NUREG/CR-3788
Vol. 1

Structural Integrity of
Light Water Reactor Pressure
Boundary Components

Four-Year Plan 1984 - 1988

Materials Enginearing Associates, Inc.

Prepared for
U.S. Nuclear Regulatory
Commission

8410180%25 840930
PDR NUREG
CR-3788 R PDR



NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party’'s use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights

NOTICE
Availability of Reference Materials Cited in NRC Publications
Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Rcom, 1717 H Street, N.W
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended 10 be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Pubiic Docu
ment Room include NRC correspondence and internal NRC memoranda. NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers: and applicant and
licensee documents and correspondence

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Reguiatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commissicn, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedirigs are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free, *o the extent of supply, upon written request
to the Division of Technical Information and Document Control, U S. Nuclear Regulatory Com
mission, Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7220 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by tne public. Codes and standards are usually copyrighted and miy be
purchised from the originating organization or, if they are American National Standards, from the
Arnerican Nationa! Standards Institute, 14..) Broadway, New York, NY 10018

$4.75

G20 Prmad copy pnce




NUREG/CR-3788
MEA-2047
R5 RF

Vol. 1

Structural Integrit

Four-Year Plan 1984 - 1988

y of
Light Water Reactor Pressure
Boundary Components

Manuscript Completed: April 1984
Date Published: September 1984

Materials Engineering Associates, Inc.
9700-B George Palmer Highway
Lanham, MD 20706

Prepared for

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

NRC FIN B8900



TABLE OF CONTENTS

PAGE
TABLE OF CONTENTS:ocsccscnsscscnnsnns sevess vesssessns e s sesesseseus .o iii

LIST o’ ?IGU“S....-.-...-...-'oo-c-o.'.---........--o¢.-...-...--.-... Vii
LIST OP ruL!s.o...lt.t..t..l.oo.oocc.bo-.ol-Qoooontoo.o.oooc..u-uoo'ao 1X

1.0 ImowcrlwmOVERVIEH...--.--..-a..o..o-........-.-....-..-... l-l

e
L
w N e

Objective of Program Plan Documentesscsesscsssssscssnsosnasncns 1-1
overvie'......lo'.'......l...l.QI.'l.ll..‘.ll.‘..l......'.... 1-1
Program Organizationecsicsesesvscncnvesncncrseenecnsonscosennns 1-2

2.0 TAsxl annz Toucmss CRITERIA....".‘.l......'.-.'...l..l..l 2-1

2.1 Subtask la Fracture Resistance of Irradiated Stainless Steel
D308 VEgia)l BEaBlBsonsscnistans nosesssasnettsadssbenicendons 2-3

1 ObJectiveecessscssssanassnnsssnsssssnvsssssossnesnnes 2-3
2 Backgroundescceovssssosscsssessssocosssssncsssesssencns 2-3
a3 - RADN B AEEIIN G 2556045000 Eavenves sontinbemie ranssd 2-4
% - BEISUCOREE AL bbbt nrs s s b 6ot sséorsnstashesssvissnenes 2-4

2.2 Subtask 1b Correlation of Dynamic C, and Static KIC/KJc Tests 2-7

ok ObJectiveceesscosssosecsncsssossssvscsssssssoncnnnsns 2
of . BRCkEroBE s o s v st nssin s s srtsnbtssvads oIS ETIS Lo S0 2~
5. RIS DE BRI s.03 s 560 vnahhasenssssses emusssolseeedis 2
oD MEIRAEORRE ¢ o5 iss s i niardeshosssiennenesnsenssssnses 2

2.3 3ubtask lc Warm Prestress Under Simulated Transient Loading. 2-12

1 Objectiv@isscscocosvscvsscssnssosnosssvsosssssnssnsnsens 2=12
2 Background.ccceccssccasscsssesossssssssssssssnssssase 2=12
3 Plan Of ActioBscsssancinssosnvscesbosnsonssassssinsses =13
£ MLIGBEONBG sssersssrsnvovranssosnrosransesasseseinsess 213

2 -‘ subt“k ld Itradiatlon"lnduced KIC Corve Shiftecssvessvsscss 2"16

1 Objective.scsscoenssnnsrssncsssssvsssssnsssnssssncenas 2-16
o2 Backgroundecsceoscossccsccscsssssssnssssssossccscnssss 2-16
oF PIan of ActiON. v ivsivaiavedvesanivisesuassssesss - 2%106
o EEROEORBE 650 0 b su i nmunsav i e i shoreysEsessssssisves - S5LT

2.5 Subtask le Piping Fracture Mechanics Data Bas€...eeessnsssss 2=21
objective........'.l........l.lll"..‘.....l..'..ll'. 2-21
n.cksround......O.l..'..l‘...I.......‘.li.."l'll..ll 2—2‘_

1
2
3 PN OF BEEIORsenninsssssesssrssshorivibssbsssstssnn TR
& JMEXGNEONBRsvvssssovssstssnsnssrsssbEsssansssssssssses BE2

111



2.6

TABLE OF CONTENTS

Subtask 1f HSET 4th Irradiation Fracture ToughnesS.eeseseces

6.1 Objectiveececescscocvosscsssssssssssnsssssssnsssssasss
6.2 Backgroundeiecesssosscesssssosssssscevosessncnnssnsssns
6.3 Plan of ActioBesccessonssssocossssonssssssvssssssssesd
Gk NLLOBLONEB ccsnsstonsssttsrsessssessssssstassnesssssss

2.7 REFBRBNCBStCQ'.O..0....‘...0.00..00.'..0.........'.....!0.00.

TASK 2 ENVIRONMENTALLY-ASSISTED CRACK GROWTH IN LWR MATERIALS....

3.1

3.2

3.3

3.4

3.5

Subtask 2a S-N Curves for Nuclear Grade Steels in PWR
Envitonunt’....I..'l....‘..'.'Q......'i.'l....ﬂ".......".'

3.1.1 Objectiveiccecssvssssssssesssssnscsssssssesssssssossce
3.1.2 Backgroundscsscsccsssssssssccssessscscssssssssssssnscs
3.1.3 Plan of ActioOcscsossssosnsssssssssscsensosssnssasases
J.l:8 MLleBCONEBssvcsassseosssnsssenssesssssssssssnsssscnses

Subtask 2b Environmentally-Assisted Fatigue Crack Growth....

1 objective....I.....‘...................‘.............
2 uckzround.'........'.'.....".........QI.....-......
3 Plan of ActiONeccscovccscscevsssosessscssnsssesssasscse
4

Hile'tones..0.0..000.0.'0..o.n.o.too..c.ocootoo..to.c

Subtask 2¢ Effect of Crack Geometry on Environmentally-
Assisted Fatigue Crack Growtheeeseecosossscsssessssscsonnnaas

1 Objectivescscccosssssossssssscsssssssesssssascsncscss
«2 Backgrounde.cscecccscsscssssssssssssvsssssssssssnsesvess
«3 Plan of ACtiONecssccsensosssasssosssvsessssescssssscss
o MIleQLONEBsscnsrsssssssonsosscnsoonssnsnssocsssensssssns

Subtask 2d Effect of Cladding on Environmentally-
A"i.ted p‘tig‘le Crack erth..Il.......0.......'........"..

1 Objective.s:sseccsssssscsssccssccsnsssssosssnssssssne
2 Backgroundessssccsssescsssssassssssssssssosscesssesse
3 Plan of Actlofcecosocssssssssossnosnorssssssssscsesss
& MileBtONEBesccccscsvscssssascssosssssscssssssossscsesesnsss

Subtask 2e Mechanism Models for Environmentally-Assisted
’.tlm‘e Crack Growth'....'.".....l.l..l IR RN EEEEEEEEEEEE RN

1 Objectivesiseesseessssssssscssssssscssssssssssscscnnes
+2 Backgroundecseesvecssscssesccsnsssssasssrsssccnssoansns
3 Plan of ActioNesscecsceosnvcssnsosvessessorsssossssonse
o MLIEBLONBE cossvsossssisssossssconssesssssssstbossvness

iv

2§

3~12
3~12
3~12
3-13

3-16

3-16
3-16
3-17
3=17

3-20

3--20
3-20
3-21
3-21



TABLE OF CONTENTS

Subtask 2f Total Fatigue Process in PWR EnvironmentS.....s..

