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ABSTRACT

This report contains 40 papers that were presented at the Joint IAEA/CSNI Specialists' Meeting-
Fracture Mechanics Verification by Large-Scale Testing held at the Pollard Auditorium, Oak Ridge,
Tennessee, during the week of October 26-29, 1992. The papers are printed in the order of their
presentation in each session and describe recent large-scale fracture (brittle and/or ductile) experiments,
analyses of these experiments, and comparisons between predictions and experimental results. The
goai of the meeting was to allow international experts to examine the fracture behavior of various
materials and structures under conditions relevant to nuclear reactor components and operating
environments. The emphasis was on the ability of various fracture models and analysis methods to
predict the wide range of experimental data now available. The international nature of the meeting is
illustrated by the fact that papers were presented by researchers from CSFR, Finland, France, Germany,
Japan, Russia, U.S.A,, and the UK. There were experts present from several other countries who
participated in discussing the results presented. The titles for some of the final papers and the names of
the authors have been updated in this report and may differ slightly from those that appeared in the final
program of the meeting.
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FOREWORD

This report provides the proceedings of a Specialists' Meeting on Fracture Mechanics Verification by
Large-Scale Testing that was held in Oak Ridge, Tennessee, on October 23-25, 1992. The meeting was
jointly sponsored by the International Atomic Energy Agency (IAEA) and the Nuclear Energy Agency
{(NEA) of the Organization for Economic Cooperation and Development. In particular, the
International Working Group (IWG) on Life Management of Nuclear Power Plants (LMNPP) was the
IAEA sponsor, and the Principal Working Group 3 (PWG-3) (Primary System Component Integrity) of
the Committee for the Safety of Nuclear Installations (CSNI) was the NEA’s sponsor. The
IWG/LMNPP is chaired by L. M. Davies of the U.K., and L. Ianko is its Scientific Secretary. K.
Torronen is chairman of the CSNI PWG-3 and J. Strosnider served (at the time of the meeting) as its
Scientific Secretary.

This meeting was preceded by two prior international activities that were designed to examine the state-
of-the-art in fracture analysis capabilities and emphasized applications to the safety evaluation of
nuclear power facilities. The first of those two activities was an IAEA Specialists' Meeting on Fracture
Mechanics Verification by Large-Scale Testing that was held at the Staatliche Materialprufungsanstalt
(MPA) in Stuttgart, Germany, on May 25-27, 1988; the proceedings of that meeting were published
1991.! The second activity was the CSNI/PWG-3's Fracture Assessment Group's Project FALSIRE
(Fracture Analyses of Large-Scale International Reference Experiments). The proceedings of the
FALSIRE workshop that was held in Boston, Massachusetts, U.S.A., on May 8-10, 1990, was recently
published by the Oak Ridge National Laboratory (ORNL).2

Those previous activities identified capabilities and shortcomings of various fracture analysis methods
based on analyses of six available large-scale experiments. Different modes of fracture behavior, which
ranged from brittle to ductile, were considered. In addition, geometry, size, consiraint and multiaxial
effects were considered. While generally good predictive capabilities were demonstrated for brittle
fracture, issues were identified relative to predicting fracture behavior at higher temperatures.

The meeting in Oak Ridge was designed to allow leading specialists to share and rcview recent large-
scale fracture experiments and to discuss them relative to verification of fracture mechanics methods.
The objective was to assess the ability of analytical methods that may currently be used to model the
fracture behavior of nuclear reactor components and structures. The meeting was organized into six
technical sessions.

Sessionl.  CSNI Project FALSIRE - Current Results

SessionII.  Large-Scale Experiments and Applications

Session IIL,, Assessments of Fracture Mechanics Analysis Methods
Session IV.  Large-Scale Plate Experiments and Analyses

Session V.  Fracture Modeling and Transferability

Session VI,  Large-Scale Piping Experiments and Analyses

IK. Kussmaul (Bditor), Fracture Mechanics Verification by Large-Scale Testing, Proceedings of IAEA Specialists' Meeting
Held at the Staatliche Materialprufungsanstall, University of Stuttgan, FRG, May 1988, Mechanical Engineering
Publications Limited, London, 1991.

2B. R. Bass, C. E. Pugh, J. Keeney-Walker, H. Schulz, and J. Sievers, CSNI Project for Fracture Analyses of Large-Scale
International Reference Experiments (Project FALSIRE), NUREG/CR-5997 (ORNL/TM-12307) Martin Marietta Energy
Systems, Inc., Oak Ridge National Laboratory and Gesellschaft fur Anlagen-und Reaktorsicherheit, June 1993,




This report records all the papers presented at this meeting along with two others whose authors could
not be present. While the report does not include session dividers, the table of contents shows the
grouping of papers by session. The final chapter of this report provides summaries that rapporteurs
prepared on the day the papers were presented.

The organizing committee for the meeting included C. E. Pugh (Chairman), ORNL (U.S.A)), C. Z.
Serpan, U.S. Nuclear Regulatory Commission (U.S.A.), . M. Davies, Consultant (U.K.), K. Torronen,
Technical Research Center of Finland (VTT) (Finland), B. R, Bass, ORNL (U.S.A)), L. Ianko, IAEA
Headquarters, Vienna, and J. Strosnider, NEA Headquarters, Paris.

The organizing committee expresses appreciation to each of the contributing authors and their
employers for making the meeting a great technical success. Thanks are also given to the U.S. Nuclear
Regulatory Commission and the Oak Ridge National Laboratory for providing funding support and the
staff to arrange and conduct the meeting. A special acknowledgment is givento S.J . Ranney and M. J.
Woods of ORNL,; their extraordinary efforts to arrange the details of the meeting and to process the
technical papers into a comprehensive volume had a very positive impact on the success of the meeting.

vi




LIST OF ATTENDEES FOR
THE TIAEA/CSNI SPECIALISTS’ MEETING ON

FRACTURE MECHANICS VERIFICATION BY LARGE-SCALE TESTING

AUSTRIA

L. lanko

Intemational Atomic Energy
Agency

Weagramenstrassee 5

P.O. Box 100

A-1400 Vienna

BELGUIM
A. Fabry
SVK-CEN
200 Boeretang
2400 MOL

E. van Walle
SVK- CEN
200 Boeretang
2400 MOL

CANADA

B. Jarman

Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario K1P 559

M. Kozluk

Ontario Hydro

Mail Stop H14

700 University Avenue
Toronto, Ontario M5G 1X6

B. Mukherjee

Ontario Hydro Research
800 Kipling Avenue-KR185
Toronto, Ontario M8Z 554

J. Pereira

Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario K1P 589

CSFR

M. Brumovaky

Head, Reactor Integrity Division
Nuclear Machinery Plant
SKODA

31600 Plzent

1. Joch

Head, Dept. of Integrity
Nuclear Research Institute
250 68 Rez

FINLAND

H. Keininen

VTT of Finland
Metals Laboratory
Metallimiehenkuja 10
02150 ESP0O

K. Wallin

VTT of Finland
Metals Laboratory
Kemistintie 3
02150 ESPOO

FRANCE

M. Bethmont
Electricite de France
DER/Dpt. EMA
Route de Sens
77250 Ecuelles

S. Bhandari

Framatome

BAL 758A

Tour Fiat, Cedex 16
92084 Paris-La Defense

J. Brochard

C.EA.
DMT/SEMT/LAMS
Centre D’Etudes De Seclay
91191 GIF-SUR-YVETTE

C. Faidy

EDF-Septent

12/14 Avenue Dutrievoz
69628 Villeurbanne Cedex

P. Gilles

Framatome

Tour Fiat, Cedex 16
92084 Paris La Defense

D. Miannay
C.E.A.-IPSN
DES/SAMS

Centre D'Etudes De Fontenay

aux Roses
BP6 P92265 Fontenay sux
Roses Cedex

D. Moulin

C.EA.
DMT/SEMT/RDMS
Centre D’Etudes De Seclay
91191 GIF-SUR-YVETTE

vii

G. Rousselier

Electricite de France
Direction des Etudes et
Recherches

Les Renardieres-Dept. MTC
B.P. No 1-Route de Sens
P-77250 Moret-sur-Loing

GERMANY

H. Kordisch
Fraunhofer Institut fir
Wekstoffmechanik
Wohlerstrasse 11
D-7800 Freiburg

K. Kussmaul

MPA Swtigant
Pfaffenwaldring 32
W-7000 Stuttgart 80

H. Schulz

Gesellchaft fiir Anlagen und
Reaktorsicherheit
Schwertnergasse 1

D-5000 Kdln 1

J. Sievers

Gesellchaft fiir Anlagen und
Reaktorsicherheit
Schwertnergasse 1

D-5000 Kéin 1

L. Stumpfrock

MPA Stutigart
Pfaffenwaldring 32
W-7000 Stuttgart 80

HUNGARY

A, Pehévén

Research Institute for Ferrous
Metals

1509 Budapest 119

P.O. Box 14

ITALY

A. Pini

ENEA-DISP

Rome, ltaly

(On assignment at:

GE Nuclear Energy

175 Cuntner Avenue M/C 781
San Jose, CA 95125)




JAPAN

Y. Igarashi

Hitachi, Ltd.

1-1, Saiwai-Cho3-Chomes
Hitachi-Shi

Toaraki-Ken, 317

K. Kashima

CRIEP!

11-1 Iwato Kita
2-Chome, Komae-Shi
Tokyo 201

N. Nakajima

Japen Atomic Energy Research
Institute

Reactor Component Reliability
Rescarch Lab.

Dept. of Reactor Safiety
Research

Jaeri, Tokai-Mura, Nak~-Guan
Tbaragi-Ken 319-11

Y. Urabe

Mitsubishi Heavy lndustries
Takasago R&D Center
2-1-1, Shinhama, Arai-Cho
Takasago City, Hyogo
Pref., 676

G. Yagawa

Dept. of Nuclear Engineering
University of Tokyo

7-3-1, Hongo, Bunkyo-ku
Tokyo 113

REPUBLIC OF KOREA
Y. Kim

Korea Inst. of Nuclear Safety
P.O. Box 16

Decduk-Danji, Taejeon

J. Loe

Mgr, Reactor Systems Depi.
Korea Inst. of Nucicar Safety
P.O. Box 16

Dacduk-Danji, Tasjeon

SWEDEN

B. Brickstad

The Swedish Plant Inspectorate
Box 49306

$-100 28 Stockholm

SWITZERLAND

S. Brosi

Paul Scherrer Institut
Abhteilung 49
CH-5232 Villigen PSI

UNITED KINGDOM

J. Darlaston

Nuclear Blectric plc
Berkeley Technology
Berkeley, GLOS GL13 9PB

L. Davies
Consultant
176 Cumnor Hill
Oxford, OX 29PJ

D. Lidbury

AEA Technology
Reactor Services
Risley, Warrington
Chesire WA3 GAT

A. Miller

UK Nuclear Installations
inspectorate

St. Peter's House

Balliol Road, Bootle
Menseyside, AB-1.20 31L.Z

E. Morland

ABA Technology
Reactor Services
Risley, Wanrington
Chesire WA3 GAT

D. Wright

AEA Technology
Reactor Services
Risley, Warmington
Chesire WA3 GAT

UNITED STATES OF
AMERICA

D, Ayres

ABB Combustion Eng. Nudear
Services

Dept 9393-404

1000 Prospect Hill Road
Windsor, CT 06095

B. Bass

Ouak Ridge National Laboratory
P.O. Box 2009, MS-8056

Oak Ridge, TN 37831

J. Bloom

Babcock & Wilcox
1562 Beeson St.
Alliance, OH 44601

R. Cheverton

Oak Ridge National Laboratory
P.O. Box 2009, MS-8056

Oak Ridge, TN 37831

viii

J. Clinard
Oak Ridge National

Laboratory
P.O. Box 2009, MS-8051
Oak Ridge, TN 37831

J. Corum

Ousk Ridge National Laboratory
P.O. Box 2009, MS-8051

Oek Ridge, TN 37831

W. Corwin

Oek Ridge National Laboratory
P.O. Box 2008, MS-6151

Oak Ridge, TN 37831

H, Couque

Southwest Research Institute
6220 Culebra Rd.

San Antonio, TX 78238

R. Dexter

Lehigh University

117 ATLSS Drive Room B159
Bethlehem, PA 18015-4729

R. Dodds

University of Illinois
3140 Newmark Lab
205 N. Mathews
Urbana, IL 61801

E. Hackett

US Nucdlear Reyulatory
Commision

Office of Nucle..r Regulatory
Research

Mall Stop NLS217C
Wathington, DC 20555

A. Hiser

US Nucdear Regulatory
Commission

Office of Nuclear Regulatory
Research

Mail Stop NLS217C
Washington, DC 20555

S. Iskander

Oak Ridge National

P.O. Box 2008, MS-6151
Oak Ridge, TN 37831

J. Keeney

Oak Ridge National Laboratory
P.O. Box 2009, MS-8056

Oak Ridge, TN 37831



J. Landes

Dept. of Engineering
Science and Mechanics
Perkins Hall

Univenrsity of Teanessoe
Knoxville, TN 37966-2030

8. Malik

US Nuclear Regulatory
Commission

Office of Nuclear Regulatory
Research

Mail Stop NLS217C
Washington, DC 20555

M. Mayfield

US Nuclear Regulatory
Commission

Office of Nuclear Regulatory
Research

Mail Stop NLS217C
Washington, DC 20555

D. McCabe

Osk Ridge National Laboratory
P.O. Box 2008, MS-6151

Oak Ridge, TN 37831

J. Merkle

Oak Ridge National Laboratory
P.O. Box 2009, MS-8049

Osk Ridge, TN 37831

R. Nanstad

Oak Ridge National Laboratory
P.O. Box 2008, MS-6151

Ouak Ridge, TN 37831

R. Olson

Battelle Memorial Institute
505 King Avenue
Columbus, OH 43201-2693

W. Pennell
Oak Ridge National

Laboratory
P.O. Box 2009, MS-8056
Oak Ridge, TN 37831

A. Poole

Oak Ridge National
Laboratory

P.O. Box 2009, MS-8051
Oak Ridge, TN 37831 .

C. Pugh

Oak Ridge National Laboratory
P.O. Box 2009, MS-8063

Oak Ridge, TN 37831

C. Schwanz

University of Maryland
Department of Civil Eng.
College Park, MD 20742

C. Shih

Brown University
Division of Eng., Box D
Providence, RI 02912

D. Shum

Oak "lidge National Laboratory
P.O. Box 2009, MS-8056

Oak Ridge, TN 37831

J. Strosnider

US Nuclear Regulatory
Commission

Office of Nuclear Reactor
Regulation

OWEFN 7D26
Washington, DC 20555

ix

S. Swamy

Westinghouse Eleatric Corp.
P.O. Box 355

Pittsburgh, PA 15230/-°55

T. Theiss

Oak Ridge National Laboratory
P.O. Box 2009, MS-8056

Oak Ridge, TN 37831

K. Wichman

US Nuclesr Regulatory
Commission

Office of Nuclear Reactor
Regulation

Mail Stop OWFN 7D4
Washington, DC 20555

G. Wilkowski

Battells Memorial Institute
505 King Avenue
Columbus, OH 43201-2693

K. Yoon

B & W Nudlear Service Co.
3315 Old Forest Road

P.0. Box 10935

“ynchburg, VA 24506-0935%

A. Zahoor

Zenith Corp.

