n  t he  l i n e a r  e l a s t i c  range, AE was r e l a t e d  i n  a l i n e a r  manner t o  K, 

where 

CAE a K. 

Tota l  AE count  increased w i t h  decreasing s t ress  i n t e n s i t y  r a t e  (K) i n  the  

1 CAE a -;- 

2. Determinat ion of I n f l uence  of Hydride Coated and Dispersed Hydrides i n  

T i tanium A l l o y s  on AE du r ing  Tens i l e  and Frac ture  Loading. 

The e f f e c t  o f  hydr ide  l o c a t i o n  i n  t i t a n i u m  a l l o y s  on AE parameters was 

s tud ied  us ing  t e n s i l e  and center-notched specimens. For bo th  se ts  o f  

specimens, AE was very s e n s i t i v e  t o  c r a c k i  ng o f  t h e  hydr ides which occurred 

almost e n t i r e l y  on the  surface. E s s e n t i a l l y  no c rack ing  occurred i n  t he  

i n t e r n a l l y  dispersed hydrides. 

Stress s t r a i n  curves were used t o  determine s t ress  l e v e l s  a t  which 

hydr ide  surface c rack ing  occurred and compared w i t h  AE count. Stress 

i n t e n s i t y  f a c t o r  versus summations AE count  curves showed a power law 

r e l a t i o n s h i p  of t h e  form 

CAE count B K ~  

where both B and m were s t r o n g l y  in f luenced by hydr ide  c rack ing  i n  

comparison to base metal deformationand crack extension. 

3. Determinat ion o f  t he  Re la t i on  o f  AE t o  Fat igue Crack I n i t i a t i o n  

and Growth. 

Fa t igue data ( load l e v e l ,  load cyc le  r a t e ,  crack length)  #was charac ter ized by 

Paris-Erdogan crack growth law 

= B ( A K ) ~ ,  where B and m are  constants d N 



AE data were obta ined i n  a manner ana10qous to. fa t igue crack growth data as 

shown i n  F igure 4. 

da D i f f e r e n t i a l  f a t i g u e  parameter and the  crack d r i v i n g  force AK can 

be compared w i t h  equ iva len t  d i f f e r e n t i a l l y - o b t a i n e d  AE parameters. 

For exampl e : 

- AE energy per  load c y c l e  AN ' 

- AE energy per  mm o f  f a t i g u e  crack extension Aa 

- counts per  load c y c l e  
AN ' 

- counts per  mm o f  f a t i g u e  crack extension Aa 

Comparisons can be made assuming var ious curve f i t t i n g  schemes. One 

method t h a t  has been used w i t h  success i s  t o  compare AE parameters w i t h  

f a t i g u e  parameters on a power l a w  bas is  of t he  same form used t o  cha rac te r i ze  

f a t i g u e  crack growth r a t e  data (see Equation 1). Example: 

- dE = da +p w i t h  no ise  d N D (d 

- dE = G (%) da -q w i thou t  noise 
d N 

- dc = da +r w i t h  no ise  d a H (d 

- - da -s 
dc - J (g) w i  thou t no ise  da 

- 
where Dy G y  H y  J. p, q, r and s a r e  a l l  constants 



N (LOAD CYCLES) 

* 
E2 = DIE'AE ENERGY 

C 1  = BNW AE COUNT 

DERIVED DIFFERENTIAL AE - F A T I G U E  DATA 

F I G U R E  4 .  S c h e m a t i c  P l o t  o f  Crack L e n g t h  and D / E  AE  Energy 
(or BNW A E  Count )  V e r s u s  Load Cyc les  t 

AE2 (OR AC1) 

- 
E2 - E2 n n-1 

E2n+1 - E2 
e 

AN, cycles 

N - N  n n-1 

" ' n t l -  Nn 

a, mm 

a n -1 

an 

a n + l  

N, cycles 

N n -1 

N n 

N 
n+l 

E2 (OR C1) 

E2 n-1 

E2 n 

EZn+l 

Aa, mm 

' a -  n an- l  

an+l  -an  



Because AE data f requen t l y  d i s p l a y  sca t te r ,  s t a t i s t i c a l  analyses u t i l i z i n g  

l e a s t  squares regress ion  analyses and t h e  c o r r e l a t i o n  c o e f f i c i e n t  "r" can 

be used as an index of t h e  goodness of fit between l e a s t  square l i n e s  and 

the  data po in t s  through which they were drawn. The l a t t e r  approach has 

proved h e l p f u l  f o r  showing the  capabi 1  i ty o f  a  se lec ted  AE-fat igue parameter 

model t o  f i t  t h e  data and how p i n  no ise  can so s i g n i f i c a n t l y  b i a s  AE data 

where AE from the  f u l l  load waveforn~, as opposed t o  a  gated p o r t i o n  o f  the  

waveform, i s  used. 

The above represent  a  few o f  t he  many poss ib le  ways t h a t  AE and deformation- 

crack extension data can be compared f o r  t h e  purpose o f  ob ta in ing  an AE-flaw 

growth r e l a t i o n s h i p .  

For AE developed du r ing  crack i n i t i a t i o n ,  no cons i s ten t  and encompasing 

theory i s  p resen t l y  avai  lab1 e  f o r  comparison. L im i ted  BNW data suggest 

t h a t  nea r l y  a l l  AE produced du r ing  f a t i g u e  i n  A533B i s  r e l a t e d  t o  growth 

o f  t he  crack as opposed t o  i n i t i a t i o n  of t he  crack both a t  t h e  beginning 

o f  t he  t e s t  as we1 1  as when a  f a t i g u e  crack i s  propagating. This  c la im,  

however, must be i nves t i ga ted  f u r t h e r .  Once a  r e a d i l y  measurable crack i s  

formed many crack propagation laws e x i s t  as a  bas is  f o r  comparison w i t h  AE 

parameters. They i nc lude  f a t i g u e  crack propagation laws of ~ e a d ( ~ ) ,  F ros t  

and Dugdale, (6) ~ i u , ( ~ )  d ore man ,(8) and Par i s  and Erdogan. ('1 s t ress  

co r ros ion  crack propagation behavior has been i nves t i ga ted  by Johnson and 

~ a r i s , ( l O )  ~ r o w n ' "  ), Hyat t  and Qu is t (12 ) ,  Novak and ~ o l f e ( ' ~ ) ,  Smith, 

Piper  and ~ o w n e ~ ( ' ~ ) ,  Johnson and ~ i l l m e r ( l ~ ) ;  hydrogen embr i t t lement  crack 

propagation by Dunegan and ~ e t l e m a n ( ' ~ ) ;  e levated temperature crack pro- 

pagat ion by Popp and ~ o l e s ( ' ~ ) ,  James ( I 8 )  and James and Schwenk. (") Where 

app l icab le ,  i n v e s t i g a t i o n  and comparison of AE data w i t h  such laws would 

be attempted. 

4.3.3 Defect  Evaluat ion Model Development 

Two p a r t s  o f  a  th ree  p a r t  ana lys is  a re  considered i n  the  c u r r e n t  

program: 



1. AE ana lys i s  f o r  unique c h a r a c t e r i s t i c s  r e l a t i v e  t o  de fec t  growth 

and innocuous sources. 

2. Re la t i ng  AE data t o  metal deformation and f l a w  growth parameters. 

A  t h i r d  f u t u r e  ana lys i s  i s  expected . t o  i n v o l v e  the  broad r e l a t i o n s h i p  o f  

We env i s ion  t h i s  f u tu re  ana lys is  t o  i n v o l v e  experimental and a n a l y t i c a l  

s t ress  ana lys i s  methods w i t h  the  goal o f  p a r t i t i o n i n g  measured AE i n t o  a  

range o f  poss ib le  f l a w  types and f a i l u r e  c o n d i t i o n  sources which can be 

examined w i t h  a  computer program. De ta i l ed  d iscussion o f  t h i s  t h i r d  type 

o f  ana lys is  concerned w i t h  d i r e c t  a p p l i c a t i o n  o f  AE i n  the  f i e l d  f o r  de fec t  

eva lua t i on  i s  beyond t h e  scope o f  t h i s  program. The u l t i m a t e  need f o r  such 

a  phase o f  ana lys i s  must, however, be recognized a t  t h i s  t ime. 