OB IEEE LR 42690 s o a s e e asosr b sasssenss sssetnsnscans
BOSESTOURS s vnttrenesbo st abe s sasnsaitssssassscnossnsin
PN B8 ACREDD s oo st in st o sbtsessidt s snbasssssrssss
P S L -

Subtask 2g Cumulative Damage Factor for Environmentally-
A..i'ted F.tis‘le ct.ck crowth..l.........Ol....t.....l!l‘...Q

ORJRELIVE s orssssnssansbrssrsnssrstsnsnusesesssresssn
B‘ckgtoundl.l.'.l'....l.‘.."’..l.l.l!l....l....'..'.
PIOER 0 BEELDN o snono s oo bastuatsninestssssssssssesss
R OB EOREE 5505 0n 0 008050 baD B0 BB R R A0S € EH e

2h International Cyclic Crack Growth Rate Group«....

objectivel-locio.ouc-clcctoo.o.ooc.oooco-.o.ooo.locoo
Blesround-.....-.o...-....-...-...-..-.....-..-.....
Pi&n Of Action..oo.-.'noooo.o--oo-oco..ln-o.oao.'oooo

Hil‘&tone.ooono.‘.o.o'o...ooou.'-nluoto'oocolooo-.oot
3.9 REPBRENCES..l...l..l.l.QO.."II‘.I'.'.O'.'...l.'.l.l..'.....l

TASK 3 RADIATICN SENSITIVITY AND POSTIRRADIATION PROPERTIES

RBCOVZRYOOOOoo.oc.cloolo.o..oooloootlocsulu.loottlo.-loo...lo-o..o

4.1 Subtask 3a High Temperature Annealingeececsssesessssvesssnnss

OB ERIVD o os s st 00 tses st ohBosbas s tinessosnsesssriss
BECKERONOE . Vi sas sivssnsinrserarssorsstineussnssesennis
PR DL REEL s i s s s sn b n st o s sss bhsbnpis vis brrbenkee
BEIRGEORNE s it s vsvainsevsanans s i apsas b sasnsenaden

3b Composition Effect on Annealing..cececencesscaces

PP ORE T o TR R S S S SO G Mae e
Zok: DOERREOURE i oninnassisvrbstnesssspesis snisossestesessos
<P R S G S
Bl HETORLONBE o4 o0 st s s v st b5 os st sbueitiat bn v bt oniaive

4.3 Subtask 3c Mechanism Model of Irradiation Damage.....eeee...

ok DI R RV G o s 5505 50 SRR LSS EE S E NS SO AP RS e s
Jel  DOCRBTONBN s osssvossonsnsssessssnasersasrstensesersse
Dol BEON O REEEN vt issiinn viiss sm e Weet b o aussie b bsniEr iy
R T T e S N S S e . e e

‘56 subt"k 3d IAR Ph.se 2.0000-ooc.uooooottcotu'-oooo-ooo'o..aa

1 objectiveo-utu.ooo.onolcooo-O.-looco.oooaott.oo.ol.o.
2 B.ckground.~tooooooo.oo.n-oolooo..oco.-uuluso.o.ooln-
3 Plan Of ACCIO“.-.------......o-o.---o.....o...-......
4

Hilestone!.-..-a---o--..o......-oo.....-....--....c..




TABLE OF CONTENTS

PAGE

‘Os s“bt"k 3! DOSQ Rate Effectstlntooullootooooouooncno.oilllto 4-19

1 Objective.......-..-...........................-..... 4-19
2 Background.sscssscsssssssscsisssssssssssscssssnssnss &=19
3 Plan of ActiONeeccscecsssssrosssovsssssssnsnsssscases 4-19
4 MllestoneBesssossssnsssscrcsnssssnacsissnsossssniness 4=20

4.6 Subtask 3f Variable Radiation Sensitivitye.sessesssessssssess 4=23
1 objective..'.........0..0..............‘l.l....l..‘ll 6-23
2 uckgrwnd.l.'....'I'..'I.l.lll...l.l............'... 4-23
3 Pla“ of Action......Il.....l......l.'.'....".....l.. b-23
6 mle‘tones'....l.'.".........".....'C..l‘...‘..0... b-za

‘.7 unmczs--o.-..-..-.o--.o-c.-.......o......----..-.--.-.--. 6-27

5.0 wmARY Assm‘rlo“s.-".'ooooonooh000...0.000l.on'.hc'n.oooo..o. 5-1

vi



2.4

2.5

2.6

2.7

3.3

3.4

3.5

3.6

3.7

Je8

LIST OF FIGURES

Program Organizationesssecsssssscnsnessssssssssssssvevssssnnnnns

Organization for Task l: Fracture Toughness Criteridcsssscssces

Flow Diagram for Subtask la: Fracture Resistance of
Irradiated Stainless Steel Clad Vessel SteelSicecsscsscssssscses

Milestone Statemcny and Schedule for Subtask lascescesscesccscss

Flow Diagram for Subtask 1b: Correlation of Dynamic C,
and static KICIKJC Tests...l.l...........l..l...‘........l.....0

Milestone Statement and Schedule for Subtask lbeicscscssccscscnse

Flow Diagram for Subtask lc: Warm Prestress Under
SiIullted Transient Loading.-...........-.................-.....

Milestcone Statement and Schedule for Subtask lCecsssssscescsscss

Flow Diagram for Subtask 1d: Irradiation-Induced K.

curve shift...‘....'.0...’..........'....'.‘O‘..O....l......l...
Milestone Statement and Schedule for Subtask ldecsses-sscsscocses

Flow Diagram for Subtask le: Piping Fracture Mechanics

Data BaS@esesseosessssssscsssnsssssssssssssssssssssssssscnsosnst
Milestone Staterent and Schedule for Subtask lesssccssscsccccens

Flow Diagram for Subtask 1f: HSST 4th Irradiation
Fracture Toughneﬂs-.oono'oo.oooooooooooo--oo-oo-oou-oo.o-ooc.ooo

Milestone Statement and Schedule for Subtask Ifeseccecscsssccses

Subtask Interaccions for Task 2: Environmentally-
Assisted Crack Growth in LWR MaterialS.ecccscescccscoscessnansace

Flow Diagram for Subtask 2a: S-N Curves f.~ Nuclear
Grade Steels in PWR Environment.cecscecescscsccscsscsssssssnsnsns

Milestone Statement and Schedule for Subtask 28cescssccsccscsses

Flow Diagram for Subtask 2b: Environmentally-Assisted
Fatisue Crack GrowtNecsesoscessscscsssscssnssssssssccsccsssncsssose

Milestone Statement and Schedule for Subtask 2Bocsessssesenvvsns

Flow Diagram for Subtask 2c: Effect of Crack Geometry on
antron]‘ntally'Aﬂ'isted Fatigue Crack Growthessssssssssscscsnse

Milestone Statement and Schedule for Subtask 2Cesssessssssscssss

Flow Diagram for Subtask 2d: Effect of Cladding on
Environmentally-Assisted Fatigue Crack Growthesssesecsseescsnces

vii

R N PR

2-10

2=11

2-14

2-15

2-19

2-20

2-24

=235

2-28

2=29

=3

3-10

=1}

3~14

3-15

3-18



liggre
3.9

3.10

4.2

4.3

4.4

4.5

4.6

4.7

4.9

4.10
4.11
4.12

4.13

Milestone Statement and Schedule for Subtask 2d:...eeecescccscses

Flow Diagr.u for Subtask 2e: Mechanism Models for
an‘ronnntally-“.i.ted P.tig“e Crack Ctovth..-......-........-

Milestone Statement and Schedule for Sudtask 2€eseeceveccecscess

Flow Diagram for Subtask 2f: Total Fatigue Process
1n m mvitonunt'..'.........I......l.....'....l.'.'...l.....'

Milestone Statement and Schedule for Subtask Zf-oocnooooo.occooo

Flow Diagram for Subtask 2g: Cumulative Damage Factor for
En71ronnnt.11y-A'513ted Patigue Crack crwthooccocoooo.ooooooao

Milestone Statement and Schedule for Subtask 280-..00.0.000.0..0
Milestone Statement and Schedule for Subtask 2hevesessvecsceccss

Subtask Interactions in Task 3: Radiation Sensitivity and
Postirradiation Propel‘tiel RecoverYQooooouooooou.-ocoto.oooooon-

Flow Diagram for Subtask 3a: High Temperature (454°C)

Anne‘llﬂs.ooo--o.--oaonooonoo--oo-uooooooooooo.-ooooooooun-oon.o
Milestone Statement and Schedule for Subtask 3.0.0..-00.-0.00‘00

Flow Diagram for Subtask 3b: Composition Effect on Annealing

Relponle.n......................-.........................-....
Milestone Statement and Schedule for Subtask 3b¢..0..l..0‘.0.l..

Flow Diagram for Subtask 3c: Mechanism Model of Irradiation

D.uge...l...............................'.......I."....I......

Milestone Statement and Schedule for Subtask 3Cesececscescsssces
flow Diagram for Subtask 3d: IAR Phase 2.ceeeccccocsesccccnssce
Milestone Statement and Schedule for Subtask 3de.eevecsceveccsse
Flow Diagram for Subtask 3e: Dose Rate EffectS.cscescsscsscssces
Milestone Statement and Schedule for Subtask 3€.ssecscssssavscns
Flow Diagram for Subtask 3f: Variable Radiation Sensitivity....