7700 Goodfellow Way
Rockville, MD 20855-2259




PROCEEDINGS OF THE
JOINT IAEA/CSNI SPECIALISTS’ MEETING - FRACTURE MECHANICS
VERIFICATION BY LARGE-SCALE TESTING

October 26-29, 1992

TABLE OF CONTENTS
Page
L £ 1 LY O e i
FOREWORD .. ... . it titiiiiit it ittty e e v
LIST OF ATTENDEES . . ... ittt ittt ettt enennneneenes vii
Opening Address
IAEA-IWG on Life Management of Nuclear Power Plants .. ..........c.couvvntinvnnenrnnnas 1
L. Ianko, Scientific Secretary (IWG-LMNPP)
N - 1
Chairen: H. Schulz and R. Bass
Overview of the CSNI Project FALSIRE . . ... ...ttt ittt ittt in et enenennns 3

H. Schulz (GRS)

Spinning Cylinder Experiments SC-I and SC-II: A Review of Results and Analyses

Provided t0 the FALSIRE PrOject . ... ..ottt ittt ittt et et en ey 39
E. Morland (AEA Technology)

First Spinning Cylinder Test Analysis by Using Local Approach to Fracture ................... 75
G. Rousselier (EDF)

A Summary of CSNI Project FALSIRE Analyses of the Second HSST

Pressurized-Thermal-Shock Experiment (PTSE-2) ... ...\t vitinnitieteeneeernennns 93
R. Bass (ORNL)

FALSIRE Results for NKS-3and NKS-4 .. ... ..ottt inieiinennnnns e 151
L. Stumpfrock (MPA)

Complementary Results for NKS Pressurized Thermal Shock Analyses ...................... 189
J. Brochard (CEA)

EPFM Verification by a Large Scale Test . . ... ....vutvn ittt ris it e 201

G. Yagawa (University of Tokyo)

Analysis of Japanese Pressurized Thermal Shock Experiment (Step B Test) . .................. 215
C. Schwartz (University of Maryland)

xi




Comparative Assessment of Project FALSIRE -Results . . ..........coiiviuivnienennoenns 231
J. Sievers (GRS)

Chaimen: M. Davies and C. Pugh

Pressurized Thermal Shock Tests with Model Pressure Vessels Made of VVER-440

Reactor Pressure Vessel Steel .. ... ...ttt itiirnnentinernsnrrsernnrenns 275
H. Keinlinen, H. Talja, R. Rintamaa (VTT), R. Ahistrand, P. Nurkkala (Imatran),
G. Karzov, A. Bljumin, B. Timofeev (Prometey)

Large-Scale Thermal-Shock Experiments with Clad and Unclad Steel Cylinders ................ 289
R. Cheverton (ORNL)

The Influence of Finite-Length Flaw Effects on PTS Analyses .................000univeun 311
J. Keeney-Walker, T. Dickson (ORNL)

Large-Scale Testing of VVER Pressure Vessel Materials-Verification of Fracture
Mechanics Calculations .. ........ci ittt it i i i i e i e e 331
M. Brumovsky (SKODA Concem)

Fully Plastic J-Integral Solutions for Pressurized Cylindrical Vessels Having
Semi-Elliptical Surface FIaWS . ... ... 0ottt ittt cit it ennnreenens e 349
J. Bloom, D. Lee (Babcock & Wilcox)

Validation of the R6 Defect Assessment Procedures by Wide Plate and Pressure
B I 367
A, Carter, T. Chivers (Nuclear Electric), J. Wintle (AEA)

Test of Large-Scale Specimens and Models As Applied to NPP Equipment
Materials ... . i i e et e e et e 383

B Chalrmcn G Yagawaand J Landes

Perspectives on Fracture: Correlation vs. First Principles and Length Scales ....... e 413
C. Shih (Brown University)

Continuum and Micro-Mechanics Treatment of Constraint in Fracture . . .. ... oo v vr e ver o nns 435
R. Dodds (University of Ilinois), C. Shih (Brown University)

Recommendations for the Application of Fracture Toughness Data for Structural

Integrity ASSESSMENLS . . .. . vttt e i i e e e v oo 465
K. Wallin (VTT)

xil




Constraint Effects in Heavy-Section Steels . ... ........c. 0 ittt inieiiniorereins 495
R. Bass, D. Shum, J. Keeney-Walker, T. Theiss (ORNL)

Prediction of the First Spinning Cylinder Test Using Continuum Damage Mechanics ............ 531
D. Lidbury (AEA), A. Sherry (AEA), B. Bilby, I. Howard,
Z. Li (SIRIUS), C. Eripret (EDF)

Arge-ocale rlate Bxperiments and Analyses
Chairmen: D. Miannay and A. Hiser

Full Thickness Crack Arrest Investigations on Compact Specimens and a Heavy
Wide-Plate .. ......00iiiiiiiiiii ittt e et 551
K. Kussmaul, R. Gillot, T. Elenz (MPA)

Effect of Loading on Stable Tearing of Wide Plates . ........... ... iiiiiiunvnnninnnes 573
A. Clayton (AEA)

Reactor Vessel Integrity Analysis Based Upon Large Scale TestResults . .................... 385
D. Ayres, R, Fabi (ABB Combustion Engineering)

Applicability of Laboratory Data to Large Scale Tests Under Dynamic Loading
CONAIONS . . . e e e e e e e 599
K. Kussmaul, A. Klenk (MPA)

Effect of Biaxial Loading on the Fracture Behaviour of a Ferritic Steel Component ............. 619
D. Wright, J. Sharples, L. Gardner (AEA Technology)

Verification of Ductile Fracture Mechanics Assessment Methods by a Wide Plate
) 647
H. Kordisch (IWM), H. Talja (VTT), L. Hodulak 1WM)

Fracture Modeling and Transferability
Chairmen: K. Kussmaul and W, Pennell

Experimental Investigations of the Fracture Toughness Enhancement Associated with
S OW WS . . oo i e e e e e e e e e 661
T. Theiss, D. Shum (ORNL), S. Rolfe (University of Kansas)

Stable Crack Growth Behaviors in Welded CT Specimens - Finite Element Analyses
and Simplified AsSesSmMeONtS . . ... . i e e e e e 681
G. Yagawa et al. (University of Tokyo)

Large-Scale Fracturc Mechanics Testing - Requirements and Possibilitles . ................... 697
M. Brumovsky (SKODA Concern)

xiii




3-D Calculations of a Typical Nuclear Pressure Vessel Subjected to
Themmal Shock Loading . ... ..ot i i i i e et e ettt e 707
S. Swamy, J. Schmertz, M. Recinella, J. Boucau (Westlnghouse Eleclric Corporation)

The Causes of Geometry Effects in Ductile Tearing . . .. ........00 it e 723
R. Dexter (Lehigh University), T. Griesbach (EPRI)

Progress in Generating Fracture Data Base as a Function of Loading Rate and Temperature
Using Small-Scale Tests . . ... v ittt i i ittt i e e e e 765
H. Couque, S. Hudak (Southwest Research Institule)

Energy Release Rate for Cracks in Non Homogeneous Media . . .......v v v in e vnennnes 785
J. Brochard, A. Combescure (CEA), X. Suo (EUROSIM SARL), H, Horowitz (CEA)

Mathematical Modeling of Stress-Deformation State of the Steam Generator Collector (WWER-Type)
Under Pressure Loading During Fracture Mechanics Calculations .. ............c00vivnvnnnn 197
M. Zaitsev, V. Lyssakov (Nuclear Safety Institute of Russian
Academy of Sciences)

Chainnen M. Kozluk and G Wilkowski

Low Cycle Fatigue of Pressurized Pipes with Circumferential Flaws Under Cyclic
Bending MOment . .. . L e e e e e e e e 811
W. Stoppler, D. Sturm (MPA)

Crack Resistance of Austenitic Pipes with Circumferential Through-Wall Cracks ............... 823
K. Forster, L. Gruter, W, Setz (Siemens), S. Bhandari, J.-P. Debaene
(Novatome), C. Faidy (EDF), K.-H. Schwalbe

Comparison of Fracture Toughness Values from Large-Scale Pipe System Tests

and C(T) SPeCImMeNS . . . e e e 841
R. Olson, P. Scott, C. Marschall, G. Wilkowski (Battelle Columbus Division)

Fracture Mechanics and Full Scale Pipe Break Testing for DOE’s New Production

Reactor-Heavy Water Reactor . .. ... ot ittt ittt it e it e et et e ees 855
A. Poole, J. Clinard, R. Battiste, W. Hendrich (ORNL)

S eSS ION SUMMAIIES . ... o e e e, 871

Xiv




Opening Address
IAEA/CSNI Specialists’ Meeting on
"Fracture Mechanics Verification by Large-Scale Testing"

Oak Ridge, Tennessee, USA, 26 - 29 October 1992

L. Ianko
Scientific Secretary, IWG-LMNPP
Division of Nuclear Power
International Atomic Energy Agency
'Vienna

On behalf of the International Atomic Energy Agency, I would like to welcome you
to this Specialists’ Meeting jointly sponsored by the OECD/NEA and the IAEA.

We are meeting at a time of profound political and social changes in the world.
Recent developments internationally portend the beginning of a new era of greater openness
and growing public engagement in environmental matters and energy policy. This opening
up of the energy decision making p-ocess offers unprecedented opportunities to rebuild public
confidence in nuclear power as safe, well regulated and beneficial to human health and the
environmental well-being of present and succeeding generations. This is a challenge which
the nuclear community must - and can - meet.

Let me first express the Agency's gratitude to the Government of the USA for hosting
this meeting, and for providing the opportunity to participants from all over the world to
exchange information and experience. I would also like to state my appreciation to the
OECD/CSNI for its traditional co-operation with the IAEA which has been demonstrated in
the organization of this meeting.

The task you have before you this week - to enhance understanding of nuclear powef
plants ageing and lifemanagement - is both important and timely.

In order to continue and further develop the nuclear power utilization, it is essential
to ensure safe and reliable operation of existing plants and at the same time lay foundations
for excellent safety, reliability and economy of plants of the future. In view of the long lead
times siting problems and the high costs in bringing new plants into service, securing the
continued operation of existing plants after taking care of their age related degradation and
obsolescence may be very important for meeting electrical power demands.

All components of nuclear power plants are subject to some form of ageing
degradation; however, the rates of degradation and therefore component lifetimes vary
considerably. Component deterioration due to ageing may significantly prejudice plant
reliability and capacity factors unless failures are anticipated and prevented by timely
maintenance, repair or replacement of components. If a life management programme is not
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implemented to preserve ongoing reliability, then component failures may develop, which
may impair one or more of the multiple levels of protection, provided by the defence in
depth concept, as well as resulting in unavailability. This could result in a reduction in
component safety margins, below the limits provided, and thus to the impairment of safcty
systems. On the other hand many components operate at a significant margin below design
limit criteria, which are themselves significantly below safety limits. The ageing phenomena
must be closely monitored if high performance in terms of reliability and availability,
accompanied with low operating and maintenance costs, are to be achieved. It has to be
ensured that the continued operation of, particularly, older plants does not pose an undue risk
to public health and safety owing to obsolescence of equipment or in the safety standards and
requirements to which they were built.

There is a common requirement for information in many areas, such as methods of
economic assessment, and the data necessary to predict time-dependent degradation. Some
problems, such as the ageing of pressure boundary components, have been studied for several
decades. The difficulties in studying the subject are aggravated by the inability to
realistically simulate the ageing environment in the laboratory. In addition, the process of
ageing is slow in comparison to the time span in which, one would desire to observe and
obtain data. Above mentioned realities have been taken into account for preparation of future
IAEA programme in this area. '

The Agency’s Nuclear Power Programme in the field of Plant Life Management
promotes technical information exchange between Member States with major development,
programmes, offers assistance to Member States with an interest in exploratory or research
programmes, and publishes reports available to all Member States interested in the current
status of devlopment. For countries with nuclear programmes, Agency activities are co-
ordinated by the standing committee called the International Working Group.

In conclusion, it should be stressed that NPP life management is clearly a very
important area of concern recognized by the IAEA and its Member States.

The main objective of this meeting is to provide a forum for exchange of information
among the participating experts from Member States through their interactions both at this
meeting and later through the publication of the proceedings which will reach a much wider
audience. I believe that the information exchange in the coming days will make an important
contribution to reaching our common goal of achieving a high level of nuclear performance
and safety. The results of this meeting should help to clarify the main issues for future
work, both for you and for us in the IAEA. I also hope that you will find some time to
enjoy this beautiful country and learn from its rich culture.
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1 Objective of the CSNI fracture agssessment group

For the safety assessment of primary circuit components the predictive capability of
fracture mechanics methods play an important role. Within the scientific cormmunity
active collaboration is going on in various fields of fracture mechanics. On behalf of
the Principal Working Group No. 3 of CSNI the Fracture Assessment Group (FAG)
has been given the task to review the capabiliities of present fracture assessment
methods in view of their application to nuclear pressure vessels. The different
subtasks chosen to perform the work are shown in Table 1.

2 Project FALSIRE ¥

To meet the outlined objectives the CSNI/FAG planned an intemational project to
assess various fracture methodologles through Interpretative analysis of selected
large-scale fracture experiments. The selected large-scale experiments are all
experiments which are directed to the structural response to combine mechanical and
therrial loadings. These combined loading conditions - many times being refered to in
the expression " thermal shock" or " pressurized thermal shock" - may arise in nuclear
reactor pressure vessels as a consequence of the safety systems designed to cope
with loss of coolant accidents. Furthermore these combined loading conditions may
also occur in different components as a consequence of the application of accident
management procedures. The relevance to nuclear safety was the main reason to
select these experiments to evaluate present fracture prediction capabilities in these
cases. Choosing this as a main topic of a round robin analysis the FAG took
advantage that there was strong interest at the time into this topic and the number of
experiments where not too large. It was also the intention to avoid any duplication of
effort in the fracture mechanics area going on in different other intemational groups.