A  E  

5.0 DISCUSSION OF TEST PLAN DEVELOPMENT 

S t r u c t u r a l  

Having presented the  s p e c i f i c  t e s t  approach planned i n  Sect ion 4.0, i t  

i s  now necessary t o  consider  how the  t e s t  approach was developed. 

5.1 FACTORS CONSIDERED IN  SELECTING TEST CRITERIA 

The general f a c t o r s  inc luded i n  t h e  framework f o r  i d e n t i f y i n g  c r i t e r i a  

t o  be used i n  developing the  t e s t  approach are: 

1 )  AE l i m i t a t i o n s ,  

parameters *-- 

2) Sources o f  noise, 

i n t e g r i t y  behavior 

3)  The basic  na ture  of AE source mechanisms, 

4) The path  dependance o f  received AE s ignals,  

5)  The r e l a t i o n s h i p  o f  AE source mechanisms t o  f a i l u r e  

d r i v i n g  forces,  and 

6) The r e l a t i o n s h i p  o f  specimen t o  s t r u c t u r a l  behavior. 



5.1.1 AE Technology L i m i t a t i o n s  

AE technology a t  t he  present  genera l l y  does n o t  i nc lude  a  demonstrated 

method t o  unambiguously separate the  d i f f e r e n t  sources o f  AE f rom each 

o ther  i n c l u d i n g  sources o f  noise. 

5.1.2 Sources o f  Noise 

Sources o f  no ise  i nc lude  those developed w i t h i n  the  ma te r ia l ,  those 

developed by the  method o f  load t rans fe r  from t e s t  machine t o  the  specimen 

and those produced by t h e  t e s t  machine. (Other sources o f  no ise  expected 

i n  a  reac to r  a r e  discussed on pages 4 and 5  of attachment 1  t o  the  189 

program proposal ) . 
Test and m a t e r i a l - r e l a t e d  sources o f  no ise  i nc lude  oxide, s lag  inc lus ions ,  

poss ib l y  crack c losu re  noise, contact- induced f r e t t i n g  co r ros ion  i n  pinned 

j o i n t s  and abrasion s l ippage i n  c e r t a i n  f r i c t i o n  g r i p s ,  and mechanical 

hyd rau l i c  noises associated w i t h  t e s t i n g  machines. Some can be e l  in l inated 

o r  reduced b u t  a l l  must be considered i n  l abo ra to ry  t e s t s t o  avo id  b ias ing  

AE data. 

5.1.3 Basic Nature o f  Source Mechanisms 

Knowledge o f  t he  basic  character  o f  AE source mechanisms i s  des i rab le  

b u t  n o t  necessary t o  s a t i s f y  program ob jec t i ves .  During t h i s  work 

macroscopic mechanically-based q u a n t i t i e s  such as s t ress ,  s t r a i n ,  load, COD, 

specimen bending displacement, s t ress  i n t e n s i t y  f ac to r ,  J - i n t e g r a l  ... and 

crack dimensions a re  planned t o  be measured and/or ca lcu la ted .  

D is loca t ion-obs tac le  i n t e r a c t i o n s  and general atomic o r  m i c r o s t r u c t u r a l  

defects w i t h i n  and around gross o r  l o c a l i z e d  s t r a i n  f i e l d s  a re  p resen t l y  

beyond the  scope o f  t h i s  program. Only geometric d i s c o n t i n u i t i e s *  on an 

engineering sca le  w i l l  be considered. 

*The term geometric d i s c o n t i n u i t i e s  used here in  denotes engineering scale 
d i s c o n t i n u i t i e s  such as dents and scratches, sec t i on  s i  ze changes and 
penetrat ions and defec ts  such as s lag  inc lus ions ,  l a c k  o f  penetrat ion,  
and cracks ... 



5.1.4 - Path Dependence o f  Received AE Signals 

Considerat ion o f  path dependence o f  AE s igna ls  fa1  1s i n t o  two general 

areas : 

1. Mod i f i ca t ions  t o  the  fundamental energy pulse re leased a t  t he  source 

as i t  t r a v e l s  t o  the  sensing po in t .  

2. Macro sca le  e f f e c t s  such as i n t e r f a c e  a t tenua t i on  and frequency 

f i l t e r i n g .  

The f i r s t  area i s  a very complex bas ic  quest ion beyond t h e  scope of t h i s  

program. Work i s  c u r r e n t l y  being done i n  t h i s  area a t  t h e  Nat ional  Bureau 

o f  Standards under j o i n t  sponsorship of the  E l e c t r i c  Power Research 

I n s t i t u t e  and NBS. The r e s u l t s  may be an expanded understanding o f  AE 

fundamentals and improved c a p a b i l i t y  t o  a n a l y t i c a l l y  p r e d i c t  AE data. 

This i n fo rma t ion  i s  n o t  considered a p r e r e q u i s i t e  f o r  developing the  

experimental macro scale r e l a t i o n s h i p s  being sought i n  t h i s  program. 

The second area i s  d i r e c t l y  r e l a t e d  t o  t h i s  program. I t  can be 

imper tan t  t o  cha rac te r i z i ng  innocuous no ise  sources such as s lag  i nc lus ions  

due t o  the  unique path o f  these s igna ls  t o  a sensor and the  a t tendant  

i n f l uence  on s igna l  wave form. 

5.1.5 The Re la t ionsh ip  o f  AE Source Mechanisms 

t o  F a i l u r e  D r i v i n g  Forces 

The r e l a t i o n s h i p  o f  AE source mechanisms t o  f a i l u r e  d r i v i n g  forces 

associated w i t h  crack i n i t i a t i o n  and propogation i s  cne o f  t h e  l e a s t  w e l l  

de f ined areas. Consider f i r s t  t h a t  AE source mechanisms i n  specimens o r  

s t ruc tu res  a re  genera l l y  a t t r i b u t e d  t o  d iscont inuous o r  d i s c r e t e  movements 

associated w i t h  p l a s t i c  deformation and c rack  extension i n  t he  neighborhood 

o f  f laws o r  geometric d i s c o n t i n u i t i e s .  P l a s t i c  deformation precedes b u t  

a l s o  accompanies crack extension; thus bo th  poss ib le  sources of AE cou ld  

be opera t ing  simultaneously du r ing  t h e  growth o f  a crack even though 

d i f f e r e n t  f a i l u r e  o r  f law propagation mechanisms** cou ld  be occurr ing.  

* *Meta l lu rg ica l  f a i l u r e  mechanisms r e s u l t i n g  i n  crack i n i t i a t i o n  and 
propagation inc lude,  b u t  a re  n o t  l i m i t e d  to ,  d u c t i l e  rup ture ,  fa t igue,  
s t ress-corros ion,  hydrogen embri ttl ement and creep. 



The f a i l u r e  driving forces ,  which govern material crack i n i t i a t i o n  and 
propagation mechanisms and attendant A E  a r e  a l so  intimately re la ted t o  

J s t ructural  design concepts and vessel operation. Thus, t h i s  f ac to r  i s  

important to  our program. We lump the  f a i l u r e  driving forces  and design/ 
operation fac tors  in to  a s ing le  term 'material fa i lure-s t ructural  f a c to r s ' .  
They include, b u t  a r e  n o t  l imited to: 

1. Loading or Stress  Sta te .  Load, pressure o r  s t r e s s  level (gross 
e l a s t i c  t o  gross p l a s t i c ) ,  load waveform, frequency and number (low- 
cycle to  high cycle fa t igue)  thermal loadings, residual s t r e s se s ,  
multiaxial s t resses . .  .. 

2. Geometry. St ress  concentrations ranging from surface roughness, 
section s i ze  changes and penetrations through sharp defects including 
bu i l t - in  base and weld metal defects ..., through-wall, semi-embedded 

and ful ly-embedded flaws. 

3. Environment. Aggressive l iquids  and gases t o  i n e r t  gas, vacuum, 
temperature, i r rad ia t ion  ..., 

4. Material Properties. Alloy type, strength l eve l ,  d u c t i l i t y ,  micro- 
s t ruc ture ,  including the  e f f ec t  of welding techniques, pr ior  h is tory ,  
f rac tu re  toughness.. . 

Selected s e t s  of the above fac tors  a r e  considered in  the framework of the  

t e s t  progra,m. 