Milestone Statement and Schedule for Subtask 3feeecces Cresesenne

viii

Page
3-19

3-22

3-23

3-26

3-27

3-30
3-31

3-34

4=10

4~13
4=~14
4=17
4-18
4-21
4=22
4-25

4=26



Table

2.1
2.2
2.3

2.4
5.1

5.2

LIST OF TABLES

Test Materials for Subtask 1b InvestigationSe...coseeeeesesnnanse
Specimen Complement for KIc Curve Shift Programec.ccccsccccscses

Lisi of Commonly Used Piping Materials to be Included in the
rr.Ctur. Toughn‘.. D.ta Ba.e'.l........'.C.O.D..l...l.."0......

Specimen Complement for the 4th HSST Irradiation Programeceseass
Budgetary Assumptions by CONtTACt YeAT.u.eeeeeesesessocesssseese

Program Cost by Contract Year (CY)eveeeeesesssoscocccssesoscnses

ix

Page

29

2-18

2-23
2-27
5~1

-



1.0 INTRODUCTION AND OVERVIEW
1.1 Objective of Program Plan Documeut

This document is the first in a series that is to provide an up-to-date state-
ment of the four-year plan for the program, "Structural Integrity of Light
Water Reactor Pressure Boundary Components,” which 1is being conducted by
Materials Engineering Associates, Inc. (MEA). The document is intended to be
the reference document for management reporting during the curreat year. The
current year for this edition is CY84. The program funding assumptions and
the corresponding workscopes are responsive to guidance frowm the spo-sar, the
Materials Engineering Branch, Division of Engineering Technology, Office of
Nuclear Regulatory Research of the U. S. Nuclear Regulatory Commission
(NRC). This document details the program plan to include: Narrative
Sections, Milestone Charts and Cost Projections.

This plan is expected to be updated at the beginning of each year. The four
years covered by the (current) plan are the current year (CY84), the forth-
coming year (FY85), and two out-years (CY86 and CY87). Since a major objec-
tive is to provide a reference document for management reporting during the
first contract year, that year is highlighted in the milestone charts and is
emphasized in the plan-of-action sections. The subsequent years are described
in a decreasing level of detail without loss of comprehensive coverage.

1.2 Overview

This program consists of engineering and research in the areas of fracture,
fatigue and radiat.on sensitivity of puclear structural steels and weld-
ments. The NRC has a continuing need to develop analytical methodologies,
test procedures, and data bases relating to these areas for use in the regula-
tory process. The technical program is formulated in terms of three task
areas: Fracture Toughness Criteria (Task 1), Environmentally-Assisted Crack
Growth in LWR Materials (Task 2) and Radiation Sensitivity and Postirradiation
Properties Recovery {(Task 3).

All tasks are integrated to focus on structural iotegrity of LWR pressure
boundary components. The approach centers on an experimental characterization
of nuclear grade steels and an assessment of fracture and fatigue behavior
under conditions of a nuclear environment where investigation of irradiated
materials is a key element of each task. Experimental studies generally
involve small laboratory specimens whose behavior forms the basis to develop
predictive methods for structural behavior. These studies are supported by
analytical models and {investigation of the mechanisms responsible for the
observed behavior. Data developed in this program will provide the basis for
codes and standards, e.g., fatigue and fracture limits for design in the ASME
Boiler and Pressure Vessel Code (Sec. III and IX); ASTM test methods, e.g.,
Plane Strain J;-R Curve; and revisions to NRC Guides, e.g., Regulatory Guide
1.99.

Task 1 characterizes the fracture toughness of nuclear steels under a variety
of conditions. This involves joint programs with ORNL for the characteriz -
tion of materials from the HSST 4th and 5th irradiations (Subtasks 1d and
1£). A piping fracture mechanics data base will be created (Subtask le);
correlations between Cv and fracture mechanics tests (KIC/KJC) will provide a



more rational interpretation of surveillance data (Subtask 1b); the fracture
behavior of s.ainless steel clad specimens will be investigated in a program
which is complementary to that currently underway at OR' . (Subtask la); and a
combined analytical/experimental program will be undertaken to assess the
potential benefit of warm prestress in providing an additional margin of
safety during a pressurized thermal shock (Subtask lc).

Task 2 evaluates environmentally-assisted crack growth under both cyclic and
static conditions for a variety of nuclear steels. Thrusts include the
development of S-N curves in a PWR environment (Subtask 2a); crack growth
rates will be characterized for a variety of plates, welds and HAZ (Subtask
2b); and a "real” crack geometry will be investigated initially in terms of a
surface-flawed panel; this task will culminate in the testing of a pipe speci-
men incorporating a realistic flaw geometry (Subtask 2c¢). The research with
the surface-flawed panel will be extended to include the fatigue behavior of
clad plate (Subtask 2d). A mechanisms model will be investigated to explain
the observed behavior in environmentally-assisted fatigue crack growth (Sub-
task 2e). Other innovative tasks include the development of a relation
between crack initiation and crack propagation (Subtask 2f) and the investiga-
tion of cumulative damage resulting from spectrum loading as seen in service
(Subtask 2g).

The focus of Task 3 is on the resolution of questions and uncertainties on
radiation sensitivity and on the variables which affect embrittlement relief
by postirradiation annealing. The annealing studies represent the interaction
of an ongoing effort (IAR program, Subtask 3d) and a new thrust to investigate
the effects of high-temperature annealing (Subtask 3a). Two subtasks specifi-
cally address the effects of chemical composition on radiation sensitivity
(Subtask 3f) and on annealing (Subtask 3b). A mechanisms model will be inves-
tigated to provide a basis for the observed behavior on radiation sensitivity
and recovery by annealing (Subtask 3c). Finally, a long-term program on dose~-
rate effects will be continued (Subtask 3e). The results of the latter could
bear heavily on the significance of fracture toughness changes measured from
accelerated irradiations in test reactors vs. long-term fluence accumulations
in a power reactor.

This program is broad in its scope and addresses many of the key questions
necessary to resolve uncertainties in the margin of safety that exists in
operating nuclear plants. Although the program will not provide definite
answers in all areas, its goal is to conduct critical experiments that estab-
lish trends to provide answers to engineering questions relating to safety
issues facing the NRC.

1.3 Program Organization

The program organization is presented in Fig. ..l. Each of the three tasks
consists of six to eight subtasks. These subtasks are discussed as part of
the individual task descriptions and each is presented in terms of an objec-
tive statement, a background discussion, a plan of action which includes a
fiow chart and a milestone chart.

The three program tasks are headed by MEA personnel as shown in Fig. 1.1.

Consultants will assist with Subtask lc "Warm Prestress Under Simulated Load-
ing,” Subtask 2f "Total Fatigue Process in PWR Enviroments"” and Subtask 2g

1-2



"Cumulative Damage Factor for Environmentally-Assisted Fatigue Crack
Growth.” Much of Subtask 3c “Mechanism Model of Irradiation Damage” will be
accomplished through a subcontract with the University of Florida.

Specimen irradiations are performed in the facilities of the Nuclear Science
and Technology Facility (NSTF) at the State University of New York (SUNY) at
Buffalo. MEA employees perform all mechanical properties characterization of
irradiated materials at NSTF. The NSTF irradiation facilities manager {an MEA
employee) interacts directly with the Director of NSTF. Overall control is
maintained by the MEA program manager.

Progress in this program is formally provided by topical reports (shown in
milestone charts for each subtask), annual reports, monthly reports and
reports to the NRC Water Reactor Safety Research Information Meeting held in
the fall of each year.

Certain subtasks are coordinated with the HSST program activities being con-
ducted at ORNL. The work of Task 2 is discussed at semiannual meetings of the
International Cyclic Crack Growth Rate (ICCGR) Group. MEA scientists are
active participants on committees of the ASTM and ASME in which the research
under the program is discussed in a forum of scientists and engineers repre-
senting worldwide participation.
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2.0 TASK 1 - FRACTURE TOUCHNESS CRITERIA

Characterization of the fracture toughness of nuclear grade steels and weld-
ments is an essential element to quantify the safety margin against fracture
in LWR pressure vessels and piping. The object ve of the studies described
here is to provide the NRC with methodologies and data with which to assess
the elastic-plastic fracture behavior of pressure vessel and piping steels in
a manner which can have immediate application to the structural integrity
assessment of operating plants. Emphasis is placed on the development of test
methods, investigation of size e“fects, and data generation. Investigating
the behavior of irradiated materials is a key element of this task.

Task 1 contains six subtasks (Fig. 2.1), each of which addresses different
areas vital to the integrity of nuclear vessels and piping. The subtasks are
defined such that they are related in terms of approaches and test equipment
required so that each subtask can meet its goal in a cost-effective manner.
There 1s also an integration of this task with Tasks 2 and 3 in terms of
technical approach, material and data interpretation. Coordination of the
work in Task 1 is also achieved with related NRC-sponsored programs at ORNL.