The CSNI/FAG established a common format for comprehensive statements of
related experiments, including supporting information and available analysis results.
The format of the common statements has been proven to be very helpfull in
organizing such wark, it is summarized in Appendix 1. Based on the information
available the CSNI/FAG selected reference experiments for detailed analysis and
interpretation, these are summarized in Table 2. Organizations which participated in
the project FALSIRE are given in Table 3. The experiments utilized in Project
FALSIRE were designed to examine various aspects of crack growth in RPV steels
under pressurized-thermal-shock (PTS) loading conditions. These conditions were
achieved in three of the experiments by intemally pressurizing a heated vessel
containing a sharp crack and thermally shocking it with a coolant on the inner (NKS-3
and 4) or outer (PTSE-2) surface. In the series of spinning cylinder experiments, a
thick cylinder with a deep crack on the inner surface was thermally shocked with a
water spray while simultaneously spinning the cylinder about its axis In a
specially-constructed rig. The Japanese Step B test utilized a large surface-cracked
plate subjected to combine mechanical loads of tension and bending coordinated with
a thermal shock of the cracked surface to model PTS loading conditions. Data from
the experiments provided in the CSNI/FAG problem statements included pretest
material characterization, geometric parameters, loading historles, instrumentation,
and measured results from temperatures, strains, crack-mouth opening displacements

" FALSIRE Fracture Analyses of Large-Scale International Raference Experiments
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(CMODs), and crack-growth histories. A summary of the material toughness, loading
conditions, crack geometry and crack growth for each experiment is given in Table 2.

Based on the CSNI/FAG problem statements, 37 participanis representing 26
organizations performed a total of 39 analyses of the experiments. The analysis
techniques employed by the participants included engineering methods (R6,GE/EPRI
estimation scheme, DPFAD) and finite-element methods; these techniques were
combined with applications of J;, methodology and the French Local Approach. The
finite element applications include both two-and three-dimensional models, as well as
deformation plasticity and incremental thermo-elastic-plastic constitutive formulations.
Crack growth models based on nodal release techniques were utilized to generate the
application-mode and generation-mode solutions for several of the experiments. A
summary of the analysis methods applied to each experiment is given in Table 4. For
each of the experiments, analysis results provided estimates of variables including
crack growth, CMOD, temperatures, strains, stresses and applied J and K values.
Conditions of crack stability and instability were identified in the experiments. Where
possible, computed values were compared with measured data.

All the Information to the test itself, the performed analysis and comparison of the
analysis data as well as conclusions are given in a final report which is accepted by
CSNI and will be published soon. Detailed presentations of the results are subject of
the following sessions and therefore are not commented in this presentation. Beside
the results of the exercise itself (see Table 5) there are a number of valuable
accompanying effects which could be summarized as: follows:

- A common format to collect comprehensive information on large-scale
experiments has been established which could also be used for other purposes.

- The information collected are a good startingpoint for a documentation of large-
scale experiments related to combined thermal mechanical loading.

- The work has been very beneficial for the individual organisations in judging on
their own computer codes, their individual capabilities to handle these codes and
the quality assurance to be applied for such kind of analysis.

The work to be performed in the future and in a phase Il of the FALSIRE Project is
subject of another presentation of this meeting.

3 Documentation of large-scale experiments related to
combined thermal mechanical loading

Large-scale experiments adressing the structural response to thermal shock-type
loadings have been performed In many countries. Most of these programs have
already been finished or will be finished soon. The compilation of information related
to these large-scale tests as well as relevant information on analyses performed to the
tests Is within the objective of the CSNI/FAG. As already pointed out the FALSIRE
Project fills up a solid ground floor on which a database could be established to
compile the,information available on thermal shock tests. The work Is going on and
requires further cooperation by all the international partners. The NKS-3 experiment of
the MPA Stuttgart is presented as an example how this kind of documentation could
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be performed in a comprehensive way so that each user can easlly assess the appli-
cability of certain boundary conditions and resuits to the problem he Is presently look-
ing for. The example is summarized in Figures 1 and 2. This type of presentation
shows the test cylinder geometry, the crack geometry, the loading and a materal
characterization. Concerning the fracture assessment Figure 3 shows the calculated
stress intensity at the crack tip as a function of crack tip temperature and the mea-
sured fracture toughness (K,;) as a function of temperature as well as ASME-curves
based on the NDT-temperature of the material. Furthermore a line is drawn to charac-
terize measured J, values and the crack resistance (J,) at certain steps of crack
growth (e.g. 1 mm) as a function of temperature. This kind of fracture assessment in a
comprehensive way is presented in Figures 4 to 9 for the thermal shock experiments
NKS-1, 4, 5, 6 and PTSE-1,2, all with axisymetric thermal loading. Furthermore a part-
ly circumferential crack inserted into the HDR (HelBdampfreaktor, Kahl) -RPV was
loaded by a thermal shock experiment with a guided injection into an artifical cooling
canal (see. Fig. 10, comparison of measured and calculated CMOD see Fig. 11), The
fracture assessment confirmes the experimental results of no crack growth and that
the test stopped close to crack Initiation (see. Fig. 12).

4 Reactor pressure vessel response to the thermal shock
loading conditions

The safety concept of light-water reactors (LWR) is based on the so called "design ba-
sis accidents". As part of the design basis accidents loss of coolant of the primary as
well as the secondary circuit Is postulated, assuming different leak sizes and locations
and boundary conditions. The goal of the safety analysis for design basis accidents
with primary or secondary blowdown is

- to demonstrate sufficient cooling of the reactor core assuming the minimum injec-
tion capability according to safety criterla and

- to demonstrate the integrity of the reactor pressure vessel (RPV) assuming the in-
Jection capability which causes the maximum load, using end-of-life (EOL) materi-
al conditions and postulated cracks of a limited size.

The basic requirements for the integrity assessment of reactor pressure vessels are

= the evaluation of loads as a function of time and temperature

- the evaluation of material conditions as a function of temperature, time and envi-
ronment with special emphasis on irradiation

- evaluation of state of defects with respect to the applied NDT- methods and the
Influence of time, loads and environment.

The main load cases to be analysed In the integrity assessment of reactor pressure

vessels are:

- hydro test

- pressure-temperature limits
(cold overpressurization system aspect)




- ECCS injection In case of primary or secondary blow-down

- rapld cooldown in case of secondary blowdown without ECCS injection.

Important parameters In the definition of conservative loads are the primary loop
design (2-,3-,4-,6-loops), the blowdown transients, Injection geometry, -temperature
and rate, water level and temperature in the RPV as function of time and the width of
the cold water path (tongue) along the vessel wall,

Fcr the evaluation of material conditions distinctions have to be made between
properties of base, weld and cladding material. Furthermore the directionality of the
material properties have to be investigated. Major emphasis is given to the properties
of the irradiated material. For a detalled analysis of the reactor pressure vessel under
thermal shock loading conditions the dependency of the material properties from the
temperature in the whole range has to be known quite well.

For the crack to be Investigated (based either on design assumption or on indications
of the performed NDT) the important parameters are size, shape, orieniation and
certainly the question of near surface or surtace crack.

As an example of detalled RPV-analyses an axisymmetric and a 3d-FE-model as well
as sector models with (partly) circumferential cracks, which are loaded by boundary
conditions calculated in the globa! model, are shown in Figs. 13 and 14. The
deformation of a vessel loaded by PTS with axisymmetric cooling assumption Is
presented in Fig. 15. In case of asymmetric/strip like cooling the deformation is shown
in Figs. 16 and 17. The stress Intensity of circumferential cracks with different
assumptions conceming tne loading is compared with the fracture toughness of the
investigated weld material at begin-of-life (BOL) and for the case of an assumed
highly irradiated condition at the end-of-life (EOL) in the same comprehensive way as
discussed in chapter 3 (see Figs. 18 to 20).

Looking to all the variables important as indicated above It is very clear that there are
a number of parameters and boundary conditions to be address.t as potentially
importai:t areas in large scale tests. In the practical safety case we lave normally to
judge a short near surface or surface crack surrounded by material showing
considerable variations in properties in the thickness, axial and radial direction.
Loading conditions may vary between highly nonuniform up to axisymmetric starting
with steep radial temperature gradients at the surface at the beginning of the
transient, with developing overtime temperature differences over small or large
portions of the wall thickness in the axial and circumferential direction. Therefore the
investigations of practical RPV transients are three dimensional problems from
thermohydraulic, structural and fracture mechanics point of view.

5 Summary and future needs

From experimental and analytical modelling of the fracture process we have leamt
worldwide a lot of details and have reached a certain state of the art to assess
structural behaviour of specimens and components as well as fracture behaviour of
cracks under thermal and mechanical loading. The database and the comparative




evaluations developed in FALSIRE-Phase | have shown the capabllities of the applied
analysis methods and the necessity to Iimprove fracture assessment methods
conceming

- the transferabllity of small specimen fracture properties to large specimens and
components (constraint problem)

- the crack behaviour In the transition region of fracture toughness
- non homogenous material (cladded and welded vessels) and

- different stages of crack extension (ductile/brittle).

Therefore a Phase Il of FALSIRE Project is planned starting in first half of 1993.

The state of the art concerning assessment of RPV-integrity due to transient thermal
and pressure loading show the necessity of three dimensional thermohydraulic,
structural and fracture analyses and the comparison with simplified models and
methods to quantify the safety margins.




Activities of CSNI/Fracture Assessment Group (FAG)

¢ compllation of large scale tests
e round robin analyses of selected tests
o review of state-of-the-art

e recommendations to methods
applied in the safety review

Table 1
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CSNI - reference experiment
NKS-3, MPA-Stuttgart

Figure 1
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Thermal and mechanical  Materlal characterization
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CSNI - reference experiment
NKS-3, MPA-Stuttgart

Figure 2
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Figure 9
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Figure 12
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Appendix 1:  Standard format for test and analysis documentation
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Spinning Cylinder Experiments 8C-l and 8C.lIl : A review of results
and analyses provided to the FALSIRE Project.

by

E. Morland* and A. H. Sherry*

A serles of six large-scale experiments have been carried out at AEA Technology
using the Spinning Cylinder test facliity. Results from two of those expariments
(SC-I and SC-Il) have been provided to Project FALSIRE and are reviewed In this

paper.

The Spinning Cylinder tests were carried out using hollow cylinders of 1.4m outer
diameter, 0.2m wall thickness and 1.3m length, containing full-length axial defects
and fabricated from a modified A508 Class 3 steel. The first Spinning Cylinder test
(SC-1) was an investigation of stable ductile growth induced via mechanical
(primary) loading and under conditions of contained ylelding. Mechanical loading
was provided In the hoop direction by rotating the cylinder about its major axis
within an enclosed oven. The second test (SC-ll) investigated stable ductile growth
under severe thermal shock (secondary) loading again under conditions of contained
lelding. In this case thermal shock was produced by spraying cold water on the
nside surface of the heated cylinder whiist it was rotating.

For each experiment, results are presented in terms of @ number of variables, eg.
crack growth, temperature, siress, strain and applied K and J. In addition, an .
overview of the analyses of the FALSIRE Phase-1 report is also presented with
respect to tests SC-l and SC-Il.

* AEA Tectinology, Reactor Services, Risley, Warrington Cheshire, WA3 BAT,
UNITED KINGDOM
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1. INTRODUCTION

The Spinning Cylinder project is concerned with the investigation of fracture behaviour in
thick-walled test specimens under severe thermal shock and simulated pressure loading
conditions. The facility, located within AEA Technology's Structural Features Test Facility
at Risley in the United Kingdom, has been designed to produce the lemprllte loading
conditions. Pressure loading is simulated by the rotation of a test cylinder about its own
axis and the resulting hoop stress distribution resembles that in a larger diameter
pressurized vessel of the same wall thickness. With regard to secondary (thermal) stresses,
cold water can be directed, at controllable flow rates at the inside surface of a test cylinder.
Test cylinders can be heated to temperatures of up to 330°C . These high flow rates,
together with the centrifugal forces due to rotation, lead to very good heat transfer
conditions whilst at the same time providing uniformity of cooling.

A schematic of the test rig given in Fig. 1 shows the main features of the facility. The
central feature is the 8-ton cylindrical test specimen (1.3m long, 1.4m OD, 200mm wall
thickness) which is suspended from a flexible shaft from a single pivoted beariw 30 that it
is free to rotate about the vertical axis. The test cylinders are rotated by a 375kW DC motor
through a 2:1 step up right angle gear box and are located in a heavily reinforced pit which
acts as an oven enclosure, The motor is capable rotating the cylinder to a maximum design
speed of 3500 rpm. A damw device (not shown) is attached to the bearing pivot to :
stabilize the rotor against acrodynamically-induced precessional motion. Eight 3kW heaters
mounted vertically within the cylinder enclosure allow the cylinder temperature to be raised
to a maximum of 350°C. A stationary water spray system, capable of delivering
controllable flow rates of up to 300 gallons per minute, provides the mechanism for
thermally shocking the rotating inner surface of test cylinders. Instrumentation for
monitoring temperatures, strains and displacements within the test cylinder are mounted
directly on the rotating specimen and signals are extracted via a 100-channel slip-ring unit
mounted directly above the drive gearbox.

Within the Spinning Cylinder facility therefore, independent control of both primary and
secondary loading permits a variety of PWR fault conditions to be examined, including
large and small loss-of-coolant accidents. Extensive on-line data monitoring systems are
available within the facility to provide immediate and permanent records of temperatures,
strains and defect extensions realised durinﬁ Spinning Cylinder experiments. To date a
total of six Spinning Cylinder experiments have been performed. These have investigated a
number of different combinations of transient type (eg PTS, large LOCA etc), defect
configuration and fracture mechanism. Of these experiments, results from the first two
(SC-I'and SC-II) have been provided to Project FALSIRE and are reviewed in this paper.

2. TEST OBJECTIVES AND CONDITIONS

The basic objective of both Spinning Cylinder tests SC-I and SC-II was to compare the
prr:sress of stable ductile tearing under simulated PWR glam conditions, against that
predicted from conventional fracture mechanics theory, based on data derived from
small-scale fracture toughness specimens. In both cases the tests were performed on
large scale test cylinders containing full-length axial defects penetrating over 50%
through the 200mm wall thickness. Specimen details in respect of both tests are
presented in Fig 2. The distinguishing feature between the two tests was the loadingf
condition. SC-I was an isothermal test performed at 290°C where the driving force for
crack extension was provided solely from specimen rotation (simulated pressurization).
SC-II was a thermal shock test simulating a large loss-of-coolant accident, where the
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driving force for crack extension was overwhelmingly %?vided by thermal loading.
Additional details in respect of both tests are presented below.

2.1 SC-1

The first spinning cylinder experiment was an investigation of stable ductile tearing
under contained yield conditions for a thick-section low alloy steel structure. The test
was isothermal, infncm'led out at 290°C and crack growth was generated by
&mﬁmslvely increasing the rotational speed of the test cylinder, With respect to the

Il length axial defect contained within the cylinder, this consisted of a machined notch
with a sharpened tip produced via fatigue pre-cracking. The fatigue crack was
generated by subjecting the cylinder to cyclic diametral loading in the plane of the notch
using a 500-ton actuator. In order to avoid the possibility of brittle fracture, the test
cylinder was maintained at around 90°C throughout fatigue cracking. Some 80,000
cycles were applied using a maximum load of 420 tons. This resulted in a reasonably
uniform fatigue crack of mean depth 10mm over the central 1.0m of the defect length.