Substantive f a i l u r e  analysis  information will  a l so  be factored in to  
the  program. I t  wil l  be used as a basis f o r  concentrating program t e s t s  on 
those pressure boundary f a i  1 ures t ha t  a r e  most dominant and considering 
those f a i l u r e s  t ha t  a r e  most l i ke ly  t o  produce the  l e a s t  emission during 
crack propagation. 

5.1.6 The Relationship of Specimen t o  Structural  Behavior 

The re la t ing  of specimen behavior t o  s t ructural  flaw growth behavior 

i s  another important area including the  e f f ec t  of f u l l  thickness plates and 

flaw location.  In a laboratory program, we need t o  use ana ly t ica l ly  
t rac tab le  specimens underg~ing constant amplitude loading i n  a controlled 
environment f o r  the niost ra t ional  analyt ic  means fo r  comparison of AE data 
w i t h  appropriate f a i  1 ure modes. 
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I n  con t ras t ,  r e a l  f laws i n  a vessel w i l l  experience v a r i a b l e  ampl i tude 

load ing  and v a r i a b l e  environmental cond i t ions .  Thus i t  w i  11 u l t i m a t e l y  

be necessary t o  consider  how such condi t i o n s  i n f l  uence 1 aboratory AE-flaw 

growth re la t i onsh ips .  This  l a t t e r  cons idera t ion ,  as discussed e a r l i e r ,  

c o n s t i t u t e s  a l a t e r  phase and i s  n o t  considered i n  t h i s  program. 

Two i n t e r - r e l a t e d  m a t e r i a l  and f l a w  f a c t o r s  need t o  be considered. 

One f a c t o r  concerns the  v a r i a t i o n  i n  ma te r i a l  p rope r t i es  and hence, poss ib l y  

AE p rope r t i es  between the  ou ter  sur face o r  case ma te r ia l  (say 2 t o  3 i n .  deep) 

and the i n n e r  core  o f  t h i c k  (12 i n . )  pressure vessel p la te .  The o the r  f a c t o r  

concerns t h e  most l i k e l y  l o c a t i o n  o f  b u i l t - i n  and operat ion-induced f laws and 

t h e i r  d i r e c t i o n  o f  propagation. 

Consider b u i l t - i n  f laws and t h e i r  l o c a t i o n  f i r s t .  Most b u i l t - i n  f l aws  

w i l l  be l oca ted  i n  o r  around we1 ds w i t h  a l e s s e r  number i n  the base metal p la te .  

Propagation due t o  gross o r  l o c a l i z e d  load ings  would thus be dominant ly i n  

weld metal and/or heat a f f e c t e d  zone, w i t h  poss ib le  u l t i m a t e  propagation i n t o  

the  base metal.  

Service-generated f laws a re  n o t  so we1 1 -def ined by l o c a t i o n .  Loca l ized 

st resses due t o  f i  t-up, we1 ding, heat treatment,  nozzl e supports and thermal 

v a r i a t i o n s  cou ld  a l l  c o n t r i b u t e  t o  f l a w  i n i t i a t i o n  and propagation. I n  t he  

case o f  service-generated f laws,  i n i t i a t i o n  could be expected t o  occur a t  o r  

near t h e  sur face w i t h  propagation f i r s t  through case metal o r  weld metal/HAZ 

towards core  ma te r ia l .  It thus appears t h a t  the  AE-material s tud ies  should be 

centered p r i m a r i l y  on case (ou te r  2-3 i n . )  metal and weld metal/HAZ w i t h  perhaps 

some l i m i t e d  t e s t i n g  and eva lua t ion  o f  AE c h a r a c t e r i s t i c s  o f  core  ma te r ia l .  

I n  t h i s  sect ion,  we have discussed a range o f  general f a c t o r s  which must 

be considered i n  t h e  development o f  adequate t e s t  c r i t e r i a .  

5.2 TEST CRITERIA 

Sect ion 5.1 o u t l i n e d  general f a c t o r s  t h a t  could a f f e c t  and poss ib l y  b ias  

r igorous  l abo ra to ry  i n v e s t i g a t i o n s  o f  AE generated by de fec ts  and innocuous 

sources o f  noise. Based on tha t ,  we have se lec ted  s p e c i f i c  t e s t  c r i t e r i a  4 

which w i l l  consider  those i n f l uenc ing  f a c t o r s  i n  our t e s t  approach. The 

c r i t e r i a  se lec ted  a r e  discussed i n  the same contex t  and order  as t h e  general ... 
f a c t o r s  presented i n  Sect ion 5.1. 



5.2.1 AE Technology L i m i t a t i o n s  

C r i t e r i o n  1 

Use AE systems which are: a) capable o f  exc luding from t e s t  data 

acoust ic  in fo rmat ion  o r  no ise  t h a t  i s  unique t o  the  l abo ra to ry  t e s t  system such 

as g r i p  o r  load p i n  noise, and b )  capable o f  measuring parameters expected t o  

be use fu l  i n  d i s t i n g u i s h i n g  f law growth AE from o ther  acoust ic  o r  no ise  sources 

expected i n  a pressure vessel.  

5.2.2 Sources o f  Noise 

Sources o f  no ise  t o  be considered are broken down i n t o  those occur r ing  

a) w i t h i n  the  ma te r ia l ,  

b )  a t  the  specimen-grip load t r a n s f e r  i n te r face ,  

c )  from the  t e s t  machine. 

Noises w i t h i n  the  ma te r ia l  

C r i t e r i o n  2. Eva1 u t e  the  e f f e c t  o f  ox ide  l a y e r s  on c rack  sur faces (Test 2-9). 

Dur ing opera t ion  o f  a pressure vessel p re -ex i s ten t  f l aws  and even tua l l y  

service- induced cracks open t o  coo lan t  exposure, may form .oxides on t h e i r  surfaces. 

During shutdown o r  a s i g n i f i c a n t  decrease i n  opera t ion  pressure, t he  oxides 

(whose molar volume i s  g rea ter  than the  metal they formed from) cou ld  experience 

a c rush ing  o r  mutual rubbing e f f e c t .  Acoust ic  s igna ls  associated w i t h  t h i s  

phenomenon could prov ide  i n fo rma t ion  as t o  t h e  presence o f  f laws even though 

t h a t  f l a w  may n o t  have grown dur ing  serv ice.  Th is  phenomenon has been repor ted  (20,21 

Specimens conta in ing  fa t igue cracks were heat t rea ted  a t  300-650°C r e s u l t i n g  i n  

ox ide format ion w i t h i n  the  crack. High AE count subsequently occurred a t  low 

f a t i g u e  loads suggesting ox ide f i l m  cracking.  

C r i t e r i o n  3. Evaluate the  ex is tence o f  crack c losu re  noise du r ing  

f a t i g u e  (Test 2-14). 

During unloading o f  a cracked specimen, i t  i s  be l ieved t h a t  the crack sur- 

faces rub  aga ins t  each o the r  p r i o r  t o  reaching zero appl ied load. (22) 



I f  so, acoust ic  s igna ls  associated w i t h  t h i s  phenomenon cou ld  a l s o  prov ide  

i n fo rma t ion  on the  ex is tence o f  a  growing crack. (23) However, apparent crack 
1 

c losu re  cou ld  be a  man i fes ta t ion  of machinelspeciment load transfer- induced 

noise. (24) Thus, t e s t s  should be conducted t o  determine if crack c losu re  no ise  

i s  r e a l  and i f  i t  d i sp lays  acoust ic  p rope r t i es  d i f f e r e n t  from p l a s t i c  deformation % 

and/or f 1  aw growth. 

C r i t e r i o n  4. Evaluate the  e f f e c t  o f  i n t e r a c t i o n  between s l a g  i nc lus ions  

and weld metal du r ing  f a t i g u e  (Test 1-1 1  ) 

Slag i n c l u s i o n s  w i t h i n  weld metal could produce acoust ic  s igna ls  du r ing  

f a t i g u e  loading.  I n t e r f a c i a l  fo rces  i n c l u d i n g  d i f f e r e n t i a l  mot ion ( rubbing)  

between the  metal and t h e  s lag  i n c l u s i o n  and i n c l u s i o n  f r a c t u r e  cou ld  produce 

acoust ic  s igna ls .  I t  i s  important  t h a t  the  nature and c h a r a c t e r i s t i c s  o f  s lag-  

induced s igna ls  be determined f o r  poss ib le  separat ion from crack growth- 

r e l a t e d  AE. 