Subtask la poses the difficult question of assessing the role of the stainless
steel cladding on the toughness of irradiated steel. This subtask will inves-
tigate the behavior of a part-through crack in a plate section. This geometry
simulates the reactor vessel wall in a simple way to gain insight into the
crack behavior which is the key to the safety assessment under PTS coundi-
tions. This program will be coordinated with studies of large models under
PTS conditions being undertaken by ORNL. Likewise, Subtasks 1d and 1f are
coordinated with ORNL in that they involve joint efforts between the two
laboratories. Subtask 1d involves the characterization of LEFM fracture
behavior of irradiated steels (HSST 5th Irradiation Series) while Subtask 1f
centers on elastic-plastic behavior (J-R curve) of vessel steels with irradia-
tion (HSST 4th Irradiation Series). Subtask lb involves the correlation of Cy
and DW-NDT tests with the fracture mechanics quantities Kj. and K; . This
correlation is essential in order to assess the fracture resistance otc reactor
vessels which are currently in service and for which only C, data area avail-
able. The objective of Subtask le is to establish a piping ¥racturc mechanics
data base which involves elastic-plastic behavior (J-R curves). This data
base 1is essential for further analysis of piping integrity by the NRC and its
subcontractors. Finally, Subtask lc will study the phenomenon of warm pre-
stress under PTS conditions. 1In previous research by MEA scientists, this
phonemenon has been shown to be of benefit during a LOCA. This cencept was
later confirmed by ORNL studies of thermal shock behavior. The previous work
of MEA scientists will now be extended to the formulation and verification of
a theoretical model which incorprates reloading of the crack after warm pre-
stress. A quantification of this phenomenon would permit advantage to be
taken of an apparent higher toughness of the material, thereby providing an
extra margin of safety during a PTS accident.
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2.! Subtask la ¥#racture Resistance of Irradiated Stainless Steel Clad Vessel
Steels

2.1.1 Cbjective

The objective of Subtask la is to develop data directly usable in assesing the
role played by pressure vessel cladding in enhancing or mitigating crack
initiation during a postulated pressurized thermal shock scenario.

2+162 lack'round

The 1978 Rancho Seco accident, among other things, served to .'lustrate that
it was possible for a nuclear pressure vessel subjected te a thermal shock to
also experience significant pressure loading. Cheverton and his colleagues
(Ref. 2.1) have analyzed a number of pressurized thermal shock (PTS) accident
scenarios. One particularly important finding has been the possibility that
relatively small flaws, subjected to a PTS accident, could lead to failure of
the pressure vessel. This possibility is particularly important since the
probability of a flaw being present increases with decreasing flaw size.

Analysis of the potential bhehavior of relatively small flaws in a nuclear
pressure vessel necessarily involves assessing the role played by the stain-
less steel cladding and to account for the potential effects of irradiation on
the cladding. In qualitative terms, the cladding enters the analysis in two
ways. First, the thermal conductivity of the cladding, compared to that for
the ferritic steel, serves to reduce the through-thickness cooling rate.
This, in turn, reduces the peak thermal str<sses but also increases the time
required for the vessel wall to equilibrate. Second, the presence of cladding
enters the analysis due to the differential thermal expansion between the
stainless steel cladding and the ferritic steel vessel wall. The net result
is that the K; profile along the crack front in the ferritic steel is
different than for an unclad vessel.

The three-dimensional nature of the problem makes a quantitative description
of the Ky profile a difficult task. Depending on the flaw geometry (depth and
length), the residual stress distribution and the applied loadings (mechanica'
and thermal), the presence of the cladding may serve to either enhance or
mitigate the possibility of crack initiation. Note that for the cladding to
be effective in mitigating crack initiation, it must keep the crack from
extending in length. Should irradiation damage in the cladding reduce its
toughness to the point that the cladding fractures ahead of or aleng with the
base metal, the cladding would surely enhance crack initiation in the base
metal.

The general topic of PTS accidents is being considered as a part of the HSST
program (see Refs. 2.2, 2.3 and 2.4). The efforts undertaken as part of
Subtask la have been designed to complement rather than duplicate the HSST
program activities.



2.1.3 Plan of Action

The plan of action for Subtask la involves testing part-through crack (PTC)
specimens, both clad and unclad, with flaw shape, test temperature and irradi-
ation as variables. Figure 2.2 depicts the plan of action for this subtask.
The initial clad specimen work performed at ORNL has demonstrated that fabri-
cating and testing specimens taken from clad plate presents some special
problems. Thus, a specimen design/test technique development activity has
been included as part of this subtask.

The plate material will be clad using a three-wire tandem arc process typical
of that used in older vessel construction. The clad plate will be stress
relieved using a heat treatment also typical of vessel construction
practice. The residual stress distribution will be determined for the clad
specimen blanks. This information will be factored into the analysis of
surface flawed specimens.

The testing will involve monotonic loading of both clad and unclad specimens
in both the irradiated and unirradiated condition. The data to be acquired
includes crack shape (using a potential drop reasurement technique), crack
opening displacement and surface strains as a function of applied load. The
test data will be evaluated using the best available K and/or J solutions for
the PTC geometry. The effect of the cladding will be assessed in terms of the
values of K and/or J at crack initiation as well as the crack shape and
changes in crack shape.

2.1.4 Milestones

Figure 2.3 depicts the milestones and anticipated schedule for Subtask la.
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MILESTONE STATEMENT AND SCHEDULE

Subtask la: Fracture of Irradiated SS Clad Vessel Steel
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|

Figure 2.3 Milestone Statement and Schedule for Subtask la




2.2 Sebtask Ib Correlation of Dynamic C, and Static Kio/Ky. Tests

2:241 Objective

The primary objective of this subtask is to establish correlations in transi-
tion temperature elevations between notch ductility (Cv) and fracture tough-
ness (K;./K;.) tests. These correlations may depend upon material composition
and product fot-.

26252 Background

Fracture toughness and notch ductility typically are evaluated as a function
of temperature. The two major areas of interest are the material toughness/
ductility levels on the ductile upper shelf and the temperature at some
critical index in the brittle-to-ductile transition region. The effect of
irradiation on these two areas 1is generally to decrease the upper shelf
levels, and to increase the brittle-to-ductile transition index temperature.
The upper shelf degradation can be visualized as placing limits on pressure
!levels in a nuclear pressure vessel, while the transition temperature increase
would give a lower limit to the temperature at which the pressure vessel could
be operated safely under pressure.

Notch ductility as determined by the C, test is widely used in test and power
reactor irradiation effects programs. Unfortunately, the Cy test cannot be
interpreted directly in terms of structural performance. Instead, a fracture
toughness parameter such as the plane strain stress intensity factor (K) can
be related more directly to critical stress/flaw size conditions. However,
since fracture toughness spec mens (typically compact toughness or CT speci~-
mens) are not plentiful in reactor surveillance capsules (in many cases non=
existent), a means of relating C, transition temperature increase to fracture
toughness transition temperature increase would provide a structurally-
relevant technique for determining margin of safety in nuclear power plants
using C, trends only.

The ASME KIR reference toughness curve is indexed at th: material reference
temperature, RTyn-», which is defined in the unirradiated condition based upon
drop weight NDT and dynamic C, tests. Currently, I0CFR50 specifies that the
irradiated reference temperature shall be increased by the temperature shift
determined at the 41 J level using irradiated C, specimens. Early work at NRL
correlating C, data with DW-NDT data for the irradiated condition gave con-
fidence to :Kt. use. lowever, recent work at MEA, and earlier at NRL,
indicates that C, data may be an unconservative indication of postirradiation
fracture toughness transition behavior, at least for the more radiation sensi-
tive materials (Refs. 2.5 and 2.6). Additionally, significant "flattening”™ of
the C, curve shape observed in some steels indicates that the linear transla-
tion of the Kigp curve as specified in I0CFRS50 may not be wholly correct.

The studies of Ref. 2.5 involved several pressure vessel materials (plate,’
ueldg, forging) {irradiated at 288°C to fluences between 0.l and 4.4 x 10

n/em”. One objective was the comparison of radiation effects on notch ductil-
ity (in terms of C, energy absorption and lateral expansion properties) to
dynamic and static firacture toughness (Kyqs Kjo) defined by fatigv precracked
Charpy-v (PCCV) and CT specimen test methods, respectively, The CT specimens
were tested using the single specimen compliance method and J=integral
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assessment procedures to establish the J-R curve. Representing the dynamic
test case, the C, 41 J and the K;y 100 MPa/m index temperature (PCC,) showed
comparable transition temperature increases. On the other hand, comparisons
of the C, (PCC,) results against the static CT test findings showed major
differences. In many cases the K, 100 MPa/m temperature elevation via the CT
specimens was much higher (up to iﬁ’c) than the 41 J or Kjy 100 MPa/m tempera-
ture elevations found in the dynamic C, tests. Wide variability (& 40°C)
between 41 J vs. K. 100 MPa/mi temperature elevations was also described by
the data, leading to speculation that metallurgy influences the correlation of
the two indices. Tn terms of importance, a 40°C difference in (projected)
elevation of the transition region can amount to three to five years of reac-
tor vessel operation for steels that are particularly radiation sensitive.
Unconservatism of surveillance data obviously would have a direct impact on
the adjustment of the K;p curve.