The instrumentation arrangements for monitoring stable crack extension in SC-I are
shown in Fig 3. These consisted of three sets of alternating current potential drop
(ACPD) probes situated 25mm above the bottom of the machined slot at different axial
locations. The connections for the constant AC driving current (0.4A at 1kHz), were
on opposite sides of the slot so that the current between them passed around the crack
tip. Additional instrumentation on SC-1 comprised five back-face strain gauges, three
pairs of clip gauges to monitor slot opening adjacent to the ACPD stations (thereby
providing a back-up indication of crack extension), digital and analogue tachometers 1o
nwr?sxire speed and an array of thermocouples to measure any cylinder temperature
variations,

22 SC.lI

The second spinning cylinder experiment was an investigation of stable ductile tearin
under contained yield conditions for a thick-section low alloy steel structure sub{ect

to a severe thermal shock. The test was designed in such a way as to ensure ful

ductile upper shelf conditions at the crack tip, throughout the course of the experiment,
With respect to the full length axial defect contained within the cylinder, as for SC-I this
consisted of a machined notch with a sharpened tip produced via fatigue pre-cracking,
Once again the fatigue crack was generated by subjecting the cylinder to cyclic diametral
loading, the test C{ inder being maintained at around 80°C throughout fatigue crackin?.
Some 15,000 cycles were applied using a maximum load of 420 tons. This resulted in
a reasonably uniform fatigue crack of mean depth Smm over the central 1.0m of the
defect length, In order to prevent egress of water into the crack tip (and thus pre‘judice
upper shelf conditions), the entire machine slot was packed with insulating wool and
covered with a pleated steel shim.

As with SC-1, instrumentation for SC-11 comprised ACPD, back-face strain gauges,

clip gauges and thermocouples, although, in line with the different nature of the thermal

shock loading of SC-II, the number and location of these various instruments was

ggﬂ‘e‘{em to that employed in SC-I. The instrumentation layout for SC-11 is shown in
g4

3.  MATERIAL PROPERTIES

Comprehensive characterisation of the physical and mechanical properties of cylinder
materials was carried out in respect of the test cylinders for both SC-I and SC-II, these
having been manufactured from separate large-scale forgings. ’
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3.1 SC.1

After casting into . partially pre-formed geometry, the ingot used to produce test
cylinder I was centrally pierced and then forged. Following detachment of a stepped
end-piece (used for heat treatment studies), the residual forging comprised a centrally
located test cylinder (SC-1) encmngmed top and bottom by both AEA test
prolongations and manufacturer's “buffer" dnf:,f Fig. 5. AEA prolongations were

med’m the test cylinder and buffer rings after forging, heat treatment and

entification of a 0° datum line corres § to the ultimate position of the fun-len'\h
axial defect. Both top and bottom pro Oﬂf!ﬂbﬂl were subsequently bandsawn into four
equi-sized segments. Details of the chemical composition of the forging and its heat
treatment are given in Table 1.

All specimens used in the pre-test characterisation programme were extracted from the
0° segment of either the top or bottom AEA prolongations and from positions which
were at least SOmm from cut surfaces. Tensile specimens were located on, or near to,
the 0° datum line and extracted in either the circumferential (C), radial (R) or axial
(Longitudinal (L)) orientations. A total of six tensile tests were performed, one
specimen of each orientation being tested from each of the two AEA prolongations.

Resulting values of 0.2% proof stress (60,2), ultimate tensile strength (o), percentage
elongation and reduction of area are presented in Table 2. Additional true stress-strain
data are given in Fig 6.

Fracture toughness specimens were extracted so that all specimen crack tips lay exactly
on the the 0° datum line, at a radial position and direction of crack advance in t
correspondence to the defect in the cylinder (le. all C-R orientation). A total of six 20%
sidegrooved 35mm thick compact specimens were tested, four from the top
prolongation and two from the bottom prolongation. The tests were performed using
combined multi-specimen/unloading compliance test techniques. Values of crack
length, crack growth and correspo n%valuu of J are given in Table 3. Individual
unloading compliance JR curves were characterized using power flts of the form

JuA (Aa)B (1

values of the regression coefficients A and B are given in Table 4. A "composite" Jr
curve for the material as a whole was also provided to the FALSIRE project and is
included in Table 4.

3.2 sC.1

After casting into a partially Em-t‘ormed geometrg. the ingot used to produce test
cylinder II and test cylinder III (not reported here) was centrally pierced and then
fo?ed. The forging consisted of the two test cylinders separated centrally by a test ring
and encompassed top and bottom by test rings and buffer rings. A diagram of the
complete forging is shown in Fig 7. Test rings were parted from the cylinders after
forging and heat treatment. Prior to any machining operations a 0° datum line was
established corresponding to the defect position in the cylinder(s). Just as for SC-I,
test rings were subsequently bandsawn into four equi-sized segments. Detalls of the
chemical composition of the forging and its heat treatment are given in Table 5.

All small-scale specimens examined in the characterization programme were extracted
from the 0° uimem of either the top, middle or bottom test rings and from positions
which were at least SOmm from cut surfaces. Tensile specimens were located on, or
near to, the 0° datum line and were extracted from up to three different positions across
the wall thickness. Specimens were extracted in either the circumferential (C) or axial
(A) orientations depending upon the test ﬁn%A total of twenty-six tests were
ferfonmd. Specimens extracted from near the inner cylinder wall surface (V8 position)
where temperature drops during thermal shock would be largest) were tested at three
temperatures spanning the complets range of the thermal transient, ie. 20°C, 150°C and
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330°C. Specimens from other positions within the wall thickness were only tested at
350°C. Individual exponential expressions of the form

o = a EXP(BT) v

where is g either 0.2% proof stress or ultimate tensile strength and T is the temperature,
were fitted to the data via linear regression analysis. No effect of specimen orlentation
on properties was observed and both circumferential and axial test results were included
in the analyses, resulting in the exg:sslom given in Table 6. Values of engineering
stress/strain and true stress/strain from these tensile tests are given in Table 7. Physical
properties characterizing the behaviour of the test material under thermal shock
conditions are given in Table 8,

Fracture toughness llrecimem were extracted 50 that all specimen crack tips lay exactly
on the the 0° datum line, at a radial position and direction of crack advance in direct
correspondence to the defect in the cylinder (ie. all C-R orlentation). A total of eight
20% sidegrooved 3Smm thick compact specimens were tested, two from the top, two
from the bottom and four from the middle test rings. Values of crack length (ao) and
ductile crack extension (Aa) were estimated both from unloading compliance
measurements made during tests and from post-test fracture surface measurements,
Results are presented in Tahle 9. For each test the data were characterized using a
power curve fit of the form of equation 1. Resulting values of the coefficients A and B
are given in Table 10. Composite Jr curves for the different test rings are included.

4. TEST RESULTS
‘ol sc‘x

The plan for test SC-1 was to proceed directly to a target s at which a useful
minimum amount of crack growth would be anticipated without incurring the risk of
tearing instability, and then to proceed beyond that point as circumstances allowed. In
the actual experiment, three speed increments beyond the target speed of 2285rpm,
were required to reach the intended amount of stable tearing f; to Smm), resulting in an
eventual maximum (terminal) speed of 2600 rpm.

Initiation of stable tearing in the experiment was related to a pronounced change in the
rate of increase of ACPD at about 2250rpm (see Fig 8). Final crack extension at each
ACPD station was defined from physical measurements of stable tearing made on the
actual fracture surface of the cylinder, extracted after the test. The growth at the ACPD
stations varied from 2.4mm to 3.1mm, with a mean of 2.75mm. The crack profile,
based on post-test destructive examination of the entire full-length defect, is shown in
Fig9. On the basis of the predicted initiation points and measured final crack
extensions at each ACPD location, angular velocity versus crack growth curves were
developed as shown in Fig 10.

4.2 SC.II

Prior to commencement of SC-11, the cylinder was stabilized at a mean temperature of
312°C. The cylinder was then rotated to 530 rpm to provide for uniform cooling of the
inner surface upon application of the water spray. The inner surface of the cylinder
was then spray cooled with water of temperature 15°C and at a flow rate of 269 gallons
per minute, thus producing an effective heat transfer coefficient in excess of

20kW/m2°C and a large thermal gradient across the cylinder wall thickness.

Temperature data from the test are depicted ¥mphically in Fig 11. The figure compares
measured temperatures with those predicted from a one-dimensional finite difference

analysis using a heat transfer coefficient of 22,75 kW/m2°C. The extent of ductile crack
extension attained during the test was variable along the length of the defect but
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achieved a maximum growth level of ag%mxlmately 2.0mm at a distance of around
400mm from one end of the cylinder. The crack profile, based on post-test destructive
examination of the entire full-length defect, is shown in Fig 12.

s. FALSIRE ANALYSES OF SC.1 AND SC-II

Within this section the analysis techniques used within Phase 1 of the FALSIRE
rogramme for assessment of SC-I and SC-I1 are described, as are their results. In the
nterests of consistency, the terminology used to describe analysis methods and the
aumedcal c[lﬁsignation of individual onalysts has been kept consistent with those used in
eference [1).

5.1 Description of Analytical Methods

With respect to tests SC-1 and SC-Il a total of seven separate analyses were performed
within the FALSIRE programme. As Table 11 indicates, the primary structural
analysis tool used was the finite element (FE) method. Additional details of the finite
element methods used are given in Table 12, which identifies the finite element
programme, the model dimension (2 or 3-D), the size of the mesh as defined by the
number of equations (degrees of frecdom?, the constitutive relation, material model and
stress-strain approximation, and the solution scheme (integration rule and iteration
method) employed in the analysis of the model. Unfortunately, much of the information
regarding the FE methods used in the analysis of Spinning Cylinder Tests SC-I and
SC.II, is unavailable (N/A).

From inspection of Table 12 it is apparent that the sizes of the various finite element
models varied to a large extent. For example, in the analysis of SC-II analysis number
8, using the ADINA FE code, a mesh with =3,800 degrees of freedom was used. By
comparison, analysis number 16, using the ABAQUS FE code, used a mesh with only
890 degrees of freedom. One other variable of note is the stress-strain relation used as
inBut data to the various analyses. In some cases, particularly analyses that utilised the
ADINA FE code, a bilinear stress-strain relation was employed. In others a multilinear
stress-strain relation was used.

Ali of the FE analyses employed a J-resistance curve methodology for modelling stable
ductic crack growth. J was typically calculated within the FE code from a path-area
integral or domain integral expression containing terms appropriate for the applied
loading conditions (ie, mechanical loads, thermal gradients, centrifugal loads, etc.).
Most analets computed the J-parameter as a function of applied load for one or more
fixed crack depths. Analysts number 8 employed a node-release technique to perform
analysis of the ductile tearing process.

Several participating analysts performed structural analyses of the Reference

Experiments using engineering estimation schemes (ES). These approaches, of specific

interest to the analyses of the Spinning Cylinder Tests are summarised in Table 13. The

fracture analysis methodologies employed in the estimation scheme applications were
rimarily based on the J-resistance curve approach, with the J parameter determined
rom a variety of published sources.

Analyst 11'determined K[ values from influence coefficients for a vessel having a wall
thickness to inner radius ratio of 0.1; the corresponding ratio for Spinning Cylinder
Test 2 was 0.4. Analyst 12 used K| solutions from Reference [2], which were
modified using the Irwin plastic zone correction, The modified K] values were
subsequently converted to equivalent J values using the expression J=K2/E', where

E'=E/(1-v) and v is Poisson's ratio. Solutions provided by analyst 13 were based on
option 1 of the R6 method described in Reference [3,4]. Analyst 14 employed results
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from a statically indeterminate solution for a cylindrical shell to evaluate the J-parameter
by defining it as the sum of elastic and fully plastic components. Analyst 16 used an
analytical solution for the hoop stress distribution in a rotating cylinder to determine J
from a weight function method. Further details of the analytical methods are contained
in Reference [1].

5.2 Results and Discussion

Figure 13 illustrates the variation of the J-integral with the angular velocity , Q, for
Spinning Cylinder Test 1. The open circles denote the experimental variation of J with
Q determined at AEA Te<hnology and as described in Reference [1]. With the
exception of analysis 9, the scatter band of results is small. The stress-strain
approximation of the plane strain FE analyses 8 and 9 are multilinear. The curve of
analysis 9 has a weaker slope than the other analyses, a result which is still under
discussion. Comparison of the ES solutions reveals that analyses 12 and 16 show
differences of up to 50%, with analysis 12 overestimating the level of J for a given
angular velocity. This difference is considered to be due to the ES's used, since the
variation hoop stress with Q was almost identical in each analysis.

Figure 14 illustrates the variation of the J-integral with time through the thermal shock.
The weight funci.on method used for analysis 16 gives a quite conservative result, and
analysis 11, using the K] solutions specific to a vessel with wall thickness to internal
radius of 0.1 (SC-I = 0.4) shows the lowest values. The remaining analyses are located
in a fairly tight scatter band. As in the analysis of SC-I, the fracture assessment is
strongly dependent on the estimation scheme used.

The reasons for the magnitude of the scatter associated with these analyses are
discussed in some detail in Reference [1]. Modelling requirements for the experiments
incorporate history-dependent mechanical, thermal and body-force loadings,
temperature-dependent material and fracture toughness properties, specially designed
materials, residual stress states and three-dimensional effects. For these reasons, it
could be anticipated that comparisons of analysis predictions with available structural
data from the experiments would yield results that vary significantly.

However, a number of common explanations for some of the scatter are evident. One
of the major influences on the finite element solutions was the precise materials
property input data used in the analyses. Restrictions of some FE codes to use only
bilinear approximations of the stress-strain behaviour, compared with the use of
multilinear stress-strain curves, was one major source of scatter. Another major source
of scatter was the use of temperature insensitive material properties data in the analysis
of the thermal shock experiments. Both of these sources of scatter highlight the
importance of obtaining, and using, high-quality material properties data in order to
accurately model structural behaviour.
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Table 1 SC-I Heat Treatment & Chemical Composition

Heat Treatment
Austenitise 6 hrs @1065°C
Quench Water quench from 1065°C
Temper Thrs @ 590°C +/- 10°C

Chemical Composition : Steelmakers Ladle Analysis
C Si Mn S P Cr. Mo Ni
022 020 132 0.012 0012 0.08 0.57 0.78
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Table 2

8C-1 Tenaile Data at 290°C for First Spinning Cylinder Test Matexial

0.2% Ultimate

Proof Stress Reduction
Spec. Prolgn Orient.® | Stress ' | gy Elongn. of Area
Ident. : 60,2 (MPa) (8)b (%)

(Mba)
HU1 TOP C 540 728 18 51
HU3 TOP R 548 709 17 49
HUS TOP L 540 703 18 66
HW1 BOTTOM c 529 702 16 52
HW3 BOTTOM R 533 703 13 35
HWS BOTTOM L . 543 711 17 59

aC = circumferential

R = radial

L = longitudinal

bNone of the specimens failed within the middle third of the gage

length.