C r i t e r i o n  5. Evaluate the  e f f e c t  o f  water on crack sur faces dur ing  f a t i g u e  

loading (Test 2-14) 

Water w i t h i n  a  crack may o r  may n o t  have any i n f l uence  on i nd i ca ted  AE 

igna ls .  E i s e n b l a t t e r  found t h a t  both o i l  (23) and water, (25) when placed i n  a  

rack, reduced i n d i c a t e d  AE s igna ls .  Schwenk and Hutton (26) have found no 

s i g n i f i c a n t  e f f e c t  o f  water on AE dur ing  fa t igue crack growth i n  A533B s tee l .  

Ne i the r  i nves t i ga t i on ,  however, inc luded t e s t i n g  w i t h  the  crack completely 

immersed i n  the f l u i d s .  Thus, t h i s  aspect should be examined t o  determine i f  

water i n  t he  crack does generate acoust ic  s igna ls .  I n  a d d i t i o n  t o  growing a  

f a t i g u e  crack d u r i n g  water immersion, an overload should be app l i ed  t o  the  speci-  

men t o  produce a  crack a r r e s t  a f f e c t .  Fa t igue-cyc l ing  a t  t he  same p r i o r  f a t i g u e  

load would then a l l ow  determinat ion  o f  the  i n f l uence  o f  water alone. 

Noises due t o  specimen-grip load t r a n s f e r  

C r i t e r i o n  6. Eva1 uate the  e f fec t  of specimen-machine load t r a n s f e r  

on the  generat ion of acoust ic  s igna ls  du r ing  f a t i g u e  (Test  2-12). 
0 

We have experienced a  s i g n i f i c a n t  a f f e c t  o f  acoust ic  no ise  generated by 

contact- induced f r e t t i n g  co r ros ion  between p in ,  specimen and 1  oading c l e v i s  , - 



We have found that  such sources a r i se  usually d u r i n g  decreasing load i n  

bending type specimens (compact tension) b u t  d u r i n g  both increasing 
and decreasfng load fo r  ax ia l ly  loaded specimens (center notch). Moreover, 

the nature and magnitude of the acoustic signals a re  highly dependent upon the 

amount of f re t t ing  corrosion varying from low amounts for mirror-polished load 
transfer surfaces to high amount f o r  highly corroded surfaces. Because such 

signals occur i n  the same load region as the so-called crack closure noise, t e s t s  
should be conducted t o  evaluate this possible joint  effect .  

Test Machine Related Noise 

Test machine related noises are planned to be studied only for  the i r  

presence and to devise ways and means t o  ei ther  eliminate or reduce them t o  an 
acceptable level during a given t e s t .  

In the past, before development of the two sensor isolation system, con- 
siderable time and expense along with restr ic ted t e s t  operating conditions 

(lower load levels and lower load frequencies) and noise suppression methods 
were necessary to  avoid noise contamination of AE' data. A combination of noise 

reduction methods with A E  source isolation should assure relat ively noise-free 
AE data. 

5.2.3 Acoustic Emission Source Mechanisni 

Criterion 7. Evaluate AE from uniaxially loaded tens i le  specimens (Test 1-1). 

The purpose of t h i s  section i s  to: 

Assess the engineering significance of uniaxial loading AE behavior 
re la t ive  to  flaw growth A E  behavior. 

Obtain basic mechanical properties of the material to  be used in th is  

program. 

Use tens i le  t e s t s  for  periodic checking of AE equipment. 

The engineering significance of uniaxial loading AE behavior is important 

as each crack growing i n  a metal structure or specimen has a zone of plast ic  



deformation a t  i t s  t i p .  P l a s t i c  deformation and c rack  extension a re  i n  t he  

broadest sense two poss ib le  sources of AE t h a t  can operate concu r ren t l y  dur ing  

the  growth o f  a crack. We be l i eve  i t  i s  important  t o  ob ta in  u n i a x i a l  load AE 

data  f o r  comparison w i t h  f l a w  growth AE t o  determine i f  f l a w  growth AE i s  i n  

any way a man i fes ta t i on  o f  p l a s t i c  deformation AE. 

One i n v e s t i g a t o r  (27) c l a i m s  t h a t  AE i n  a f lawed specimen a r i s e s  p r i n c i p a l l y  
(23 from growth o f  the  crack t i p  p l a s t i c  zone. I n v e s t i g a t i o n  by E i senb la t te r ,  e t  a1 

however, i n d i c a t e  t h a t  u n i a x i a l  deformation AE (bu rs t  o r  cont inuous) does n o t  occur 

a t  room temperature f o r  f u l l y  annealed o r  f o r  heat t r e a t e d  ASTM A508 Class I 1  

mate r ia l .  Increasing t h e  t e s t  temperature t o  100" t o  300°C d i d  cause the  mate- 

r i a l  t o  produce cont inuous AE around y i e l d  s t ress,  b u t  apparent ly  no b u r s t  AE 

occurred. Hol t and Palmer (28) on t h e  o ther  hand r e f e r  t o  "bu rs t s  o f  cont inuous 

emission" du r ing  crack t i p  y i e l d i n g  i n  a pressure vessel s t e e l  i n  t he  100" t o  

200°C range. They exp la in  the  e f f e c t  being due t o  dynamic s t r a i n  ageing and a 

se r ra ted  s t ress  s t r a i n  curve observed i n  a t e n s i l e  specimen tes ted  a t  the  same 

temperature. Reference t o  burs t ,  bu rs t s  o f  cont inuous and cont inuous emission 

suggest t h a t  AE i n  pressure vessel s tee l ,  such as A533B must be c a r e f u l l y  s c r u t i n i z e d  

f o r  a l l  such forms o f  emission and how t h a t  emission cou ld  be a l t e r e d  when a 

f l a w  i s  present.  

Tens i l e  t e s t s  w i l l  be used f o r  p e r i o d i c  checking o f  AE equipment by us ing 

heat treatments i f  necessary t o  produce l ude r  deformation AE. 

C r i t e r i o n  8. Evaluate AE f rom a u n i a x i a l l y  loaded b i a x i a l l y  r e s t r a i n e d  

t e n s i l e  specimen. (Test 1-1 A) 

P l a s t i c  deformation can occur i n  a vessel under cond i t i ons  o f  m u l t i a x i a l  

s t r a i n ,  both gross and l o c a l i z e d .  Y i e l d  s t ress  l e v e l  i s  increased due t o  b i a x i a l  

s t ress  and cou ld  a f f e c t  t he  na ture  and amount o f  AE produced. 

B i a x i a l  r e s t r a i n t  i s  produced i n  a specimen o f  the  type shown i n  F igu re  l a .  

Un iax ia l  loads a re  app l i ed  along one ax is .  Transverse r e s t r a i n t  i s  in t roduced 

by y i e l d i n g  o f  the  t h i n n e r  sect ion.  The b i a x i a l  s t ress  f i e l d  produced w i l l  n o t  

be the  same as b i a x i a l l y  loaded t e s t  specimens but i t  w i l l  a l l ow  an i n i t i a l  assess- 

ment of b i a x i a l  s t ress  f i e l d  e f f e c t s  on AE. 



5.2.4 The Re la t i onsh ip  of AE Source Mechanisms t o  F a i l u r e  D r i v i n g  Forces 

Because of t he  present  l a c k  of d e f i n i t i o n  of t he  i n t e r r e l a t i o n s h i p  between 

AE source mechanisms and f a i l u r e  d r i v i n g  forces, these two areas a re  considered 

s imul taneously i n  t h i s  sect ion.  They a re  broad ly  separated i n t o :  

Deformation AE w i thou t  c rack  growth AE (see above sec t i on  f o r  d iscussion on 

on t o p i c )  

Deformation AE w i t h  c rack  growth AE 

Crack growth AE w i t h o u t  deformation A€ 

and, ma te r i a l  f a i l u r e - s t r u c t u r a l  f ac to rs :  

load ing  o r  s t ress  s t a t e  

geometry 

environment 

mater i  a1 proper t ies .  