A means of minimizing the differences between C, and CT test data has been
postulated recently by Merkle of ORNL using the gj.-correction technique.
Although this technique has only an empirical basis, correction of K;. data
using the By .-approach does significantly decrease the differences between C,
and CT data, in some cases resulting in C, data which appears to be conserva-
tive in comparison to similar CT data.

2.2.3 Plan of Action

The plan for investigating the observed differences in C, and KIC/KJC transi-
tion temperature shifts is illustrated in Fig. 2.4. 1Initial work in this area
will focus on assimilating data developed in recent years at MEA and NRL into
one data base. Besides the C, and ch/K c» the K, data will be re-evaluated
using the By -correction techniques postulated recently by Merkle of ORNL as a
successful method of estimating K;, levels from ASTM E 399 invalid K;. data.
This correction has recently been J%own to minimize the differences between C,
and K;./K;, shifts (Ref. 2.6), in some cases decreasing the K;./K;.  shifts to
levels below the comparable C, shifts.

Four plates with statistical varistions in nickel, copper and phosphorous
contents (Table 2.1) will be characterized to add to the data base. C,,
0.5T-CT (K;./Kj.) and tensile specimens from each of the four materials wi!l
be irradiated in two separate assemblies at NSTF. In addition, unirradiated
DW-NDT and dynamic 0.5T-CT (KJd) tests will be conducted. The purpose of
these additional tests is to provide composition variations not available in
the current data. Jn addition, results from the HSST 4th and 5th Irradiation
programs will be assimilated into the data base. The HSST 5th Irradiation
will also provide further information on postirradiation DW-NDT behavior, and
its relation to the C, and K;./K;. behavior.

2,2.4 Milestones

The milestones for this subtask are given in the milestone chart (Fig. 2.5).
In FY84, the first Test Methods Correlation irradiation assembly (TMC-1) will
be constructed and irradiated at NSTF. Testing of the specimens from TMC-l
will be completed by mid-FY85. Once the current data has been assembled and
corrected using the B1e approach, a NUREG report will be issued. This should
occur early in FY85. The second TMC assembly (TMC-2) will be constructed in
mid-FY85, with testing to be completed by mid-FY86. A NUREG report detailing

these results will be prepared by the end of FY86.
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Table 2.1 Test Materials for Subtask 1b Investigations
Material Code No., Thickness Source Cu Ni
(mm)
A 302-B 6A 12.7 Lab Melt 0.28 0.05
A 533-B 67C 15.9 Lab Melt 0.002 0,70
A 533-B 68C 15.9 Lab Melt 0,30 0.70
A 533-B 68A 15.9 Lab Melt 0.30 0.70
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Figure 2.4 Flow Diagram for Subtask 1b: Correlation of Dynamic C, and

Static KIC/KJC Tests 2-10
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Figure 1.5 Milestone Statement and Schedule for Subtask 1b



2.3 Subtask lc Warm Prestress Under Simulated Transient Loading

2.3.1 Objective

This subtask will model the crack-tip behavior in a reactor vessel during a
simulated pressurized thermal shock (PTS) event. The objective is to
formulate and validate a predictive capability to resolve how much of an
increase in Ky, with KI/K > 1.0, can be tolerated before the beneficial
effects of warm prestress (&SS) are overcome and crack extension initiates.

2.3,2 Background

Warm prestressing is a phenomenon which increases the “apparent” fracture
toughness of a cracked body when the latter is loaded under linear elastic
fracture mechanics (LEFM) conditions. A typical WPS procedure consists of
prestressing a cracked structure at an elevated .emperature, which is
generally above the brittle-ductile transiticn region, then unloading and
cooling to a lower temperature somewhere below the brittle-ductile tranmsition
where LEFM behavior would be anticipated. Upon reloading at the lower temper=
ature the prior WPS would result in the stress intensity at failure Ky exceed=
ing Ky., provided that the WPS load initially exceeded the level of K;.  at the
lower temperature.

Models of the WPS phenomenon have been proposed by Harrison (Ref. 2.7), Harrop
(Ref. 2.8), Rice (Ref. 2.9), Chell (Ref. 2.10), Curry (Ref. 2.11) and
others. All of these approaches make assumptions which avoid the rigorous
analysis and predictive capability that would be required in determining
quantitatively the margir of safety in nucle=r vessels during a thermal tran—
sient. Nevertheless, it can be concluded from these theories that WPS does
not, in fact, improve the intrinsic fracture toughness of materials at low
temperatures. Instead, the beneficial effects appear to be entirely dependent
upon the loading history and the material's reponse to that history. A defi-
nitive model of the WPS behavior could be of benefit in quantifying the margin
of safety in postulated accidents associated with nuclear reactor vessels.

Experiments conducted by Loss, et al. (Ref. 2.12 and 2.13) have demonstrated
the WPS concept for laboratory specimens subjected to a stress history which
simulates that seen by the crack-tip region of the vessel wall during a LOCA
in which the vessel is unpressurized. The resulis show a positive benefit of
WPS 1in that Kg always exceeds K, . when the material has been subject to WPS.
It was concluded that for the %CA event it is impossible for fracture to
occur as Ky decreases with time, provided the crack-tip region has been sub-
jected to WFS. The WPS phenomenon has been subsequently demcnstrated by
Cheverton (Ref. 2.14) at OBNL with intermediate test vessels (unpressurized)
which were subject to thermal shock conditions resembling a LOCA.

The postulated PTS accident has been recognized as a potentially more serious
accident than the LOCA. During a PTS, the vessel wall is subjected to a
thermal shock just as in the case of a LOCA, including the possibility of
WPS. A major difference between the two accident scenarios is that the vessel
is repressurized in the PTS. In the latter case, the potential benefits of
WPS are not as clear as in a LOCA. It has been demonstrated that WPS is
effective in a LOCA since the K, at the crack tip decreases with time after
the WPS. Here it 1is argue on physical grounds, and experimentally
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demonstrated by Loss, that fracture will not occur when K; at the crack
decreases even though K; may exceed K;.. A similar argument for the PTS event
does not exist, because of repressurization. 1In order to define the benefit
from WPS during PTS, it is necessary to know in quantitative terms the degree
of reloading permissible in the region where Ky > Kiee

2.3.3 Plan of Actien

The planned approach to the investigation of the WPS phenomenon 1is shown
schematically in Fig. 2.6. The thrust of this subtask will be to model the
crack-tip behavior during simulated PTS conditions. It 1s expected that the
verification of the model will require numerical simulation as well as an
experimental phase.

The initial work on this subtask will be the modelling of the crack-tip
behavior during an arbitrary WPS loading which includes reloading such that
Ky > K;.+ The model will be developed by consultants from Brown University.
is e}iort will include formulation of input for a FEM analysis.

Given this model, investigators from the University of Tulsa will compute the
near-field crack-tip behavior (stresses and deformations) under a simple WPS
path for a laboratory specimen. This path will involve loading of the crack
tip in the ductile regime, partially unloading as occurs in a LOCA, and then
reloading at a low temperature, as occurs in a PTS. The objectives will be to
predict the failure load. The computations will simply express the Ko at the
crack tip in terms of a far-field load, taking account of residual stresses at
the crack tip. The degree to which this far-field load exceeds the load to
reach Ky, for a virgin material determines the degree of reloading after WPS
that can be achieved. Having performed these computations, the model will be
applied to predict the results of Loss, et al., (Ref. 2.12 and 2.13) which
involved reloading of the crack tip to varying amounts prior to fracture. MEA
will develop flow properites from the steels used in these experiments to
support the analysis.

Depending on the degree of success achieved in predicting the experimental
results, it may be necessary to refine the model. In any event, additional
tests will be undertaken with the same A 533-B steel used in the prior experi-
ments (Ref. 2.13) to test the model under different loading conditions. To
further validate the model, one or two materials having different work~-
hardening characteristics (one steel, one aluminum) will be tested. It is
felt that residual stresses are the key to explaining the WPS phenomenon.
Since the latter is linked to the strain hardening of the material, the test-
ing of a few different steels is essential to validate the analysis.