48




Table 3

8C-I, J vs Aa Values From Unlcldiné Compliance Tests with Physical
Measurements of Final Crack Extensions (T = 290°C)

Crack Growth J Crack Growth J
(mm) (MJ/m2 (mm) (M3/m

Specimen HV1 (Top Rin Specimen HVZ (Top Ring)
0 0.012 0 0.012
0.02 0.047 0.03 0.047
0.08 0.071 0.09 0.071
0.11 0.099 0.16 0.099
0.27 0.13 0.23 0.131
0.43 0.161 0.4 0.164
0.66 0.192 0.72 0.196
0.99 0.227 1.24 0.227
1.9 0.256 2 0.266
2.64 0.292 2.82 (2.44) 0.306
3.62 (3.34) . 0.327 .

Specimen HV3 (Top Ring) ) Specimen HV4 (Top Ring) ;
0 0.012 0.552a 0.183
0.07 0.047
0.1 0.068
0.15 0.087
0,23 0.108
0.3 0.134
0.46 0.161
0.7 0.19
1.22 0.216
1.73 0.243
2.78 (2.79) 0,277 N

Specimen HX1 (Bottom Ring) Specimen HX2 (Bottom Ring)

-0 0.012 0 07332
0.05 0.047 -0.01 0.046
0.08 0.072 0.04 0.069
0.15 0.099 0.09 0.098
0.24 0,131 0.23 0.129
0.47 0.162 0.44 0.161
0.77 0.196 0.68 0.195
1.12 0.227 1.43 0.225
2.22 0.258 2.21 0.264
2.88 0.288 2.89 0.302
4.52 (4.32) 0.323 3.92 (3.74) 0,316

.Measured final crack growth.

Note:

() = measured value.
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Table 4

8C-1 Regression Coefficients for Power-Law Curve Fit to

J va Aa Data for First Spinning Cylinder Test NAto:ialu‘

(T = 290°C)

Cosfficients
Specimen A B :2b
HV1 0.213 0,339 0,985
HV2 0.215% 0.326 0.996
HV3 0.201 0,356 0.970
HX1 0.207 0.306 0.991
HX2 0.209 0.314 0.990
Composite curve 0.208 0.320 0.976

87 = A(Aa)B, where units of J and Aa are M3/m? and mm

bSquarc of regression correlation coefficient (r)
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Table 5 SC-II Heat Treatment & Chemical Composition

Heat Treatment
Austenitise 6 hrs @1065°C
Quench Water quench from 1065°C
Temper Thrs @ 540°C +/- 10°C
Temper Thrs @ 590°C +/- 10°C

Chemical Composition : Steelmakers Ladle Analysis
Cc Si Mn S P Cr Mo Ni
021 028 139 0.009 0.008 003 0.53 0.79
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Table 6

8C-II Tensile Data for Second Spinning Cylinder Test Materiall

Young's modulus, E (GPa)

0.2% proof stress, 0g, 2 (MPa)
Ultimate stress, o, (MPa)
Poisson's ratio, v

312,35 - 0.0063T

860.3 exp (-3.3%6 x 10~4 1)
708.9 exp (-1.889 x 10~4 1)
0.278

&Temperature T has units of [°C)
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Table 7 SC-II Engineering and True Stress/Strain Values

JU21/1U3 20C JU2/IU4 20C
Suain | Strem True True Strain * | Srem
Strain Swrem Strain Stress
MPa M |[MPa .
Wi |
00 0002 |s0.9 .0002 $0.9
.0003 67 ,0003 67 0003 115.3 0008 115.3
.0006 129.4 .0006 129.5 0008 1177.3 .0008 177.4
.0009 191.1 0009 191.3 0011 1237.8 0011 238.1
.0012 282 .0012 252.3 0014 1297.9 0014 298.3
,0018 3. 0018 312.2 .0017 |358.8 0017 359.4
.0018 K 0018 372.8 N4
JiTK) 0021 |458.3 0021 456.3
.0024 503.1 0024 $04.3 0030 |548.3 .0030 550.0
,0033 $46 0033 $47.8 0038 15529 0038 $55.0
0041 $51.4 0041 $53.6 0046 |538.7 0046 561.3
.0049 5371 0049 559.8 0082 |398.8 0082 603.7
.0070 $86.8 .0070 $90.9 0150 1620.5 0149 629.8
0138 615.7 0137 624.1 0217 | 642.2 0218 656.2
.0202 637.4 .0200 650.3 0281 |662.8 0277 681.4
0261 657.8 0258 618 0349 16749 0343 698.8
.0325 615.3 .0320 697.3 0417 |686.9 0408 715.5
0389 687, ,0382 714 0480 |699.2 0469 732.8
0453 698 0443 129.6 0552 1706.9 0537 746.0
.0821 707.7 0508 744.6 0624  1713.3 .0605 787.8
L0884 718.6 L0868 757.8 0696 7186 0672 765.4
0652 720.1 0632 767 01 (7197 0743 7753
0728 724.4 0703 717.1 0847 17191 0813 780.0
,0800 724.6 0769 182.8 0926 |719.7 0886 786.4
0871 728.3 0838 791.7
0947 728.7 .0905 791.7
JUS 150C . JU24/JU6 150C
Strain | Stress Troe Strain | Stress True True
Steain Stress Strain Stress
MPs_ MPa MPa MPa
| 0003 59.4 0003 $9.4
0024 | 456.4 ,0024 487.8 . . . '
0033 $03.1 ,0033 $04.8 0006 118.6 .0006 115.7
0041 |514.6 0041 $16.7 0009 | 173.5 .0009 173.6
0049 | S23.1 ,0049 $25.6 0012 | 2017 0012 232.0
0082 |ss2.9 0081 $87.4 0015 | 286.0 0015 286.5
0142|5817 0141 $90.0 0018 | 338.9 .0018 339.5
.0208 602.3 ,0203 614.7 pil].]
0268 618.8 0262 635.2 0024 466.5 0024 467.6
.0328 639.3 ,0320 660.1 0033 | 504.2 .0033 505.9
0389 | 6508 0382 675.8 0041 | 517.7 .0041 519.8
0453 662.7 0443 692.7 0049 | 526.6 0049 529.2
0516 | 670.7 .0504 705.3 0101 | 558.0 .0101 563.6
0884 | 675.0 .0568 714.5 0167 | §76.7 .0166 586.3
0652 |680.4 0632 724.8 0229 | 6031 0227 617.0
0720 | 684.6 0698 733.9 0291 | 619.9 .0287 637.9
0791 688.7 ,0762 743.3 0387 | 632.4 0351 635.0
0859 |689.7 .0824 748.9 0423 | 646.2 .0418 673.6
0935 694.0 ,0894 758.9 0485 | 636.1 0474 687.9
1007 | 688.7 .0959 758.1 0851 | 665.8 .0537 702.$
0621 | 674.2 .0603 716.1
0692 |'678.4 .0669 728.3
0766 | 681.1 0738 7333
,0836 | 685.3 .0803 142.6
0910 | 687.8 ,0871 750.1
0989 | 686.7 ,0943 754.6
1081 | 690.3 .0999 762.8
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Table 7 SC-II Engineering and True Stress/Strain Values

L ]
JU28/1U7 380C JU14 350C
Strain Strens True True Strain Stress True True
Strain Stress Strain Stress

MPa MPs MPs MPa
JU28
.0000 8.1 .0000 8.1 0029 4702 0029 4.6
.0003 9.2 10003 9.3 0037 498.9 10037 $00.8
0006 | 113.1 0006 1131 0048 5177 10048 $20.0
0009 | 169.2 .0009 169.4 0102 348.7 0101 $54.3
0012 | 226.8 0012 226.8 0187 $74.7 0186 583.8
0018 | 2831 0018 283.8 0221 $97.9 0219 611.2
o018 | 3381 0018 338.7 10289 614.3 0285 632.1
w1 0383 634.2 0347 656.6
0024 | 4318 0024 432.6 0416 643.0 0408 669.8
0033 | 480.8 .0033 482.4 0484 651.2 0473 682.7
0041 | s07.3 0041 $09.4 0356 655.3 0841 691.7
0049 | 5242 0049 $26.8 0627 660.7 0609 702.2
0130 | s$59.9 0129 567.1 .0703 663.5 0679 710.1
0193 | s88.4 0191 599.8 0779 667.5 0780 719.8
0265 | 608.8 0262 624.9 0858 669.5 0823 726.9
0387 | 62712 0380 649.8 0942 668.9 10900 731.9
0444 642.1 0438 670.6 )
0832 | 6839 0518 688.7
0711 | 6603 0708 708.$
0930 | e65.8 0889 721.8

Note: (1) Data up to strains of 0.2% taken
from small specimens, data from
0.2% to 10.0% taken from large
specimens.
(2) Elastic data for JU24/JU6
exhibits a discontinuity. This
will lead to some errors in E
\é:mes determined from this
ta.

* Small specimen data omitted -
alignment errors.
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Table §

8C-11 Physical Propexties for Second Spinning
Cylinder Test Material

Heat gonvcction coefficient, 22750 (during time relevant to crack
h (W/m&K) growth)
Thermal conductivity, A(W/mZK) 36.6 - 2,2 x 102 7 +

1.67 x 10-5 72

Specific heat capacity, cp(kJ/kq K) 4.1 x 10°4 1+ 0.432

Density, plkg/m3) 77187 at 290°C

Inatantaneous!

Coefficient of thermal expansion, (11.46 + 0.0108T) x 106
af{l/K)
Mean (20-T)1 .
(11,59 + 8,161 x 10°9 1) x
10

where T is temperature in °C
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Table 9 SC-11J - Aa Values from unloading compliance and physical measurements of

final crack extension.
JT1 Bim. 290C JT3 Bwim. 290C
J Aa J

mm Mlm-2 mm Mim-2
0.03 0.100 0.00 0.040
0.09 0.138 0.08 0.069
0.19 0.173 0.11 0.102
0.34 0.216 0.24 0.138
0.55(Pmax) 0.264 0.33 0.176
0.86 0.314 {0.57(Pmax} 0.216
1.49 0.364 0.74 0.257
2.10 0.409 1.21 0.291
2.98¢ 0.437 1.35¢ 0.33
.67 0.473 2.54* 0.373
5.44» 0.493 3 0.406
6.34%(6.23) 0.518 4.27 0.436

4.66 0.467

5.92(5.72)] 0.487

JTA Mid. 150C JTS Mid. 150C
Aa J J

mm MJm-2 mm Mim-2
0.01 0.0;9 0.03 0.019
0.01 0.032 0.03 0.032
0.03 0.049 0.03 0.049
0.09 0.068 0.09 0.068
0.16 0.085 0.13 0.099
0.16 0.113 0.21 0.134
0.23 0.136 0.32 0.173
0.28 0.162 0.46 0.212
0.37 0.193 0.69 0.249
0.54 0.228 0.96 0.287
0.73 0.258 1.24 0.321
0.95 0.294 1.52 0.362
1.19 0.329 1.95 0.394
1.58 0.363 2.23 0.428
1.98 0.395 2.66 0.459
2.57 0.425 1.21 0.491
3.16 0.450 3.81(3.27) 0.511
3.61 0.473

4.09(4.04)] 0.501

() 9pt average measured values
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Table 9 SC-11J - Aa Values from unloading compliaice and physical measurements of

final crack extension,
7 Mid. 290C JT8 Mid. 290C
Aa J J
mm Mim-2 mm Mim-2
0.08 0.090 0.01 0.050
0.12 0.126 0.02 0.071
0.26 0.168 0.03 0.092
0.40 0.213 0.11 0.114
0.65 0.265 0.24 0.151
0.90(Pmax) 0.317 0.3 0.191
1.73¢ 0.371 0.49 0.233
2.71* 0.414 0.79(Pmax} 0.275
3.22 0.459 1.11 0.313
3.85 0.493 1.60 0.351
4,52 0.524 2.22 0.391
i (5.791 0.568 2.76 0.429

348 0.463

4.33 0.496
¢+ Last unloading line 5.64'(5.58? 0.521

not recorded

JTI0 Top 290C JTI1 TOP 290C
Aa J J
mm Mim-2 mm Mim-2
0.04 0.023 0.02 0.041
0.04 0.040 0.03 0.060
0.02 0.058 0.06 0.082
0.03 0.080 0.11 0.108
0.06 0.108 0.20 0.131
0.10 0.130 0.37 0.161
0.22 0.157 0.56 0.195
0.33 0.188 0.84 0.231
0.86* 0.264 1.31(Pmax) 0.313
1.78* 0.302 2.58¢ 0.350
2.36* 0.335 3.60* 0.374
3.36* 0.360 5,25+ 0.403
4.65¢ 0.384 $.93 0.434
551* 0.404 6.70*(6.2:? 0.461
6.31* 0.553
6.88*(6.71) 0.534

() 9pt average measured values
* Plastic Instability
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Table 16 SC-II Regression Coelficlents In the expression J = A(Aa)b

Specimen]| Individual Coefficients | Composite Coelficients
Temp {Ring { A B 22 1A B ¢

JT1 290 Bim 0317 0320 099

0285 0363 0914
T3 290 Bim 0.265 0376 0.968
T4 150 Mid 0.286 0429 0988

0.289 0442 0989
JTS 150 Mid 0291 0458 0.996
m 290 Mid 0300 0375 0981

0294 0384 0983
JT8 290 Mid 0289 0392 0988] "
JTIL 29) ‘fop 0.259 0323 0.984

0253 0343 0934
™ 290 Top 0.248 0385 0969

Notes (1) J has units (MJm-2) and Aa has units (mm).
(2) Power curves performed using data within the limits
0.2mm < Aa <€ 4.5mm only.
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TABLE 11
Summary of Project FALSIRE analysis techniques used to assess SC-I & SC-II [1]

SC-I/I1
(7 analyses)
FE;JR
FE;JR
Al FE
WFFE
ESU/T
A2
ES;R6/1

FE = Finite element method

BES = Estimation Scheme

A1 = Analytical Solution with Numerical Intergration
A2 = Handbook Analysis of Statically Indeterminate Model
JR = R-Curve Approach '

J/IT = J/Tearing Modulus Approach

R6/1 = R6 Method/Option 1

WF = Weight Function Method
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Table 13. Summary of estimation scheme applications to analysis of
Spinning Cylinder Tests 1 and 2

Analysis Stress analysis
Experiment No, me thodology Fracture methodology
SC-1 "12  Analytic solution for hoop stress JR curve; J from handbook

distribution in rotating cylinder

14 Statically indeterminate solution for  JR curve; J from elastic and fully
circumferential force and bending plastic solutions
moment on end surface of cracked
cylindrical shell

16  Analytic solution for hoop stress JRr curve; J from weight function
distribution in rotating cylinder method

SC-11 12 Superposition of closed form solu-  JR curve; J from handbook

tions for stress caused by pressure
and thermal loading

13 Thermal stresses calculated R6, Option 1
analytically for LOTUS 1,2,3 '

14 Statically indeterminate solutions JR curve; J from elastic and fully
for circumferential force and bending plastic solutions
moment on end surface of cracked
cylindrical shell

11 Analytic solution for stress in a JR curve; J from influence
cylinder subjected to thermal gradient functions
loading

16  Analytic and finite-element soluiions JR curve; J from weight function

for stress in a cylinder subjécted to

thermal gradient loading

method
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Fig. 1 The Spinning Cylinder Test Facllity
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Fig. 2 SC-I, SC-ll Test Cylinder and crack geometries
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cylinder experiment
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Fig. 11 SC-ll,comparison of measured and computed temperature historles
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FIRST SPINNING CYLINDER TEST
ANALYSIS BY USING LOCAL APPROACH TO
FRACTURE

C. ERIPRET, G. ROUSSELIER

Electricité de France (EDF), Service Réacteurs
Nucléaires et Echangeurs (RNE),

Les Renarditres,BP 1, 77250 Moret s/Loing ,
FRANCE.