C r i t e r i o n  9. Determine e f f e c t  o f  temperature on AE-flaw parameters du r ing  

monotonic 1 oading o f  f r a c t u r e  mechanics specimens (2-1 ). 

During ramp load ing  o f  a p re -ex i s tan t  f law,  a p l a s t i c  zone grows a t  the  f l a w  

t i p .  A f t e r  a p a r t i c u l a r  load ( o r  K- leve l )  i s  reached a major crack forms and 

grows w i t h i n  the  p l a s t i c  zone. With f u r t h e r  load ing  both p l a s t i c  zone growth 

and crack growth occur concur ren t ly .  For a r e l a t i v e l y  d u c t i l e  ma te r i a l  l i k e  

A533B i n  t h i n  sec t i on  (1-2 inch) ,  t h e  p l a s t i c  zone grows t o  cover the  e n t i r e  

l igament (uncracked sec t i on )  and the  specimen s low ly  f a i l s  by p l a s t i c  i n s t a b i l i y .  

During hydro tes t ing  and ramp load ing  du r ing  vessel serv ice ,  f laws could be 

loaded h igh  enough t o  induce AE and thus prov ide  a measure o f  f l a w  seve r i t y .  

The i n t e n t  o f  t h i s  p o r t i o n  o f  the  i n v e s t i g a t i o n  i s  t o  determine the  p rope r t i es  

o f  AE dur ing  p l a s t i c  zone growth i n  t he  absence o f  crack f r o n t  movement and 

p l a s t i c  zone growth accompanying crack f r o n t  movement. Th i s  i n v e s t i g a t i o n  

should a l s o  c l a r i f y  Palmer, B r i n d l e y  and Har r i son ' s  (27) c l a i m  t h a t  AE a r i s e s  

p r i n c i p a l l y  from expansion o f  t he  crack t i p  p l a s t i c  zone and t h a t  the  t o t a l  

AE count i s  d i r e c t l y  p ropo r t i ona l  t o  p l a s t i c  zone s ize.  T h e i r  r e s u l t s  i n d i c a t e  



t h a t  p l a s t i c  zone growth n i t h  o r  w i thout  c rack  extension i s  t h e  dominant source 

of AE. I n  the absence of m a t e r i a l  cond i t i ons  t h a t  could produce discontinuous 

s t r a i n i n g  o r  discont inuous crack growth increments, i t  i s  important  t o  determine 

if there i s  any change i n  AE p roper t i es  when v i s i b l e  crack extesnion accompanies 

p l a s t i c  zone growth. 

C r i t e r i o n  10. Determine the  ef fect  o f  temperature on AE-flaw parameters 

dur ing  monotonic load ing o f  f rac tu re  mechanics specimens. (2-4). 

The m a j o r i t y  o f  b u i l t - i n  f laws a re  expected t o  be i n  o r  around welds. 

I n v e s t i g a t i o n  o f  the  p roper t i es  o f  AE du r ing  p l a s t i c  zone growth and crack 

extension i n  and around weld metal w i l l  i n d i c a t e  the  r e l a t i v e  AE character  o f  

weld metal i n  comparison t o  base metal. 

C r i t e r i o n  11. Determine e f f e c t  o f  temperature on fa t i gue  crack growth AE 

parameters a t  RT and 5500 F. (Test 2-12 and 2-12A) 

During c y c l  i c  load ing o f  b u i l  t - i n  o r  p r i o r  service-generated pressure vessel 

f laws, AE w i l l  accompany f l aw  growth. The i n t e n t  o f  t h i s  i n v e s t i g a t i o n  i s  t o  

determine the p roper t i es  o f  AE t h a t  accompany f a t i g u e  crack growth a t  RT and 

550°F. I n  a d d i t i o n  the  cracks w i l l  be grown u n t i l  f a i l u r e  (separat ion)  occurs 

a l lowing determinat ion o f  the  e f f e c t  o f  gross p l a s t i c  load c y c l i n g  on AE dur ing  

fa t igue.  

C r i t e r i o n  12. Determine the  r e l a t i v e  AE behavior o f  base metal, HAZ, and 

weld metal du r ing  f a t i g u e  crack growth a t  a constant  K l e v e l  a t  R.T. and 550°F 

(Test  2-17). 

During t h e  growth o f  pressure vessel f a t i g u e  cracks, such cracks could 

begin t h e i r  growth i n  one area such as weld metal, then progress i n t o  HAZ metal 

and poss ib l y  i n t o  base metal o r  some other  combination o f  t he  th ree  cond i t ions .  

The i n t e n t  o f  t h i s  work i s  t o  determine the  r e l a t i v e  e f f e c t  o f  d i f f e r e n t  mater ia l  

s ta tes  on AE as a crack un i fo rm ly  progresses across a weld. The t e s t s  w i l l  be 

conducted using a constant  "K" specimen which, f o r  a "constant" ma te r ia l  condi- 

t i on ,  w i l l  produce a constant  da/dN w i t h i n  experimental sca t te r .  Stress re1  i e v -  t' 

i n g  w i l l  be done t o  minimize poss ib le  e f fec ts  o f  res idua l  s t resses which can 

e x i s t  around welds. 



C r i t e r i o n  13. Determine t h e  e f f e c t  o f  a  semi-embedded f l a w  on AE p rope r t i es  

du r ing  f a t i g u e  crack growth. (Test  2-1 9). 

Flaws o f  concern i n  a  vessel w i l l  most l i k e l y  be semi-embedded o r  f u l l y  

embedded. The i n t e n t  o f  t h i s  sec t i on  i s  t o  determine the  p rope r t i es  o f  f a t i g u e  

crack growth AE f rom a  semi-embedded (thumbnai l)  notch and t o  determine i f  the re  

a r e  r e l a t i o n s h i p s  between through-wal l and p a r t  through-wal l  f laws . 
C r i t e r i o n  14. Determine the  e f f e c t  o f  p r i o r  un i fo rm p l a s t i c  s t r a i n  on 

AE p rope r t i es  du r ing  f a t i g u e  crack growth. (Test  3-4) 

I n  t h e  l i f e  o f  a  vessel, cond i t ions  can lead t o  p l a s t i c  s t r a i n  i n  the  

neighborhood of gross s t ress  concentrat ions such as nozzles . During subsequent 

vessel opera t ion  a  crack could i n i t i a t e  and grow w i t h i n  such an area o f  p r i o r  

p l a s t i c  s t r a i n .  The i n t e n t  o f  t h i s  sec t i on  i s  t o  determine i f  p r i o r  p l a s t i c  

s t r a i n  i n  t h e  absence of subsequent thermal exposure can produce a  ma te r ia l  

c o n d i t i o n  where a  f a t i g u e  crack could grow w i thou t  producing detec tab le  AE. 

C r i t e r i o n  15. Determine t h e  e f f e c t  o f  p r i o r  pressure vessel se rv i ce  

load ing  and temperature cond i t i ons  on subsequent f r a c t u r e  and f a t i g u e  crack 

growth AE. (Test 3-6) 

The i n f l uence  o f  a  "Kaiser E f fec t1 ' *  due t o  p r i o r  pressure vessel se rv i ce  

l oad ing  and temperature cond i t ions  i s  unknown a t  t h i s  t ime. Because o f  t h i s ,  

and the  i n h e r e n t l y  wide range o f  vessel operat ion cond i t ions  t h a t  can e x i s t  

( i n c l u d i n g  ma te r ia l  h i s t o r y ) ,  a  s p e c i f i c  p r o t o t y p i c  t e s t  i s  planned. The i n t e n t  

i s  t o  apply p r o t o t y p i c  load ing  and temperature cond i t ions  from o r i g i n a l  hydro- 

t e s t  through s imulated opera t ion  cyc les and determine i f  and how subsequent 

f a t i gue  c rack  growth-AE p rope r t i es  a re  a l t e red .  