The experimental phase of this subtask will be relatively small. In the event
that further experiments are required, such as demonstration of the reloading
phenomenoa with {irradiated steels, this work would form the basis for a
follow-on effurt.
2.3.4 Milestones

Milestones and the anticipated schedule for Subtask lc are given in Fig. 2.7.
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2.4 Subtask ld Irraadiation-Induced ‘Ic Curve Shift

2:4.1 Objective

The primary objective of this subtask is to obtain valid linear elastic
fracture toughness (K curves for two nuclear pressure vessel gt‘1§ steei
welds irradiated at 5&8‘0 (550°F) to a target fluence of 1.5 x 10'” n/cm
(E > 1 MeV). Secondary objectives are as follows:

° Obtain unirradiated linear elastic and elastic-plastic (KJ ) fracture
toughness curves up to about 130 MPa/m (118 ksi/INT as well as irradiated
elastic-plastic fracture toughness curves, thus allowing comparison of
KIC and KJC data.

* Obtain unirradiated and irradiated Charpy (C,) curves for correlation
with the radiation-induced shift of the brittle-to-ductile transition as
indicated by the fracture toughness tests.

(3 Index the nil-ductility transition temperature of both materials with
irradiated and unirradiated drop weight tests and obtain tensile proper-
ties for both the unirradiated and irradiated condition.

- Test sufficient specimens, as far as practical, to provide a statistical
analysis of the results.

2.,4.2 Background

This program is being conducted as a cooperative effort between MEA and Oak
Pidge National Laboratory (ORNL). It is part of the larger Heavy Section
Steel Technology (HSST) program sponsored by the Nuclear Regulatory Commis-
sion. This subtask is the fifth in the planned series of HSST irradiation
studies and is intended to validate current procedures for estimating the
shift and shape change, if any, of the brittle-to-ductile transition K;. curve
with irradiation. Currently, the predicted shift in the K, . curve is sed on
the shift of the Charpy toughness curve; it is assumed that the shape of the
K. curve does not change with irradiation. Validation of this methodology
was initiated in the first HSST irradiation study, but insufficieat specimens
were available to allow statistical analysis.

2.4,3 Plan of Action

Figure 2.8 is a flow chart which describes the general plan of action. ORNL
is having 14 meters (216 mm thick) each of the two weldments fabricated having
nominal A 533 Gr. B chemical composition with copper contents of 0.23% and
0.32%. These relatively high copper levels assure a significant shift in the
transition. To obtain uniform copper distribution in the finished weld, the
copper was added fto the weld wire melt prior to drawing it into welding
wire. The weldments are being fabricated and stress relieved according to
current commercial practice. Specimen machining will be performed by ORNL as
well as preliminary inspection and characterization of the material which in-
cludes: ultrasonic inspection, chemical analysis, metallurgical structure
studies, and the preliminary tests of standard tensile, drop weight and C,
specimens. The specimen complement for the program is shown in Table 2.2 on a
per material basis.
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Specimen testing will be conducted jointly by MEA and ORNL with each labora-
tory testing about half of the specimens. However, testing of all irradiated
4T-CT aund unirradiated 6T-CT and BT-CT specimens will be conducted by MEA and
all tensile and about 75X of the Charpy tests will be done by ORNL. The
specimen testing sequence is as follows:

(1) Materials inspection and characterization (ORNL only).
(2) Unirradiated specimen testing

a. C_, tests

b. Tensile tests (ONRL only)

ce Jp. (K;.) tests of IT-CT specimens

d. Ky, tests of IT-CT specimens

e. Jy. (K;.) tests of 2T-CT specimens

f. Kj. tests of 2T-CT specimens

g+ Jye (Kj.) tests of 4T-CT specimens

he K. tests of 4T-CT specimens

i. Ky, tests of 6T-CT and 8T-CT specimens (MEA only)

(3) Testing of irradiated specimens and remainder of unirradiated specimens

a. C, tests

b. Tensile tests (ORNL only)

¢+ Drop-weight tests

de Jp. (K;.) tests of IT-CT specimens

e. K;. tests of IT-CT specimens

f. J;. (Kj.) tests of 2T-CT specimens

g+ K. tests of 2T-CT specimens

he Kj. tests of 4T-CT specimens (MEA only).

The testing philosophy resulting in the above sequence is to first conduct
those test which will provide guidelines and data input to the larger, more
valuable speciuen tests. Thus, C, and tensile testing are conducted first to
provide properties needed for compact specimen test data analysis and to
provide an indication of where the static brittle-to-ductile transition is
located based on the dynamic C, transition location. Next, the smaller unir-
radiated compact specimens will be tested. These data in turn will be used to
define test temperatures for the larger specimens. Irradiated compact speci=-
men testing will commence after the unirradiated testing is essentially com-
pleted. All specimen irradiations will be conducted by ORNL in the Oak Ridge
Research Reactor pool-side facility. After completion of all unirradiated
large (4T, 6T and 8T) compact testing by MEA, the MEA 550-kip test frame will
be moved into the hot cell at the Nuclear Science and Technology Facility at
the University of New York at Buffalo in order to test the irradiated 4T-CT
specimens.

2.4.4 Milestones

Figure 2.9 illustrates the milestones and anticipated schedule for Subtask ld.
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Table 2.2 Specimen Complement for Kic Curve Shift Program

SPECIMEN PURPOSE UNIRRADIATED IRRADIATED TOTAL PER
TYPE MATERIAL
1T-CT Kie 10 12 22
1T-CT L 24 24 48
2T-CT Kie 4 6 10
2T-CT Kie 12 8 20
4T-CT Kie 4 8 12

- b b
4T-CT Kje 8 0 8
6T-CT Kie 2 0 2
8T-CT Kie 2 0 2

Std. Tensile Tensile Properties 4 0 4
MT¢ Tensile Properties 24 12 36
Drop Weight NDT 12 12 24
Charpy Transition-Shelf 81 38 119

8 All entries are on a per material basis

b If sufficient material is aviilable

€ Miniature Charpy~-size tensile specimens
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Figure 2.8 Flow Diagram for Subtask ld: Irradiation-Induced KIC Curve Shift
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2.5 Subtask le Piping Fracture Mechanics Data Base

2:5:1 Objective

The objectives of this subtask are to develop a comprehensive data base of J-R
curves from piping steels commonly used in ruclear power plants, and to
establish a numeric data base on a computer system to provide ready access to
the data. Data currently available from other laboratories will be supple~-
mented by J-R curve testing at MEA to complete the desired data matrix.

245.2 Background

An important consideration in assessing nuclear power plant safety is a deter-
mination of the structural ivtegrity of the coolant water piping systems.
Besides system-dependent concerns such as loading and flaw distributions,
properties of the constituent materials such as tensile strength, fatigue
crack growth rates and fracture toughness values are also required. The
fracture toughness takes on special significance since it is used in determin-
ing whether or not a crack will propagate through thickness under specified
loading scenarios, and additionally, whether or not a through-thickness crack
wiil be stable or will result in a large break.

The development of fracture analysis procedures for LWR piping systems has
passed through several stages. Currently, J-integral concepts are receiving
considerable attention as a suitable technique. initially, the idea of a
critical J value (J C) for the initiation of fracture was being applied to
many structures, inc{uding piping. 1In general, J ¢ Was seen as conservative,
but perhaps overly conservative, for piping applications. Ji. analyses did
not account for the appreciable tearing resistance of very tough materials.
In 1979, Paris and coworkers (Ref. 2.15 and 2.16) introduced the tearing
instability analysis and applied it to a number of structures including
circumferential cracks in pipe. This analysis has gained popularity and is

considered by many to provide the best measure of the fracture resistance of a
structure.

The essence of the tearing instability analysis is that a material has a
tearing (resistance) modulus (T_ ), which can be determined from the J resis-
tance, or J-R, curve. For 1nst;%lllty of a given crack to occur, T applied to
the structure must be greater than T, and J applied must be greater than
Jie+ Both Ty and Jp. come from the J-R curve, which is the primary data for
tge tearing instability analysis.

Before the tearing instability analysis can be generally applied, a comprehen-
sive data base of J-R curves from pertinent piping materials must be formed.
A list of such materials is given in Table 2.3. Unfortunately, little J=-R
curve data currently exist for these materials. Therefore, additional J=-R
curve testing will be required to complete the data matrix as best possible.

The immediate task once data are available is to package the data in a format

mos usable by NRC personnel. This requirement will be best met through a
computerized storage and retrieval system.



2.5.3 Plan of Action

The plan for developing the piping data base is given in Fig. 2.10. The list
of materials given in Table 2.3 is the target matrix of piping steels for
which data is desired. Unfortunately, data are not available for many of the
materials on the list. Other laboratories which have characterized piping
steels will be contacted in an effort to fill the matri~ as much as
possible. The data collection efforts will not be restricted to Table 2.3,
but rather data from any commonly used materials will be collected.