ABSTRACT

In recent years, several experimental programs on large scale specimens were organized to evaluate
capabilities of the fracture mechanics concepts employed in structural integrity assessment of PWR
pressure vessels. During the first spinning cylinder test, a geometry effect was experimentally
pointed out and exhibited the problem of transferability of toughness data from small scale to large
scale specimens. An original analysis of this test, by means of local approach to fracture is
presented in this paper. Both compact tension specimen and spinning cylinder fracture behaviour
were computed by using a continuum damage mechanics model developped at EDF. We confirmed
by numenical analysis that the cylinder’s resistance to ductile tearing was considerably larger than
in small scale fracture mechanics specimens tests, about 50 percent. The final crack growth
redicted by the model was close to the experimental value. Discrepancies in J-R curves seemed to
due to an effect of stress triaxiality and plastic zone evolution. The geometry effect inducing
differences in resistance to ductile tearing of the material involved in the specimens can be
investigated and explained by using local approach to fracture methodology.

INTRODUCTION

In recent years, several experimental programs on large scale specimens were organized to
evaluate capabilities of the fracture mechanics concepts employed in structural integrity assessment
of PWR pressure vessels [1,2,3,4). Most of hem aimed at investigate th= upper shelf toughness
fracture behaviour of low alloyed steels, anc to assess the validity of the J-integral and J-resistance
curve concepts regarding to ductile crack propagation.

Thus, it is now universally accepted that toughness may depend on thickness, loading patterns,
degree of triaxiality, and geometry of the structure. The J-R curve concept was shown not to be an
intrinsic characteritic of the material properties, but may vary in some circumstances.

It is, therefore, very important to identify the different factors that can make this toughness
changing, and to quantify their influence. The following underlying questions should be posed :

- Is the J-R curve a representative measure of tearing toughness when crack propagation
occured ?

- Is it possible to transfer the J-R curve provided from laboratory specimens tests to an other
geometry or configuration ?

This paper doesn't fully answer to the questions mentionned above, but still highlights the

importance of the problem and proposes an explanation to the geometry effect pointed out in the

. first spinning cylinder experiment. An interesting analysis performed by using a local approach to

_ fracture methodology showed the influence of the near crack tip stress and strain iields on the
fracture behaviour of steels, and explained the geometry effect observed.
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THE FIRST SPINNING CYLINDER EXPERIMENT

The first spinning cylinder test, performed by Northern Research Laboratories, involved the
rotation of a 200 mm thick cylinder containing a full lcngth axial flaw to an angular speed of 2600
rpm at the temperature of 290°C [1). This test aimed at generating ductile crac ﬁmwm by
igcreaismkng progressively the rotational speed, that created a membrane hoop stress loading across
the thickness.

The first objective of this test was to provide experimental data that would permit the construction
of a J-resistance curve. This has been achieved by using the measurement of an alternating current
drop potential to determine the crack growth, and by performing a finite element analysis in order
to associate to each rotational speed a corresponding value of J-integral.

In addition, a J-R curve was also derived from experimental results corresponding to small scale
compact tension specimens tests and proved consideral;lg lower J-values than the cylinder's J-
resistance curve ( fure 1). A geometry effect (scale, load, or size effect ?), was experimentally
pointed out and exhibited the problem of transferability of toughness data from small scale to large

scale specimens.

ANALYSIS BY LOCAL APPROACH METHODOLOGY
An original analysis of this test, by means of local approach to fracture is presented in this paper.

The model used in this paper refers to the generalised standard material constitutive relations (5],
and enables to model material tearing and crack propagation whithout using any numerical
technique such as node release. The main advantage of this approach is to assess the crack
initiation and ﬁmwth by using criteria derived from the near crack tip stress and strain fields (local
values), which control the material damage. The evolution of the damage is governed by the
competition of material hardening and softening. These effects are included in the constitutive
relations by modifying the expression of the plastic potential as follows :

Fa F = Jea_pg DB(8 S
nardaning* Faamage = —2 - AB) + 0B()ex (-;-3-1)

12
3 1

The constitutive relations are derived from F, and from the yield criterion F=0, through the help of

the normality rule. In this expression, D and O are constants, p is the hardening variable, and B
the damage variable. Material hardening is assumed to be isotropic, as well as damage. The second

term R(p) represents the true stress - que strain curve of the material, and function B(p) is equal to

0, 1nexp B
BE) = 1 02P7

1-fg+igexpB

where fq is also a scalar that defines the initial volume fraction of cavities. Material softening
caused by cavities growth is taken into account through the third term Fyymage, Which competes

As loading is increasing, the plastification effects make the cavities growing, and damaging the
material. When the damage becomes important, softening of the material tak>s place and the stress
strain relation is going down (figure 2). The material resistance becomes lower aad lower, until the
failure occurs.
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From the calculation results, we can determine the instants at which the crack growth initiates, as
well as the position of the crack tip during the propagation when the opening stress reach a
maximum just before collapsing (tigure 3). The first maximum observed defines the crack
initiation, the second one nccurs when the first element fails, the third maximum defines the failure
of the second element, an so on... [6].

Then, combining numerical results and J-contour integral calculation provides a numerical J-R
curve characteristic of the structure behaviour regarding to ductile tearing.

Using Rousselier's model, one needs to identify the three parameters that control the fracture
behaviour :

- the cavities initial volume fraction fp,
- the metallic matrix stiffness G,

- and the characteristic length Ic of the finite elements.

Usually, fj is estimated from the chemical composition of the material [7]. In fact, manganese
sulfides inclusions play an essential role in the cavities growth and we can directly relate the inital
volume fraction of cavities f,, with the percentage of Mn and § elements through the Franklin's

formula :
fo=1f, =0.054 (S % - 0.001/Mn % )

The second parameter G; may be estimated from the flow stress value but this gives a poor

evaluation of it. In practice, mechanical testing is necessary to calibrate 0y (7). The basic
specimens used for it are axisymmetric notched tension specimens, for which the calibration
grocedurc is depicted in figure 4. However, we couldn't follow the same procedure in this study,

ecause we got neither coupons of material in which mac’ ‘ning the notched specimens, nor
experimental results (provided from axisymmetrcal notched specimen tension tests) to be compared
to numerical computations. -

Thus, calibration was made with help of results provided from Compact Tension specimens, and
the model's parameters were determined so that calculated J-R curve (determined from CT
specimen test simulation) fit the experimental one. The two curves, which are in a good agreement,
are plotted on figure §S.

The mechanical properties were issued from [1] as well as the chemical composition of the
material (table 1).

The parameters were found to be equal to :
fo= 6.104, G = 350 MPa , and I, = 0.5 mm

Then, a two-dimensionnal finite element computation was performed to analyse the fractu -
behaviour of the spinning cylinder. Obviously, the same parameters of the Rousselier's moc'«
were used to make this computation. The same size of element was kept to mesh the crack tip ar¢. .,
according to [6]. This condition ensures the crack propagation speed in the CT specimen and in the
cylinder will be close.

As our finite element code did not enable to account for body forces, . “eplaced the rotation load
by internal pressure that provided an equivalent hoop stress profile ior an uncracked structure
[8](at most 3.6 percent error at inner surface).

However, these loadings are not equivalent regarding to the radial stresses : the contractiui duc to
pressure is very different from the contraction caused by spinning. This difference may influence
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the stress and strain fields in the vicinity of the crack, and also the damage's evolution. The
influence of the radial stress on ductile tearing will have to be clarified in further studies.

The equivalence between loadings provided from pressure or rotational speed is given by this
expression [10]: ‘
2 (R,2+R2+R,R) (R, ~R)
%m * Gum = Pril) mpts 2 =2
[

where OPm and Owm are the average values of the hoop stress through the thickness generated
respectively by internal pressure and by rotational speed :
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We performed the numerical simulation of the behaviour of the cracked cylinder under internal
pressure and translated results of both crack propagation and J-integral into values depending on
rotational speed.

Then, the J-R curve numerically obtained is presented in figure 6, and compared with the J-R
curve derived from CT specimens testinf. We confirmed by numerical analysis that the cylinder's
resistance to ductile tearing was considerably larger than in small scale fracture mechanics
specimens tests, about 50 percent. The final crack growth (about 2.5 mm) obtained at 260C rpm
(corresponding to an intemal pressure of 85 MPa) was close to the experimental value (2.75 mm).
Scatter in J-R curves seemed to be due to an effect of stress triaxiality and plastic zone evolution,
which are very different in the two situations. It should be noted that we call stress triaxiality the

ratio Opy/Oeq,

The CT specimen tests involved a quasi-pure bending loading of the structure, which is totally
different to withstand than a membrane loading as generated by internal pressure or spinning.

This loading effect can be responsible for changing the J-resistance curve level, at initiation point
as well a~ during crack propagation. The stress triaxiality around the crack tip is larger in the CT
specimen than in the hollow structure (figure 7). Then, the material damage will increase earlier in
the crack tip area of a CT specimen : the cavities growth, which is directly depending on the stress
triaxiality level [9), will be quicker. The steel resistance to ductile tearing will be lower in that case.

DISCUSSION ABOUT THE DEPENDANCE OF FINITE ELEMENT ANALYSES
RESULTS ON MESH SIZE

Through this numerical analysis carried out with local approach to fracture, it has been shown that
an essential parameter of this kind of models is the mesh size. This finite element size plays an
important role in local fracture mechanics concepts applications, and the de?endancc of finite
element analyses results on it has to be highlighted end explained. In fact, this parameter is the
most controversial one because ‘B::ople intuitively think that increasing the mesh refinement will

rovide more accurate results. Then, imposing to use a fixed mesh size, which is in some cases
arge when compared to the microstructure scale or o the stresses and strains gradients might
shock.any physical reasoning.

However, it must be noticed that introducing a distance criterion for failure at crack tip is absolutely
necessary when developping a model based on microstructured controlled fracture process. As far
as local approach modelling is based on microscopical observations of damage mechanisms, and
tries to relate the macroscopic fracture behavioi.r of an homogeneous materiaf on the microscopic
metallurgical heterogeneities, this way of modelling obeys to the rule and has to introduce a scale
factor that averages the microscopic mechanisms and microstructural effects.
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Previous works have already exhibited this conclusion. Rice and Johnson [11] and later Ritchie,
Knott and Rice [12] mentionned that for cleavage fracture, where failure occurs on microstructural
initiation sites, the critical fracture stress has io be achieved at a distance which is characteristic of
the material microstructure. More recently, Neville [13] introduced a new definition of that critical
distance, but demonstrating the same conclusion : introducing microstructural effects on failure in a
continuum mechanics analysis requires a characteristic distance that relates the mechanical
behaviour at microscopic scale to the macroscopic scale. The physical reason for it is that, for a
sharp crack as well as for a blunted crack, the stresses or strains in the highly strectched zone will
always overpass a critical value. Then, any failure criterion expressed in terms of critical stress for
cleavage or critical strain for ductile tearing will be achieved in a process volume near the crack tip.
Therefore, if no critical distance had to be introduced, the minimum toughness for any
microstructured material would be zero. -

As far as a scale factor must be introduced, the solution that has been retained for local arproach to
fracture models is to introduce it directly through the mesh size. This the simplest solution, but
may be not the most satisfactory one from a physical a}:oint of view. Recent works on strain or
damage localisation have shown that it is possible to make local models results independent on the
mesh size by using a redistribution function in the finite element an:ll{sis (14]. Then, the critical
distance ap in the "delocalisation" procedure by determining the width of the Gaussian sha
redistribution function. This way of modelling may be more satisfactory, but is still time
consuminf in numerical analyses, makes the finite element code more difficult to operate, and
lastly exhibits the same difficulties in relating this characteristic distance to any microstructural
scale. Then, although it is not physically justified, introducing this scale trough the mesh size
seems to be the simplest solution and the most convenient for today's industrial applications. Thus,
this parameter must be fitted numerically in order to account for coalescence of growing cavities
(interactions between elementary cells containing an insolated cavity). The mesh size has therefore
a limited influence on crack initiation, and a large one on propagation.

Another point deserves to be highlighted : it concerns the role played by the microsructure on
material or industrial structures resistance to fracture. In order to predict structural integrity in
connection with microstructural fracture processes, four different scales of observations must be
considered. The first one is related to microstructure and material microscopic heterogeneities, the
second one concerns the scale of continuum mechanics, the third one represents the scale of the
process zone (damaged zone or yielded area), and the last one is the size of the structure. The
microstructural distance can be related to mean spacing between inclusions or carbides, or any
other Karticlcs that play a role in the microsructure fracture process. When comparing this distance
with the process zone size, two cases must be considered. If the plastic zone, or crack tip opening
displacement is much larger than the mean spacing between inclusions, the effect of microstructure
on material failure is very limited. It can be considered that the material, observed at the scale of
CTOD or mesh size, is rather homogeneous. In that case, the macroscovic tensile properties of the
material, even if including damage, are determined at a scale which alreudy averages microstrucural
effects. On the other hand, if the continuum mechanics scale and the mean spacing are within the
same order of magnitude, the characteristic distance will obviously play a greater role on crack
initiation as well as crack growth. Moreover, if the distance between initiation sites is greater than
CTOD or continuum mechanics scale, microstructure effects on fracture will be enhanced and any
modelling attempt of the fracture process will have to include statistics on geometrical ditribution of
inclusions in order to be able to account for structural resistance as well as for scatter associated to
crack initiation and toughness measurements.