The Kaiser  E f f e c t  noted a t  room temperature does n o t  necessa r i l y  ho ld  when 

environmental e f f e c t s  a re  brought i n t o  p lay.  For example, Schwenk and Hutton (29 

have found f o r  a  nonsteel a l l o y  t h a t  r a p i d  r e v e r s i b i l i t y  can occur. This 

phenomenon occurred du r ing  h igh  l e v e l  p roo f  load ing  o f  a  notched specimen a t  5 5 0 ~ ~  

(w i thou t  f a i l u r e ) ,  unloading a t  550°~,  fo l lowed by load ing  t o  f r a c t u r e  a t  room 

*Kaiser was the  f i r s t  i n v e s t i g a t o r  t o  use e l e c t r o n i c  ins t rumenta t ion  t o  de tec t  
aud ib le  sounds produced by metals du r ing  deformation. He observed t h a t  AE 
a c t i v i t y  was i r r e v e r s i b l e  and t h a t  f u r t h e r  AE was n o t  generated du r ing  the  
re load ing  o f  a  ma te r i a l  u n t i l  t h e  s t ress  l e v e l  exceeded i t s  previous l e v e l .  
This i r r e v e r s i b l e  phenomenon has become known as t h e  Kaiser  E f f e c t .  



temperature, several  hours l a t e r .  AE occurred du r ing  load ing  a t  both tempera- 

t u r e  l e v e l s .  P r i o r  l oad ing  a t  550' F may have a f f e c t e d  AE du r ing  subsequent 

l oad ing  t o  f a i l u r e  a t  RT. However, AE a t  RT began a t  a l oad  ( o r  K) l e v e l  c 
about 10% o f  the  p r i o r  550 '~  p r o o f  load. I n  a d d i t i o n  AE count behaved i n  a 

M power law manner (NaK ) f o r  both loadings.  A533B may o r  may n o t  behave i n  

t h e  same manner. 

The p lan i s  t o  s i m u l a t e  shakedown-type p l a s t i c  deformation associated w i t h  

an i n i t i a l  hydro tes t  (about RT) ,* a h o t  f u n c t i o n a l  hydro tes t  (>  RT) and a s h o r t  

pe r iod  o f  opera t ion  (550' F) i n  an unnotched s ta te .  Whi le t h e  specimen i s  s t i l l  

warm (say 250-300'~) f o l l o w i n g  the  opera t ion  cyc le ,  a notch w i l l  be c u t  i n  the  

specimen and f a t i g u e  c y c l i n g  conducted a t  550' F. (See F igure  5 f o r  one poss ib le  

sequence o f  l oad ing  and temperature cond i t i ons ) .  AE would be monitored through- 

ou t  t he  e n t i r e  t e s t .  Product ion o f  AE throughout t h i s  t e s t  does n o t  assure t h a t  

AE w i l l  occur under more va r ied  cond i t ions  expected under ac tua l  operat ion.  

It does, however, p rov ide  i n i t i a l  assessment o f  AE c h a r a c t e r i s t i c s  o f  a growing 

f l a w  under a s imulated opera t ion  cond i t i on .  

Four o the r  areas i d e n t i f i e d  f o r  f u t u r e  i n v e s t i g a t i o n  o f  poss ib le  f l a w  growth 

w i t h o u t  AE are: 

1. Determinat ion o f  the  temperature dependance o f  t h e  Kaiser  E f f e c t  i n  

unflawed specimens. Proof  load ing  and unloading o f  specimens a t  one 

temperature l e v e l  (RT, 400° and 600' F) f o l l owed  by p roo f  l oad ing  a t  

another temperature l e v e l  (600' F t o  RT). 

2. Determine the  temperature dependance o f  the Kaiser  E f f e c t  i n  f lawed 

specimens. Proof  load ing  and unloading a t  one temperature (RT, 400°, 

and 6000 F) f o l l owed  by proof  load ing  a t  another temperature (600° F 

t o  RT) t o  s imu la te  hydro tes t  and se rv i ce  induced ramp load ing .  

3. Determinat ion o f  the  time-dependance o r  "aging w h i l e  unloaded e f f e c t "  

( s t r a i n  aging) on AE i n  Items 1 and 2 above. Aging temperature would 

be RT, 400' and 600' F. Aging times 1, t o  1,000 hours. 

*RT i s  se lec ted  because at i s  est imated t h a t  there  w i l l  be l i t t l e  d i f f e r e n c e  
between RT and NDT + 60 F. 
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4. Determination of the fracture and fatigue crack growth AE properties 
o f  prior 1 oaded and exposed, unnotched metal . 

5.2.5 Relationship of Specimen to  Structural Behavior 

The relationship of specimen A E  to structural AE behavior is  beyond the 

present scope of t h i s  work. Experiments involving complex loadings or s t resses  

associated with subsize pressure vessels and simulated environment conditions 
are necessary for  developing t h i s  area of technology. (See also Appendix A ,  

Technology Requirements for  Monitoring Integrity by A E ,  Schedule 189). This work 

i s  considered in a potential future phase of the overall e f for t .  



SCOPE EXPANSION ' ITEMS 

Th is  sec t ion  i s  devoted t o  d iscussion of th ree work items which have been 

added t o  the  o r i g i n a l  program scope. These items are pher ipheral  t o  the  main 

program bu t  very d i r e c t l y  re la ted .  It thus appears t h a t  they should be included 

i n  t h i s  ana lys is  bu t  separate from the main program. 

6.1 H IGH TEMPERATURE AE SENSOR 

Th is  work i s  concerned w i t h  es tab l i sh ing  t h e  a v a i l a b i l i t y  o f  a h igh  tempera- 

t u r e  (600°F) AE sensor w i t h  a mounting and acoust ic  coup l ing  method f o r  long term 

reac to r  serv ice.  To date, t he  major moni tor  system problem f o r  continuous monitor- 

i n g  has been l a c k  o f  a proven sensor w i t h  couplant and mounting techniques f o r  

long term exposure t o  a reac to r  environment. 

Several commercial supp l ie rs  o f  AE equipment market h igh  temperature sensors 

claimed t o  be s u i t a b l e  f o r  reac to r  serv ice.  These inc lude Dunegan/Endevco, 

Westinghouse Nuclear, Trodyne Corp., and Exxon Nuclear. These represent  a s ize-  

ab le  investment o f  R&D d o l l a r s .  We f e e l  i t  i s  l o g i c a l  t o  evaluate the  c u r r e n t l y  

a v a i l a b l e  sensors f i r s t .  Results of t h i s  eva luat ion  w i l l  determine the need f o r  

f u r t h e r  R&D e f f o r t  on h igh  temperature sensors under t h i s  program and aspects 

r e q u i r i n g  p a r t i c u l a r  a t ten t i on .  Thus, we can de f ine  on ly  the  i n i t i a l  phase o f  

t h i s  work now. 

We p lan  t o  ob ta in  two o f  each type o f  comnercial h igh  temperature sensor. 

Using both g r i t  b l a s t  c a l i b r a t i o n  i n p u t  and pu lse r  input ,  they w i l l  be evaluated 

f o r  base s e n s i t i v i t y  and response bandwidth a t  room temperature. These t e s t s  

w i l l  then be repeated a t  i n t e r v a l s  w i t h  t h e  sensor cont inuously i n  a 600°F 

furnace f o r  a pe r iod  o f  about two months. The h igh  temperature t e s t s  w i l l  mea- 

sure s e n s i t i v i t y  changes a t  temperature and the  a b i l i t y  o f  t he  sensor t o  w i th -  

stand continuous exposure t o  600°F temperature. 

Where ava i lab le ,  sensor mounting and acoust ic  coup l ing  methods recommended 

by the  sensor manufacturer w i l l  be incorporated i n  the  above tes ts .  Two i d e n t i f i e d  

couplants t h a t  w i  11 be tes ted s p e c i f i c a l l y  a re  one developed a t  Ba t te l  l e  F rank fu r t  

and one used by Exxon Nuclear. General a v a i l a b i l i t y  o f  bo th  o f  these has been 

s ta ted by the  concerns involved. 



A t  the  conclus ion of the  above t e s t i n g ,  a dec i s ion  w i l l  be made i n  co l l abo ra -  

t i o n  w i t h  NRC as t o  subsequent ac t ion .  Th i s  m igh t  take the  form of f u r t h e r  t e s t -  

i n g  o f  a p a r t i c u l a r  commercial sensor-couplant combination ( s )  on a nuclear  

r e a c t o r  o r  i n i t i a t i o n  of a h igh  temperature sensor development e f f o r t .  