Concurrent with the data collection effort, sources of pertinent materials (or
potential sources) will be solicited in an attempt to procure enou¢' suitable
material to provide a reasonable data base. The material collec efforts
will be coordinated with Battelle's Columbus Laboratory, the contractor for
the NRC's Degraded Piping program.

The data collection and iata generation aspects of this subtask will be con-
tinuing efforts throughout this contract. On the other hand, implementation
of the computerized data base will primarily be a first-year effort, with the
following year's work focused on coding r»w data into the data base.

The data base will be implemented on a mainframe computer, possibly on the NIH
computer using the System 2000 Data Base Management System or on another
Government-owned system. Prior to the establishment of the data base on the
computer, data input forms will be finalized, with some type of instruction
manual to the input forms prepared. Additionally, software for processing,
plotting and other maintenance operations will have to be developed.

2.5.4 Milestones

The milestones are given in Fig. 2.1l1. As mentioned previously, the material
procurement, data generation and data collection efforts of this subtask will
be continuing tasks throughout the contract period. In FY84, the data input
forms will be finalized and the instruction manual will be prepared. The
initial data collection efforts will be made this year, with actual establish-
ment of the data base by the end of FYB4, Coding of the data into system will
be initiated shortly thereafter.
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Table 2.3 List of Commonly Used Piping Materials to be Included in the Fracture Toughness Data Base

£2-2

Material Nominal . Vall Typical Application/Comments
Specification Diameter Thickness
(in.) (in.)
SA-516 Gr. 70 30 to 42 2-1/2 to 4~1/2 Straight Fipe and Elbows in Main Coolant Loop/Plate Material
formed into Product
SA-106 Gr. C 30 to 42 2-1/2 to 3 Straight Pipe in Main Coolant Loop/Seamless Pipe
SA-351 Gr. CF8M 30 to 32 2 to 2-1/2 Straight Pipe and Safe-ends in Main Coolant Loon/Cent. Cast 316
SA-351 Gr. CF8M 30 to 32 2-1/2 to 3 Elbows in Main Coolan Loop/Cont. Cast 316
SA-351 Gr. CF8A 30 to 32 2 to 2-1/2 Straight Pipe and Safe—-ends in Main Coolant Loop Cont. Cast 304
SA-351 Gr. CF8A 30 to 32 2-1/2 to 3 Elbows in Main Coolant Loop/Cent. Cast 304
SA-351 Gr. CF8M 12 Sch. 160 Surge Line and Branch Pipe Safe-ends/Cent. Cast 316
SA-182 F316 30 to 32 2-1/2 to 3 Safe-end in main coolant loop/Forging 316
SA-182 F316 12 Sch. 160 45° and 90° Branch Nozzle in Main Coolant Loop/Forging 316
SA-182 F316 4 to 6 Sch. 80 to 160 Branch Nozzles in Main Coolant Loop/Forging 316
SA-182 F304 30 to 32 2-1/2 to 3 Safe-end in Main Coolant Loop/Forging 304
SA-182 F304 12 Sch. 160 45° to 90° Branch Nozzle in Main Coolant Loop/Forzing 304
SA-182 F304 4 to 6 Sch. 80 to 160 Branch Nozzles in Main Coolant Loop/Forging 304
SA-376 Type 316 12 Sch. 1€9 Surge Line and Branch Line Safe-ends/Seamless Pipe 316
SA-376 Type 316 4 to 6 Sch. 80 to 160 Auxiliary Piping/Seamless Pipe 316
SA-376 Type 304 4 to 12 Sch. 80 to 120 BWR Piping/Seamless Pipe 304
SA-376 Type 304 20 to 24 Sch. 160 BWR Piping/Seamless Pipe 304
SA-358 Gr. 304 Cl.1 4 to 12 Sch. 80 to 120 BWR Piping/Welded Pipe 304
SA-106 Gr. B 4 to 12 Sch. 80 to 120 BWR Piping/Seamless Pipe-Carbon Steel
SA-105 Gr. 2 4 to 12 Sch. 80 to 160 Branch Pipe Nozzles/Carbon Steel Forging
Weld: SA-516 Gr. 7C 30 to 42 2-1/2 to 4-1/2 Pipe to Pipe or Pipe to Elbow Weld in Main Coolant Loop/Field
to SA-51i6 Gr. 70 Weld
Weld: SA-106 Gr. C 30 to 42 2-1/2 to 1 Pipe to Elbow Weld in Main Coolant Loop/Field Weld
to SA-516 Gr. 70
Weld: SA-106 Gr. C 30 to 42 2-1/2 to 3 Pipe to Safe-end Dissimilar Metal Weld/Field Weld
to SA-351 CF8M
Weld: SA-106 Gr. C 30 to 42 2-1/2 to 3 Pipe to Safe-end Dissimilar Metal Weld/Field Weld
to SA-182 F316
Weld: SA-376 Type 316 4 to 12 Sch. 80 te 160 Pipe to Safe-end (Forging) Weld/Field Weld
to SA-182 F316
Weld: SA-376 Type 316 4 to 12 Sch. 80 to 160 Pipe to Safe-end (Cent. Cast Pipe) Weld/Field Weld

to

SA-351 Gr. CF8M
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2.6 Subtask 1f HSST 4th Irradiation PFracture iuughness

2.6.1 Objective

The primary objective is to characterize the elastic-plastic upper shelf
fracture toughness (KJc) and transition region behavior (Kyo/Kj.) of irradia-
ted steels and welds representing current reactor vessel practfce (l.e., low
copper impurity level). Sufficient specimens will be tested to provide sta-

tistical analysis of the data as far as is practical.

2:6.2 lackgtoond

This subtask is part of the larger HSST program spounsored by the Nuclear
Regulatory Commission. The HSST 4th Irradiation Program 1is an ongoing
cooperative study between MEA and ORNL with each laboratory testing
approximately half of the specimens. Program materials consist of four
nominally A 533 Cr. B composition submerged~arc welds having copper contents
of 0.,04Z, 0.046%, 0.056% and 0.12% and one A 533-B plate (HSST Plate 02) with
a copper content of O0.14%. From each of these materials specimens were
machined and irradiated by ORNL. The specimen complement is shown in Table
2.4,

Currently, all unirvadiated specimens and all irradiated Charpy and tensile
specimens have been tested. Only the irradiated ccipact specimens remain to
be tested.

2.6.3 Plan of Action

Figure 2.12 is a flow chart which describes the general plan of action. The
remaining irradiated compact specimen tests will be tested in the same
sequence as the unirradiated compact specimens. First, scoping tests for each
material will be conducted to define the transition region temperature
range. Temperatures for these tests will be chosen based on the transition
shift determined with Charpy specimens. Once the scoping testing and test
analysis are complete, test temperatures for the remaining specimens designa~
ted for the transition region will be decided jointly by MEA and ORNL. Test-
ing, to define the upper shelf properties will immediately follow completion
of the scoping tests; the main matrix transition region tests will then follow
these.

A few specimens from each material will be reserved until all main matrix
tests are complete. These specimens will be used to fill in areas requiring
additional data and to resolve ambiguities that occur.

2.6.4 Milestones

Figure 2.13 fllustrates the milestones and anticipated schedule for Subtask
1£.
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Table 2.4 Specimen Complement for the 4th HSST Irradiation Program

SPECIMEN MATERIAL UNIRRADIATED  IRRADIATED PURPOSE TOTAL
TYPE TYPE
Charpy® A 533-B Plate 60 50 USE & Trans 110
Charpy®  S/A Weld 68W -- 28 USE & Trans 28
Charpy? S/A Weld 69w 50 25 USE & Trans 75
Charpy? S/A Weld 70w 25 33 USE & Trans 58
Charpy? §/x Weld 71w 25 31 USE & Trans 56
Tensile? A 533-B Plate 14 6 Tensile Properites 20
Tensile? S/A Weld 68W 6 5 Tensile Properites 11
Tensile® S/A Weld 69w 12 b Tensile Properites 18
Tensile® S/A Weld 70W 12 5  Tensile Properites 17
Tensile® S/A Weld 71W 12 5 Tensile Properites 17
1T-CT A 533-B Plate 528 60 Kic/Kjes R Curve 112
1T-CT S/A Weld 68w 188 30 Kie/Kjos R Curve 48
1T=CT S/A Weld 69W 378 30 Kie/Kjes R Curve 67
IT-CT S/A Weld 70W 218 30 Kio/Kjes R Curve 51
IT=T S/A Weld 71w 21® 30 Kio/Kjes R Curve 51

8 These specimens have been tested.
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Figure 2.12 Flow Diagram for Subtask 1f: HSST 4th Irradiation Fracture Toughness
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3.0 TASK 2 - ENVIRONMENTALLY-ASSISTED CRACK GROWTH IN LWR MATERIALS

In developing crack initiation and growth data for nuclear reactor safety
applications, the complex combinations of environment, materials, stress, and
structural geometry must be considered. Characterization of the environments
can be made on the basis of either the boiling water or pressurized water
reactor designs. Reference 3.1 gives the basic chemistry for each of these.
Since transients in the chemistry do occur, they are a legitimate concern in
understanding the relationship of the laboratory data to the operating reactor
situation. Itemization of the materials shows that there are more than thirty
iron~base alloys, exclusive of the welds, used in the primary system of common
light water reactors (Ref. 3.2). Characterization of the stress varies with
the reactor design and operational characteristics, but the basic transients
have been identified and evaluated. A reasonably condensed, comprehensive
analysis of these load spectra 1s available (Ref. 3.3). Largely due to
improved computational techniques, the 1iInfluence of structural geometry,
including far-field stresses and the redistribution of stresses with growing
cracks, is becoming more understandable.