Once again, the simplest solution is to seize the opportunity that the mesh size is an averaging tool
for stresses and strains gradients, but also for the etfects of microstructure on failure.

CONCLUSION

This modelling, instead of applying criteria based on lobal loading parameters, describes the
damage evolution from local values of stress and strain fields. For this reason, this method is able
to account for local effects of the crack area loading factors, such as stress triaxiality.
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The geometry effect inducing differences in resistance to ductile tearing of the material involved in
the specimens can be investigated and explained by using local approach to fracture methodology.
The Rousselier's model proved to be an efficient tool for understanding ductile tearing behaviour
of steels, and brings answers where classical fracture mechanics concepts fail.
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TABLE 1 ~« MECHANICAL PROPERTIES FOR SPINNING
CYLINDER TEST MATERIAL.

® TEST MATERIAL IDENTIFICATION

Nominally ABOB Class 3 composition in a nonstandard quenched
and temperad condition

® CHEMICAL ANALYSIS

c Si Mn ] P Cr Mo Ni
022 020 132 0012 o00t2 008 087 078

¢ THERMAL TREATMENT

Austenitise 8 hours st 1085°C
Quench Water quench from 1085°C
Temper 7 hours st 690 ¢ 10°C

® PROPERTIES-TEST TEMPERATURES

200°¢C

® ENGINEERING AND TRUE STRESS-STRAIN TENSILE DATA

E-Modulus [MPa) 193,000 (measured using an slectrostatic
resonance technigus)

Ro0.2 [MPs) 840
Ay [MPa] 710

v, Poisson's ratio 0.275 (determined from biaxial strain gage
measurements of material strips
loaded in tension)
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TABLE 2~ TYPICAL STRESS-STRAIN DATA AT 200°C FOR FIRST SPINNING
CYLINDER TEST MATERIAL.

True Strain True Strgss
% N/mm
0.003908 7.9
0.08882 111
0.1084 207
0.1842 3038
0.2007 303
0.228 . 433.8
0.2872 461.8
0.3118 496.2
0.3918 528.3
0.4988 £48.4
0.6054 884.5
0.714 8764
0.8228 887.8
0.0329 668.8
1.043. 804.4
1.183 611.8
1.207 614.4
1.261 817.9
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Figure 1 — Cylinder geometry for first spinning cylinder experiment.
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Figure 2 — Stress-strain curve accounting for damage.
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Figure 4 — Numerical load-displacement curves of a notched tension
specimen (schematic).
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Figure 5 — Comparison of experimental and numerical J-R curves
for CT specimens,
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Figure 9 — Mesh of the cylinder.
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A SUMMARY OF CSNI PROJECT FALSIRE ANALYSES OF THE SECOND
HSST PRESSURIZED-THERMAL-SHOCK EXPERIMENT (PTSE-2)

B. R. Bass
Heavy-Section Steel Technology (HSST) Program
Ozk Ridge National Laboratory
Oak Ridge Tennessee

J. Sievers
Gesellschaft fiir Anlagen-und Reaktorsicherheit
K8ln, Germany

ABSTRACT

A comparative summary of Project FALSIRE Workshop analyses of the second pressurized-
thermal-shock experiment (PTSE-2) is presented. All analytical predictions are found to
underestimate the measured crack-mouth-opening displacement (CMOD) and crack propagation data
for the first loading transient. Additional analyses performed subsequent to the FALSIRE Workshop
are described that examine some possible explanations for these differences in predicted and
measured structural response. Updated analysis results based on temperature-independent material
and physical properties are shown to substantially underestimate measured data describing time
histories of circumferential surface strains. No improvement in the comparisons is obtained by
incorporating temperature-dependent properties into plane stress or plane strain models. However,
two-dimensional models may not be adequate to represent the structural response of the vessel. A
pronounced axial dependence of the measured CMOD and crack extension data from the first
transient implies that significant three-dimensional loading effects may have played an important role
in the experiment.

1. INTRODUCTION

The pressurized-thermal-shock experiments [1,2]) (PTSEs) in the Heavy-Section Steel
Technology (HSST) Program are part of a carefully planned series of fracture mechanics experiments
that are of a scale large enough to produce restraint at the crack tip similar to that of full-scale water-
cooled nuclear reactor pressure vessels (RPVs). Hypothetical PTS transients, when imposed on the
thick-wall vessel, produce high tensile stresses on the cooled inner surface. In addition, irradiation
embrittlement is greatest near the inner surface, so that in the case of some pressurized water reactor
vessels, preexisting shallow flaws on the inner cooled surface may propagate in a fast fracture mode.
If pressure is also present during the thermal transient, additional stresses are produced that become
more dominant as the crack advances through the wall, and vessel integrity may be threatened in the
absence of crack arrgst or an action to reduce the load. The positive gradient in temperature and
the lessening of neutron damage through the thickness provide increased material toughness to
enhance crack arrest and terminate an incident without breaching the vessel wall. The primary
objective of the HSST PTSEs is to provide an experimental basis for the confirmation of current
fracture analysis methods or for the development of new methods.
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The following fracture phenomena can be investigated through these tests.

1. The ability of RPV steels to exhibit sufficiently high crack-arrest toughness to halt crack
propagation before instability.

2. The fracture mode transition as the crack propagates into ductile regions.

3. The propensity for ductile tearing, prior to initial cleavage crack propagation.
4. The inhibiting effects of warm pre-stressing on initiation of cleavage fracture.
5. The evolution of crack shape changes in clad vessels.

The second experiment [2] (PTSE-2) in this series was performed with a surface-cracked
vessel having the geometry shown in Fig. 1. The PTSE-2 experiment was concerned, primarily, with
characterizing crack propagation in material with low Charpy upper-shelf energy levels, and,
secondarily, with warm pre-stressing. The test material in PTSE-2 was a specially heat treated 2-1/4
Cr-1 Mo plate, meeting SA-387 grade 22 specifications with a low Charpy impact energy (~ 50-70 J)
on the ductile upper shelf, which ensured low ductile-tearing resistance. Vulnerability of existing
reactor pressure vessels to damage in over-cooling accidents is a potential problem mainly in instances
of vessel steels that have high copper contents and, consequently, high susceptibility to fast-neutron
embrittlement. Coincidentally, these high-copper steels have low ductile tearing resistance at
temperatures on the Charpy upper shelf.

The PTSE-2 experiment was designed to examine crack propagation and arrest in a material
that exhibits low tearing resistance. One phase of the experiment was defined to produce cleavage
arrest at temperatures above the onset of Charpy upper-shelf behavior followed by unstable tearing,
Another objective was to achieve cleavage initiation of a warm pre-stressed crack. A third
consideration was to evaluate tearing resistance models through interpretation of stable tearing that
occurs prior to cleavage initiation and after arrest.

This paper presents a brief description of the pressurized-thermal-shock test facility at ORNL,
a review of the test objectives, and a summary of the test results for PTSE-2, Results from analyses
of PTSE-2 carried out in support of the CSNI/FAG Project FALSIRE are compared with the
experimental observations. Consideration is given to the cleavage run-arrest events that occurred,
and to the various ductile tearing phases of each test. Finally, some conclusions are presented based
on the outcome of the studies.

2. PTSE-2 PRESSURIZED-THERMAL-SHOCK EXPERIMENT
21 PTSE-2A

The details of the PTSE-2 test vessel and the initial flaw geometry [2] are given in Fig, 1 and
in Table 1. An HSST intermediate test vessel was prepared with a plug of specially heat-treated test
steel welded into the vessel. The 1-m-long sharp flaw was implanted in the outside surface of the
plug by cracking a shallow electron-beam weld under the influence of hydrogen charging. For the
test, the vessel was extensively instrumented (e.g., see Figs. 2 and 3) to give direct measurements of
CMOD, temperature profiles through the vessel wall, and internal pressure during the transient.
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In the experiment, the flawed vessel was enclosed in an outer test vessel (OTV) as shown
schematically in Fig. 4. The OTV is electrically heated to bring the flawed test vessel to the desired
uniform initial temperature of about 290°C. A thermal transient is initiated by suddenly injecting
a chilled methanol-water mixture through an annulus between the test vessel and the other vessel.
The annulus between the vessel surfaces was designed to permit coolant velocities that would produce
the appropriate convection heat transfer from the test vessel for a period of about 10 min.
Pressurization of the test vesse! is controlled independently by a system capable of pressures up to
about 100 MPa. A detailed description of the ORNL PTS test facility, including the main coolant
and pressurization systems, as well as the computer-controlled data acquisition systems, is given in
Refs. 1 and 2.

In PTSE-2, the insert (test) material was taken from a 2 1/4 Cr-1 Mo plate, meeting SA-387
grade 22 specifications. The two pieces used for the insert and for properties characterization were
subjected to the same heat treatment following welding of the insert into the vessel. The heat
treatment was intended to provide the tensile and toughness characteristics desired for the
experiment. The tensile strengths were undesirably low, but other properties, although somewhat
uncertain, were satisfactory. True stress-strain tensile data are shown in Fig. 5 for the low upper-shelf
(LUS) test material (A) and the tough carrier vessel material (B). (Concerning Fig. 5, note that the
LUS material (A) set 5 data were from the properties characterization piece and used in pretest
analyses, while set 7 data were obtained from actual vessel insert material after completion of
PTSE-2.) Tensile and physical properties for the test vessel are given in Tables 2-3. Additional data
characterizing the fracture properties of the PTSE-2 material are given in Tables 4-5 and in Figs. 6-7.
Side-grooved specimens from the vessel insert and from the pretest characterization piece (PTC1)
were tested at 175 and 250°C to obtain full JR-curves (see Fig. 7). These unloading-compliance
characterization tests were analyzed using procedures described in ASTM E1152, and the power-law
curve fit parameters are given in Table 5.

Pretest crack arrest (Kjg) and crack initiation fracture toughness (Kj¢ and Kj) data are shown
in Fig. 6. The K|, data were obtained from tests of 33- and 51-mm-thick specimens. Kj¢ and Kj
data are from tests of 25-mm-thick specimens. The upper- and lower-K|, curves shown in Fig. 6(a)
were determined by least-squares fits to the raw data and to p-adjusted (3] data, respectively. The
curves representing K¢ at high transitional temperatures were presumed, in the absence of reliable
data, to be positioned ~30°K lower in temperature than the respective Kya curves. It transpired
that a K| curve determined by the low-temperature Ky points and by the remaining p and rate-
adjusted Kj data [2] in the transition region was suitably related to the upper Ky curve. This fitted
K|c curve and a lower K| curve, displaced upward by 30°K from the former (Fig. 6(b)), were
adopted for planning the PTSE-2 experiment.

The experiment was planned to consist of two transients, of which the first would induce warm
prestressing (Ky < 0) followed by reloading (Kj > 0) until the crack propagated by cleavage and
arrested. The second transient was planned to produce a deep cleavage crack jump with an arrest
occurring only after conditions conducive to subsequent unstable tearing were attained. The second
transient was also necessary to provide a measurement of K| that was not strongly affected by warm
prestressing so that the effects of warm prestressing in the first transient could be evaluated. The
experimentally-determined temperature profile and pressure data for transient A, as well as some
material characterization of the test section, are given in Fig. 8 and in Table 6.

The time dependence of the heat transfer coelficient for transient A is given in Fig. 9. The

thermal shock in the PTSE-2A transient started about 112 s after the initiation of the data scan.
Subsequently and sequentially, the flaw experienced ductile tearing while K| was increasing; tearing
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ceased, presumably when K] first decreased; tearing resumed at about the time K] increased again;
cleavage crack propagation and arrest occurred; and, finally, ductile wcaring resumed after crack arrest
until pressure was reduced. The succession of events identifiable from recorded transient data is
summarized in Table 7. The most probable times of events were determined by detailed evaluation

of all relevant data,

CMOD behavior for the entire PTSE-2A transient is typified by the plot shown in Fig. 10.
More detail for the period of initial tearing that preceded the initial maximum K| is represented by
two typical CMOD measurements vs time shown in Fig. 11. The first maximum K| was reached at
point A, when CMOD reached a maximum. Examination of the fracture surface showed that ductile
tearing enlarged the flaw depthwise with no significant axial tearing.

The second episode of ductile tearing transpired when CMOD again increased (from point
B to C in Figs. 10 and 12). The crack propagated by cleavage, causing the rapid change in CMOD
from C to C'. The final ductile tearing in PTSE-2A occurred while pressure and CMOD were
increasing (from point C’ to D in Figs. 10 and 12),

22 PTSE-2B

The arrested crack from transient A was the initial crack geometry for transient B. Data
describing the thermal and mechanical loading conditions in transient B are provided in Fig. 8 and
Table 6. The thermal shock in PTSE-2B started at about 155 s after initiation of the data scan.
Here, K| increased monotonically until about the time of the rapid cleavage crack propagation. The
extended crack that had developed during the PTSE-2A first tore depthwise and then converted to
cleavage. The propagating cleavage crack arrested and then propagated by ductile tearing until the
vessel ruptured. The events in this transient are summarized in Table 7. The CMOD behavior

typical of the time before cleavage is shown by the CMOD at the center of the flaw in Fig.13. The
time of the start of the cleavage event is reasonably well defined by all of the active CMOD and
strain gages.

The PTSE-2 experiment produced two fast crack jumps. The final crack propagation led to
rapid ductile tearing that penetrated the vessel wall. Prominent features of the flaw are identified
in Fig, 14 and Tables 8-9. The average depth of the flaw at several stages is given in Table 9. The
experimental records of CMOD vs time in conjunction with finite-clement calculations of
displacements displacements for a range of crack depths and times were the basis for identifying
fracture events. The time of vessel rupture is marked by a sharp drop in pressure and by abrupt
changes in CMOD and strain gage outputs. Times of all events are given relative to the time of
initiation of the computer-controlled data scans.

3. SUMMARY OF ANALYSIS RESULTS FROM CSNI/FAG WORKSHOP
In this chapter, the results of the finite-element (FE) and the estimation scheme (ES) analyses
of PTSE-2 presented at the CSNI/FAG workshop in Boston in May 1990 and in Ref. 4 are discussed.

The following discussion concentrates on reasons for the discrepancies among the various analyses
of the PTSE-2 experiment.
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3.1 PTSE-2A

The time histories of CMOD and the J-integral are presented in Figs. 15-16, and selected
characteristics are summarized in Table 10. The comparisons in Fig, 1S show that all analyses
underestimate the experimental results of CMOD. Note that the lack of temperature-dependent data
concerning the stress-strain curve and the thermal expansion coefficient («), as well as the use of an
a-value based on a reference temperature of 20°C, could be important factors in this
underestimation of CMOD. Also, recent evaluations of the PTSE-2 data indicate that the measured
CMOD values show a strong dependence on axial position in the vessel.