6.2 LIBRARY OF FOREIGN RESEARCH IN  AE APPLICATION 

I n  the  o v e r a l l  scope of work t o  develop continuous AE mon i to r i ng  c a p a b i l i t y  

f o r  r e a c t o r  use, i t  i s  necessary t o  be informed on r e l a t e d  work being done i n  

fo re ign  count r ies .  Resul ts  o f  some o f  t h a t  work cou ld  serve two major purposes: 

1. acce lera te  our  progress toward the  u l t i m a t e  o b j e c t i v e  a t  l i t t l e  

cost,  and 

2 .  he lp  us avoid unforeseen problems. 

I n  general, i n fo rma t ion  on these f o r e i g n  programs should be a v a i l a b l e  t o  

us through government t echn ica l  i n fo rma t ion  exchange agreements. Two coun t r i es  

a l ready  i d e n t i f i e d  as having extensive AE appl i c a t i o n  development programs a re  

Germany and Japan. 

We p lan  t o  approach t h i s  i n fo rma t ion  need i n i t i a l l y  through contac ts  i n  

these two coun t r i es  t o  ob ta in  i d e n t i f i c a t i o n  o f  p e r t i n e n t  programs and ob ta in  

publ ished r e p o r t s  on the  programs. Technical symposium proceedings a re  another 

source o f  in fo rmat ion .  We are  a l s o  a t tempt ing  t o  i d e n t i f y  programs o f  i n t e r e s t  

i n  o ther  p a r t s  o f  Europe and England through a European Common Market representa- 

t i v e  (Arved Nie lsen)  who r e c e n t l y  v i s i t e d  BNW. We a l so  p lan  t o  use the  normal 

U.S. techn ica l  i n fo rma t ion  centers b u t  we f e e l  t h a t  t he  above approach should 

y i e l d  more c u r r e n t  in fo rmat ion .  

6.3 COORDINATE AE DATA FROM HSST SPECIMENS 

A major cons idera t ion  i n  t h i s  work i s  t o  be ab le  t o  r e l a t e  the  AE data 

obtained from HSST specimens t o  l abo ra to ry  r e s u l t s  obtained i n  t he  AE cha rac te r i -  

za t i on  work. We f e e l  a t  l e a s t  a t  t h e  outset ,  t h i s  can be most e f f e c t i v e l y  

accomplished by BNW performing t h e  AE measurements on HSST t e s t s  us ing  genera l l y  

t he  same ins t rumenta t ion  t h a t  w i l l  be used i n  the  l abo ra to ry  work. The sensing 



technique used is especially critical in this work. At the same time we would 
expect to also start developing a specific AE measurement criteria which could 
be used eventually by others to perform AE measurements on the HSST specimens. 

One set of fracture specimens are currently undergoing irradiation. The 

approximate schedule for testing these at HEDL is late February. We plan to 

perform the AE monitoring on these specimens. Details of the test procedure 
remain to be determined. 

Collection and analysis of AE data from HSST specimen tests is potentially 

a very important part of developing AE-material fracture relationships. It 

should provide insight to the influence of material irradiation on AE characteristics 
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APPENDIX B 

T R I P  REPORT 

TRAVEL TO BATTELLE FRANKFURT LABORATORY 

FRANKFURT, GERMANY 





September 30, 1976 Pacific Northwest Laboratories 

Battelle Boulevard 
Richland, M'ashington 99352 

Telephone (509) 946-21 57 
Telex 32-6345 Dr. J. Muscara 

Me ta l l u rgy  and Mate r ia l s  Branch 
Reactor Safety Research D i v i s i o n  
Nuclear Regulatory Cornmlssi on 
Mai l  Stop 1130-55 
Washington, D. C., 20555 

Dear Joe: 

T r i p  Report - V i s i t  t o  B a t t e l l e  F r a n k f u r t  
Laboratory, Frankfur t ,  Germany - 9/2, 3, 4/76 

The sub jec t  t r a v e l  r e l a t e d  t o  a r e c e n t l y  es tab l ished research program a t  
B a t t e l l  e Northwest (BNW) under Nuclear Regulatory Commission (NRC) 
sponsorship t o  cha rac te r i ze  acoust ic  emission (AE)  f rom A533B pressure 
vessel s t e e l  i n  support  o f  continuous pressure vessel i n t e g r i t y  moni t o r i n g  
by AE methods. The purpose o f  t he  t r i p  was t o  d iscuss  r e s u l t s  o f  r e l a t e d  
work performed a t  B a t t e l l e  F r a n k f u r t  (BF) under sponsorship o f  t h e  
Federal Republ ic o f  Germany (FRG) w i t h  t h e  o b j e c t i v e  o f  op t im iz ing  t h e  
format o f  t he  BNW-NRC program t o  prov ide  maximum new in format ion .  Resul ts  
obta ined f rom the t r i p  a r e  summarized below. 

P r i n c i p l e  Persons Invo lved i n  Discussions 

Dr .  J. Muscara - NRC 

E. B. Schwenk, P. H. Hutton - BNW 

D r .  Is. J. E i senb la t te r ,  P. Jax, R. Von K l o t  - BF 

Mr .  Harbecke - FRG 

Locations V i s i t e d  

BF Labora tor i  es 

Saarbrucken Nondestruct ive Test ing  Ins  ti t u t e  

Sumnary o f  BF-FRG Work 

General emphasis i s  on a p p l i c a t i o n  o f  AE t o  d e t e c t  f laws du r ing  
h y d r o s t a t i c  t e s t i n g  o f  pressure vessels, t o  d e t e c t  loose pa r t s  i n  
steam generators, and t o  de tec t  leaks i n  pressure system dur ing  
operat ion.  

Strong emphasis on bas ic  research - study o f  AE source mechanisms. 
Seismic theory  being used t o  guide i n i t i a l  i n v e s t i g a t i o n .  
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Concentrat ion on study o f  n a t u r a l  de fec ts  w i t h  fa t i gue  as i n i t i a l  
considerat ion.  

U l t ima te  t e s t i n g  of heavy sect ions up t o  27% inches (70 cm) t h i c k  
being considered. 

Have performed r e a c t o r  no ise  studies.  Resul ts  n o t  c l e a r  i n  our  
discussions. Imp1 l e d  a lower s i g n i f i c a n t  frequency range than shown 
by U. S. s tud ies .  

Related work being performed a t  Saarbrucken, Bremer Ins t . ,  and B e r l i n  
I n s t .  i n  p ipe  t e s t i n g ,  welding, and delayed cracking. 

Technical Po in ts  

4 BF has developed a promising adhesive f o r  mounting and a c o u s t i c a l l y  
coup l ing  A€ sensors f o r  l ong  term a t  550 t o  6000F. 

BF i n d i c a t e d  t h a t  AE-tensi le data i n  the  l i t e r a t u r e  could be biased by 
t h e  method o f  g r ipp ing.  BF uses a unique f r i c t i o n  g r i p  l oad ing  system 
i n c l u d i n g  impedance mismatching t o  minimize t e s t  system noise. 

I n  t h e  absence o f  ser ra ted y i e l d i n g  o r  l ude rs  s t r a i n s ,  BF does n o t  
de tec t  AE d u r i n g  t e n s i l e  s t r a i n i n g  o f  A508 c lass  2 s tee l  (annealed o r  heat 
t rea ted )  rr  A1S1 304 SS. Other i n v e s t i g a t o r s  us ing  n o n - f r i c t i o n  g r i p  
load ing r e p o r t  low s t r a i n  (up t o  1-2%) AE. Th is  i nd i ca tes  importance o f  
minil";-:- ,,,, ,,,g o r  e l e c t r o n i c a l l y  i s o l a t i n g  sources o f  noise.  

6 f  Le i ieves  t h a t  AE i n  nuc lear  pressure vessels occurs due t o  p l a s t i c  
,zc?e growth accompanying crack extension. 

One t e s t  showed t h a t  Kaiser  e f f e c t  was e l im ina ted  by an opera t ing  
pe r iod  o f  several  weeks i n  a petrochemical vessel a t  350%. 

Do n o t  f e e l  t h a t  "cont inuous" AE i s  o f  p r a c t i c a l  va lue i n  range o f  
s t r a i n  r a t e s  expected f o r  pressure vessels. 

No temperature e f f e c t  observed i n  sho r t  term t e n s i l e  t e s t s  t o  300'~. 