The FE results are strongly dependent on the approximation of the stress-strain data, the
effect of whether crack extension has been considered, and the coefficient of thermal expansion.
Analysis 10 has ~30% lower CMOD at t = (85 s than analysis 5 and ~40% higher J-value. The
reason is the different bilinear approximations of the stress-strain data. The measured onset of yield
is very low (70 MPa) compared with the engineering yield stress (255 MPa) quoted for the vessel
insert. The value used in the calculations ranges from 200 to 495 MPa, dependent on whether the
small strain or the larger strain region of the stress-strain curve is approximated well. Furthermore,
an increase of 50% in o, , was measured for the vessel insert after transients A and B. The artificially
high yield stress used in analysis 10 results in higher stresses on the ligament (Figs. 17-20, especially
Fig. 20), with smaller plastic zone and, therefore, smaller CMOD but higher J-integral. In analysis
5, the final crack length after the first period of stable crack extension (5.1 mm after 185 s) was
used, which produces an increase of CMOD at t = 185 s of ~30% compared with analysis 5. Based
on the experiences with other calculations, a 20% higher coefficient of thermal expansion was used
to demonstrate the effect of a change in reference temperature from room temperature to 300°C.
This change produces a CMOD increase of 13%. The change in the approximation of the stress-
strain data (pretest set 5) by a multilinear curve causes a CMOD decrease of ~13%. Perhaps
because of uncertainties concerning the loading assumptions as indicated by the axial dependence of
CMOD, a 17% underestimation of the measured CMOD remains at 185 s. The scatterband of the
results is also enlarged because different assumptions concerning the crack depth have been chosen
(initial depth or depth after first phase of stable crack extension).

Analysis 8 simulated the measured crack extension, but the higher yield stress makes the
model more stiff, which results in lower CMOD values. ES analyses 15 and 15’ used influence
coefficients based on infinitely long cracks and on finite-length 3-D cracks, respectively. Therefore,
when the fracture assessment is done excluding analysis 15 (because the latter assumes infinite crack
length) and analyses 5' and 8 (because the latter already took crack extension into account), a crack
extension estimate of 1 t0 2.5 mm (measured 5.1 mm) is obtained from isothermal CT-25 specimen
JR curves (Fig. 7). The underestimation of crack loading and crack extension has to be considered
in connection with the underestimation of CMOD; that is, without good structural mechanics
simulations, 8 good fracture mechanics approximation cannot be achieved. The temperature
dependence of JR is strong, and it is not known what the effect of temperature gradient in the test
cylinder is on the crack resistance.

Oscillations of q (Figs. 21-24) in front of the crack tip (e.g., analysis 5) can be reduced by a
finer mesh on the ligament (e.g., analyses 7, 9, and 10). The necessary material properties, especially
the temperature dependence, were not available totally. Therefore, reasons for the large difference

between results of the analyses and the experiments could be provided only partly. However, some
parameters that show significant influence on the analysis results have been identified.
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3.2 PTSE-2B

Figures 25 and 26 show the time dependence of CMOD and the J-integral, and Table 11
shows selected characteristics of the FE analyses. The FE analyses underestimate CMOD (as in
PTSE-2A), which may be because of the same reasons just discussed [e.g., lack of temperature-
dependent material data for o and «]. Differences in the stress behavior on the ligament, especially
at the beginning of the transient (Figs. 27-29), are caused by the inclusion of residual stresses from
transient A in analyses S and 8 but not in analysis 7. Furthermore, different material property sets
were used, set 7 in analysis 5 and set § in analysis 7 (Fig. 5). These assumptions lead to differences

in CMOD and J-integral values.

Negative J values are calculated at the beginning of the transient in analyses 5 and 8 because
of the compressive residual stresses in front of the crack tip caused by transient A. The hoop stresses
of analyses 12 and 15 (see Fig. 30) compare well, but the J values have large differences because of

the ES methods applied.

A range of stable crack extension is calculated using isothermal JR curves and the J-integral
scatterband obtained by excluding analyses 12 and 15 from the set given in Fig. 26. Possibly, analysis
12 fails because of the deep crack and analysis 15 because of the assumption of infinite crack length
(as compared with analysis 15, which assumed a finite crack length). The calculated crack extension
ranges from 1.4 to 2.9 mm (measured 3.7 mm, i.e., 9% of the initial crack depth in PTSE-2B). The
underestimation of the crack extension is not as large as in PTSE-2A, but another factor that could
reduce the crack extension has not been considered. The stress state in front of a crack that has
already seen transient (A) could be altered due to blunting and could lead to an increase in crack
resistance comoared to that of a standard specimen. To summarize, differences between the analysis
results and the experimental data could not be clarified totally, but additional factors that could
influence the quality of fracture assessment based on JR methodology have been identified.

4. FURTHER ANALYSIS AND DISCUSSION

Results presented in the previous section from the Project FALSIRE Workshop and from
Ref. 4 indicate that all analytical predictions underestimated the measured CMOD at the crack
midplane and the crack propagation data for PTSE-2. Subsequent to the FALSIRE workshop,
additional studies were performed at GRS to examine in more detail some of the possible
explanations for the differences in predicted and measured structural response. These studies focused
on the following factors related to the PTSE-2 experiment:

- Comparisons between measured and calculated circumferential strains in the vessel;

- Consideration of temperature-dependent tensile and physical properties (i.e., stress-strain
curves, thermal expansion coefficient, etc.);

- Plane strain/plane stress approximation; and

- Axial/circumferential dependence of measured displacements and strains (i.e., 3-D load
effects).

In Figs. 31 and 32, measured circumferential strains are compared with calculated values on
the inner and outer surface of the vessel wall, respectively. The strain gages providing the measured
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data are located in the axial plane of the crack, as shown in Figs. 31 and 32. The calculations were
carried out assuming temperature-independent material properties and a multilinear stress-strain
curve. Results are shown for two fixed crack depths of a = 14.5 and 19.6 mm. For both crack
configurations, the computed values underpredict the magnitude of measured circumferential strain
at both the inner and outer gage locations.

The potential influence of temperature-dependent material and physical properties on
modeling the structural response of the vessel was discussed in the previous section. Additional
analyses were performed using the temperature-dependent tensile properties depicted in Figs. 33-35
and presented in Table 12 for the insert material and for carrier vessel respectively. The
temperature-dependent thermal expansion coefficient for the insert material is given by the relation

(D) = (102 + 12496 - 10° T) - 1078

within the range 0 to 350°C, where « is per Kelvin and T is degrees Celsius.

The updated analyses were performed for both plane stress and plane strain assumptions using
a fixed crack depth of a = 14 mm. In Figs. 36 and 37, results for calculated circumferential strains
are compared with measured data from PTSE-2A at two locations remote from the crack. Apparently
these results indicate that the discrepancy between measured and computed structural response
cannot be explained satisfactorily in terms of temperature-dependent properties or 2-D plane
strain/plane stress modeling assumptions.

Examination of measured data [2] from the PTSE-2A transient reveals an anomalous
mismatch of the flows into and out of the shroud (Fig. 38) and a pronounced axial dependence in
the measured CMOD and in the measured crack extension just prior to the first cleavage event. This
axial dependence of CMOD and of crack extension is depicted in Figs. 39 and 40, respectively. These
data imply that significant 3-D loading effects may have been active in the transient which preclude
the use of 2-D models to represent the structural response of the vessel.

5. CLOSURE

All of the PTSE-2 finite element analysis results from the FALSIRE Workshop provided
estimates of CMOD vs time that substantially underpredicted the measured data for the first phase
of stable tearing. Additional analyses were described herein that examined in detail some of the
possible explanations for the differences in predicted and measured structural response. In these
updated analyses, calculated circumferential strains vs time for two different crack depths and for
temperature independent material properties significantly underpredicted the measured data at two
locations remote from the crack tip. When the analyses were repeated using temperature-dependent
material properties and considering both the plane stress and plane strain assumptions, no
improvement was observed in matching the measured data.

Published data indicate a pronounced axial variation in the measured CMOD and crack-
extension for the PTSE-2A transient, implying the existence of significant 3-D loading effects.
Additional studies should be performed to determine whether further advances in the understanding
of events in the PTSE-2A transient can be extracted from models incorporating this axial dependence
in the measured data.
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Table 1. PTSE-2, geometric parameters of

PTSE-2 vessel
—Parameter _Value
Inside radius (mm) 343.0
Wall thickness (w) (mm) 147.6
Flaw length (mm) 1000.0
Flaw length (a) (mm) 14.5
afw 0.098

Table 2. PTSE-2, ten-ile properties for PTSE-2 vessel

Material A Material A* Material B

—(set 5) (set7)
Elastic modulus, E (MPa) 2111 x 10° 1.98 x 10° 2.023 x 10°
Poisson’s ratio, v 0.3 0.3 0.3
RT yield stress, o, (MPa) 255 375 430
RT® ultimate stress, o, (MPa) 518 ? ?

* = Low upper shelf test material
® = Carrier vessel material
¢ = Room temperature
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Table 3. PTSE-2, physical properties for PTSE-2 vessel

Heat convection coefficient
Thermal conductivity

Specific heat

Density

Coefficient of thermal expansion

(See Fig. 9)

k = 41.54 Wm-1 K-1
¢ = 5024 Jkg-1K-1
p = 7833 kgm-3

« = 144 x 106 K-1

Table 4, PTSE-2, fracture properties for PTSE-2 material

Property Value
NDT temperature (°C) 49
Onset of Charpy upper shelf 150

(100% shear fracture appearance) (°C)
Charpy upper shelf Energy (J) ~50-754
Charpy transition temperature (°C)

At 50% shear fracture appearance 90

At 0.89-mm lateral expansion 98

9Range for all depths in plate. The average at 1/4 depth is ~68 J.
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Table 6. PTSE-2, experimental pressure vs time values
for PTSE-2A and -2B at selected time steps*

PTSE-2A PTSE-2B
Time Pressure Time Pressure
(8) (MPa) (s) (MPa)
110 60.0 157.2 2.7
120 60.5 159.6 29
130 61.2 161.9 30
140 61.8 164.3 3.0
150 62.2 167.9 31
160 62.6 171.5 31
170 63.0 178.7 3.2
180 63.2 185.8 34
185 62.8 193.0 32
200 46.5 200.2 29
220 31.5 214.5 2.5
240 21.5 228.8 2.5
260 148 243.2 2.6
280 10.4 271.8 24
310 10.8 300.5 31
340 11.1 329.2 55
345 16.7 350.7 93
350 26.5 365.0 11.2
355 36.5 386.5 16.3
360 458 400.8 20.1
365 52.5 451.0 349
370 49.4 501.2 50.0
551.3 62.9
572.8 66,9
575.7 673
576.0 65.1
576.7 62.3

ATime t = 112 s and 155 s at start of thermal
transient for PTSE-2A and -2B, respectively.
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Table 7. PTSE-2, events identified by transient data in PTSE-2A and -2B

—Event

Initial tearing

" First maximum K
Minimum K]
Precleavage tearing

Crack arrest

Postcleavage tearing
Final maximum Kj

Precleavage tearing
Cleavage propagation
Crack arrest

Time?
{s) Evidenceofevent
PTSE-24
Initiation of thermal shock ~112 Outside surface temperature
112-184.6 Analysis and CMOD
184.6 Calculated K|; CMOD, pressure
341.8 . Calculated Kj; CMOD, pressure
341.8-361.4 Analysis and CMOD
Initial cleavage propagation 3614 CMOD
361.4b CMOD
Axial crack propagation 3614 Strain and CMOD gages beyond
ends of initial flaw
361.4-365.6 Analysis and CMOD
365.6 Calculated Ky, CMOD, pressure
PTSE-2B
Iritiation of thennal shock ~155 Outside surface temperature
155-575.8 Analysis and CMOD
575.82 CMOD
575.82b CMOD
576.2--576.7 Analysis and CMOD
576.7 Pressure, CMOD, strain

Postcleavage tearing
Rupture of vessel wall

ATime after start of scanning by the data acquisition system.
bTiine intervals <10 ms cannot be resolved by the data acquisition system.
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Table 8. Fracture features shown in Fig. 14,

Deeper

Area ___Boundary __Description

A

Y1

Y2

£}

Y4

Ys

Yo

Y

b 4]
Ys
Yo

Cracked electron-beam weld, smooth
dark gray

Precleavage ductile tear in PTSE-2A,
dark gray, rough

Cleavage fracture in PTSE-2A, light
gray

Postcleavage ductile tear in PTSE-2A,
brown or gray band

Precleavage ductile tear in PTSE-2B,
medium gray

Cleavage fracture in PTSE-2B,
light gray

Narrow band of ductile tearing,
medium gray

Same as F
Postcleavage ductile tear in PTSE-2B
Light-gray shear lip in ruptured

portion; unbroken ligament, very light
gray, near both ends of flaw
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Table 9. PTSE-2, dimensions of fracture features

of the PTSE-2 flaw
Depth4
Feature (mm)
EB weld crack (y,) 14.5
Initial ductile tear (y,) 22.5
First cleavage crack (y;) 39.3
Intermediate tear
First phase (y,) 424
Second phase (ys) 46.1
Second cleavage crack (y,) 78.8
Momentary arrest site® (y,) 69.2

aAverage total depth of feature over the central part
(™ 400 mm long) of the flaw.

bThis linear feature is distinct for 500 mm in both

directions from the beltline. It is generally an area
of ductile tearing from 0.5 to 1.5 mm wide.
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Table 12. Stress-plastic-strain modules H' for HSST wide-plate material
(HSST plate 13A of A 533 grade B class 1 steel)

Plastic strain interval Temperature interval H' = Ao/Ac’

(%) (°C) (MPa/%)

<1 -125.00 < T < .72.78 0.345
7278 < T < 37.78 16044 40214 T
3778 < T < 14889 21.787 + 0.062 T
14889 < T < 260.00 -24.407 + 0372 T

1-2 -125.00 < T < 260.00 37.23

2-4 -125.00 < T < 260.00 26,579 - 0.00776 T

4.8 -125.000 < T < 37.78 11.228- 00599 T
3718 < T < 260.00 8.96

8-12 12500 < T < -17.78 -0.0276 - 0.0403 T
1778 < T < 260.00 0.689
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Fig. 1 PTSE-2A, test vessel and crack geometry for transient A (ORNL, USA).
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Fig. 4 PTSE-2, schematic view of pressurized-thermal-shock vessel inside shroud.
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Fig. 5 PTSE-2, stress-strain curves used in analyses of the PTSE-2 experiment.
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ORNL-DWG 84--6167R ETD

800 T T T T
T T I I l HSST PLATE 13A (A 533 B)
O ULTIMATE TENSILE STRESS
700 p— ‘Q\ O YIELD STRESS ]
. o
S 600 }— \9 Q0 —
Z \
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TEST TEMPERATURE (©C)
Fig. 34 Effect of temperature on longitudinal tensile properties for HSST plate 13A, A 533

grade B class 1 steel (specimens from center half of 18.7-cm-thick plate).
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