Observations i n d i c a t e  t h a t  i n  heavy sec t i on  ma te r ia l  (> than 3 t imes 
wave leng th  o f  sur face wave) t h a t  l o n g i t u d i n a l  and shear wave conver t  
t o  surface wave w i t h i n  th ree  thicknesses from source. This i s  
con t ra ry  t o  theory  as po in ted o u t  by BF. We have n o t  observed t h i s  ye t .  

Mainta in t h a t  crack c losure  no ise  i n  f a t i g u e  i s  r e a l .  We have n o t  
y e t  seen crack c losu re  noise.  

Have observed AE f rom cracks du r ing  depressur iza t ion  o f  a pressure 
vessel (perhaps ox ide  crushing). Could be use fu l  i n  au then t i ca t i ng  a 
crack vs . innocuous source. 
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,; Indicate nothing unique in high temperature sensors. Claim tha t  
they depend on commercial sensors such as Dunegan/Endevco. 

BF experience with spectral frequency analysis of AE signals i s  similar 
J to  ours - i e ,  inconsistant resul ts .  

Have been successful i n  detecting under clad cracking by AE. 

BF people a re  skeptical of Packman's technique fo r  deconvolution of an 
AE signal to  describe i t s  original form. . 
Much of BF study of AE appears t o  concentrate on lower frequency data - 
below 300 KHz. 

General 

There appears t o  be 20-30 reports on AE work tha t  a re  not generally 
.v.ilable. Some of these a re  u p  t o  3 years old. 

SF exhibits a def in i te  in t e res t  i n  more thorough information exchange. 

Methods considered to  improve information exchange include 

1. exchange of technical people for  about a three month period. 

2 .  place a small program e f f o r t  with BF. 

3. more frequent person t o  person meetings. 

Note: Item (1) i s  excellent in principle but i t  would be d i f f i c u l t  
fo r  BNW to comply without crippling our e f fo r t .  

With BF's  emphasis on basic mechanism study, t h e i r  program does not 
appear to  be in confl i c t  with BNW-NRC program. 

Saarbrucken NDT research f a c i l i t y  i s  worthy of note. I t  i s  designed to  
do both laboratory development of NDT methods and proof on fu l l  scale 
components before taking new methods t o  the f i e ld .  They are  s ta r t ing  
on a DM 50 mi 11 ion ($20 mil 1 ion) program to develop improved methods 
of defect detection s ta r t ing  with plates as they a re  fabricated a t  the 
s teel  mill .  

Items BF Agreed To Supply To Us 

Information on the composition of t h e i r  high temperature adhesive 
for  mounting sensors. 

w Details on the i r  reciprocity method for sensor calibration. 
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A complete l i s t  o f  BF pub l i ca t i ons  and repor t s  on AE work. 

Items We Agreed To Supply To BF 

D e t a i l s  on ou r  g r i t  b l a s t  sensor c a l i b r a t i o n  method 

In fo rmat ion  on u l t r a s o n i c  pulse propagation i n  t h i c k  sec t i on  s t e e l  

A copy o f  Dr. P. Packman's paper descr ib ing  h i s  theory  and method 
f o r  deconvolut ion of AE s igna ls  t o  ob ta in  a  d e s c r i p t i o n  o f  t h e  
i n i t i a l  AE energy pulse. 

Mutual Exchange E f f o r t  

BF was r e c e p t i v e  t o  t h e  suggestion t o  exchange AE sensors and 
c a l i b r a t i o n  in format ion .  The bene f i t  o f  t h i s  would be t h a t  BF and 
BNW would have a  s p e c i f i c  and d i r e c t  comparison o f  t h e i r  respec t i ve  
AE sensor response c h a r a c t e r i s t i c s  t o  two d i f f e r e n t  c a l i b r a t i o n  
methods. Th is  w i l l  n o t  o n l y  prov ide  a  measure o f  t he  r e l a t i v e  
e f fec t i veness  o f  t he  two c a l i b r a t i o n  techniques, b u t  more important ,  
i t  w i l l  a l l o w  eva lua t ion  o f  t h e  comparative s e n s i t i v i t y  o f  t h e  two 
types o f  AE sensors. I consider t h i s  t o  be very  impor tant  t o  t h e  
BNW-NRC program. The AE sensor i s  t h e  most c r i t i c a l  element o f  t h e  
e n t i r e  measurement system. This exerc ise w i l l  p rov ide  t a n g i b l e  
assurance t h a t  we w i l l  be us ing AE sensors i n  our  program t h a t  a re  
a t  l e a s t  e q u i v a l e n t  t o  those used by another reputab le  i n v e s t i g a t o r  (BF). 

I t e m s a o ~ i  f i c To BNW-NRC Proqram - 

Lack o f  weld f u s i o n  should be inc luded as a de fec t  type. 

Consider s tudy ing data i n  two frequency ranges - (400 KHz and 
>400 KHz. 

Measure AE s i g n a l  ampli tude d i s t r i b u t i o n  i n  p a r a l l e l  w i t h  s c a l e r  t ime 
d i s t r i b u t i o n  o f  se lec ted amp1 i tudes. 

Record data samples on video tape t o  provide f o r  a t  l e a s t  l i m i t e d  
frequency spectrum analys is .  

Make spec ia l  observat ion f o r  evidence p ro  o r  con concerning propagation 
mode conversion t o  sur face waves as i nd i ca ted  by BF. 

Emphasize determinat ion  o f  p l a s t i c  zone AE vs. crack growth AE. 

Inco rpo ra t i on  o f  a  t r a n s i e n t  wave analyzer t o  o b t a i n  s p e c i f i c  
i n fo rma t ion  on A E  s igna l  make-up appears t o  be j u s t i f i e d .  BF i s  
us ing  t h i s  a n a l y t i c a l  t o o l  b e n e f i c i a l l y .  



D r .  J. Muscara 
Page 5 
September 30, 1976 

.. The recognized requirement t h a t  r e l a t i o n s h i p s  developed from t h i n  (-= 2") 
l ab .  specimens must be confirmed on t h i c k e r  m a t e r i a l  was re in fo rced by 
the  BF d iscussions.  

S u m  ry 

I n  an o v e r a l l  view, d iscussions w i t h  BF and subsequent un re la ted  meetings 
i n  Japan showed t h a t  t h e r e  i s  cons iderab ly  more bas ic  AE study be ing  
performed i n  bo th  coun t r i es  compared t o  the  U.S. "Basic" i s  here de f ined as study 
of bas ic  AE genera t ing  mechanisms and changes r e l a t i v e  t o  m a t e r i a l  and envi ron-  
ment. Japan i s  a l s o  do ing  a s i g n i f i c a n t  amount o f  l a r g e  specimen (vessels 
i n c l u d i n g  even f u l l  s i z e  r e a c t o r  vessels)  t e s t i n g .  

It thus appears t o  us t h a t  t he  BNW-NRC program which focuses i n i t i a l l y  on 
macro sca le  l a b o r a t o r y  experiments meshes w e l l  w i t h  work being done i n  o the r  
countr ies.  A f r e e  exchange o f  c u r r e n t  in format ion developed from the  BF-FRG 
program and t h e  BNW-NRC program should be o f  subs tan t i a l  mutual b e n e f i t .  A 
simi la i -  exchange w i t h  the  Japanese program which focuses on vessel t e s t i n g  
should a l s o  be considered. Th i s  i s  a j o i n t  research program by t h e  Japan 
Atomic Energy Research I n s t i t u t e ,  Centra l  Research I n s t i t u t e  o f  E l e c t r i c  
Power Indus t r y ,  and Tokyo U n i v e r s i t y  I n s t i t u t e  o f  I n d u s t r i a l  Science. It i s  
concerr~tid w i t h  t r a c i n g  crack propagat ion i n  pressure vessels us ing  AE methods. 
The program s t a r t e d  i n  1967 and i s  c u r r e n t l y  ongoing. 

WP f w 1  t h a t  t h e  sub jec t  d iscussions w i t h  BF were b e n e f i c i a l  and hopefu l l y  a 
f r p e  exchange o f  program in fo rma t ion  and r e s u l t s  w i  11 develop. 

Very t r u l y  yours, -- 

P. H. Hut ton 
Nondestruct ive Tes t i ng  

E. B. Schwenk 
Metal 1 u rgy  

PHH : dc 