The recognition that fatigue criteria should be incorporated in the ASME
Boiler and Pressure Vessel Code (BPV() came in the mid-1950's. Primarily
through the experimental work of Coffin and colleagues (Ref. 3.4), and the
design analysis procedures suggested by Langer (Ref. 3.5), a design curve for
thermally-induced stresses was derived. 1In its original version, this method
incorporated a Goodman diagram to account for mean stress effects, Miner's
rule tor evaluating the cumulative effect of various stresses, and maximum
shear theory to calculate the combined stress levels.

During the intervening years, some work has been completed on the environmen-
tally-degraded fatigue life of both smooth and notched fatigue specimens.
Much of this work has been carried out in boiling water reactor environments
and slows a band of data which uses up essentially the safety margins incorpo-
rated into the Code. Matching results for the PWR environment are not
available, but will be generated as part of the present study.

Whereas development of the ASME-BPVC Section III (Ref. 3.6) design curves was
concluded in the mid-1950's, the research leading to development of the ASME~
BPVC Section XI1°~ Appendix A reference curves (Ref. 3.7) for fatigue crack
growth was just beginning about that time, with the first successful results
published during 1971-1972. Results for BWR environments were described by
Kondo (Ref. 3.8), and by a team from the Nuclear Technology Division at
General Electric in San Jose, California (Ref. 3.9). Results for both BWR and
PWR environments were generated by a group of scientists at Westinghouse
Nuclear Technology Division, as part of the HSST program (Ref. 3.10). 1In
spite of the technological shortcomings of the research equipment (as judged
by today's standards), these data have withstood the test of time and reside
within the currently known band of data which describes the fatigue crack
growth rate response in each of the two environments.

In formulating the technical approach to this task, every attempt has been
made to build on the significant body of knowledge and data presently avail-
able. The task is composed of seven subtasks that span the phenomena of crack
nucleation and growth. (An eighth subtask provides for participation in the
activities of the International Cyclic Crack Growth Rate (ICCGR) Group.)
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Completion of these various subtasks will provide, for the first time, a
comprehensive picture of the development and growth of an environmentally-
assisted flaw in a muclear reactor component. It is most important that each
of the seven sections is considered in the context of the entire Task 2 pro~

gram.

These subtasks interact with one another in a scientific way == in that data
from one supplies input to another — and in a management way - in that some
subtasks cannot start until others have ended. Figure 3.1 is a block diagram
of these subtasks showing how these investigations link together and how data
and findings for some subtasks will feed other subtasks. This global view
shows that all phases of environmental degradation are considered in this
proposad work. Cracks will be studied from their development in unflawed
specimens and piping specimens and monitored for their two-dimensional growth
characteristics as they pirogress from small to large. Task 2 will explore
also the application of these findings to reactor component materials, geome-
tries and environmental situations.
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Figure 3.1 Subtask Interactions for Task 2: Envirommentally-Assiste’ Crack Growth In LWR Materials



3.1 Subtask 2a S-N Curves for Nuclear Grade Steels in PWR Environments

The objectives of this subtask are to (a) evaluate the effects of a simulated
PWR environment on the stress vs. life curves for a typical LWR material and
(b) develop data to support potential modifications to the ASME S-N design
curves.

3.1.2 Ilgltmnd

The experimental work of Coffin and colleagues (Ref. 3.4), and the design work
of Langer (Ref. 3.5) formed the basis for the introduction of fatigue design
curves to Section III of the ASME Code. These curves give an estimate of
cyclic life as a function of extrapnlated elastic stress for the material in
question. Different curves have been developed for the basic classes of
materials which are found in pressure vessel and piping systems: stainless
steels, low-alloy steels, non-ferrous alloys (Inconel, etc.) and bolting
steels. The stress values to be used in the application of these fatigue
design curves comes from a tabulation of pressure-, moment-, and thermal-
induced loads, together with a set of piping system analysis rules which are
found in Section NB-3600 of the Code.

The structural applicability of the Code stress analysis rules and the design
curve data was “"verified”, in the mid 1960's by a series of structural tests
of pressure vessels (Ref. 3.11). However, some recent tests by General
Electric (Ref. 3.12) have suggested that inadequacies in the stress analysis
procadures, coupled with the presence of a BWR environment (i.e., 0.2 ppm
dissolved oxygen ir 288°C water) can result in non-conservative life esti-
mates. The potential problems with the analysis procedures are beiag examined
as part of the Section III Committee effort. However, the potential for the
environment to significantly reduce the margin of safety is being explored
further as part of this program.

MEA will carry out an effort, somewhat parallel to the General Electric
effort, to examine the effects of the low-dissolved oxygen, PWR environment on
cyclic life and crack initiation. The early work seeks tc evaluate the
possible effect of the PWR environment in the context of smooth specimens.
Presuming that a significant effect is found, the balance of the effort is
devoted to developing a data base which could be used in foraulating Code
revisions.

3.1.3 Plan of Action

Figure 3.2 is a flow chart which describes the general plan of action and
shows the major blocks of effort. The first phases of testing under this
subtask will be to determine the smooth specimen design curve for a low-carbon
piping steel (A 333 Gr. 6) in an air environment at 288°C (550°F), and to
determine the effects of test frequency on cyclic life in pressurized, high-
temperature (288°C) water., In the latter case, tests will be conducted over E
frequency range of 1| Hz to 17 mHz, with cyclic life targets of 10 to 10
cycles. Pending the results of the frequency sensitivity study, the size of
the balance of the test matrix can be determined. The matrix will be extended
to ccver load-ratio (mean stress) effects, and notch geometries in smooth

specimens of base metal and weld metal specimens.

=4




The culmination of the program is the testing of 0.65 m~long sections of
102 mm~diameter (4-inch nominal pipe diameter), girth-welded A 106 Gr. B
pipe. These tests will be conducted in the autoclaves which have been dedica~-
ted to multispecimen tests during the forerunner of this program. It is
anticipated that tests will be run covering a stress ratio range including
0.05, 0.50 and 0.80, in the aqueous environment for specific cyclic life
targets, and a full cyclic life series, at a stress ratio of 0.05, for air
environment tests.

3-‘0‘ Hil.ltﬂnel

The milestone charts for this subtask are shown in Fig. 3.3. This subtask
congtitutes a major portion of the program in the environmentally-assisted
crack growth task area. The program spans all four years of the contract
p:riod, and at its peak, in the latter part of the third year, will require
“hree autoclave units for small specimen testing, and two autoclaves for the
pipe tests.
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3.2 Subtask 2b Enviroumentally-Assisted Fatigue Crack Growth
3.2.1 Omcct!!!

The objective of this subtask is to continue an on-going program aimed at the
development of da/dN vs. AK data for a wide variety of pressure vessel and
plping materials. The emphasis 1is on extending the range of selected vari-
ables for the materials being tested. To this end, the load ratio range to be
investigated will be increased to 0.95. Orientation studies and material
chemistry studies will be expanded to cover more materials. Stainless, low=
alloy and low-carbon steels are part of this test matrix.

3.2,2 Iackltound

Fatigue crack growth rate (FCGR) and stress-corrosion cracking (SCC) tests,
utilizing conventional fracture mechanics specimens [Compact Tension (CT) and
Wedge-Opening Load (WOL)|] have been the backbone of the NRC~sponsored program
on environmental effects since its inception in the mid-1970's. These speci-
mens were used for two primary reasons: (1) they are very conservatively
sized, making the most of a given volume of material, and (2) the strong
functional dependence of crack length on compliance makes it relatively easy
and accurate to calculate crack extension,

Use of these specimens in several programs with various test parameter
matrices has resulted in recognition of several critical variables which
determine crack growth rates in pressurized, high-temperature reactor-grade
water, One of the first recognized trends was that sinusoidal waveforms
consistently produced higher crack growth rates than “linearized" waveforms,
such as ramp-and-hold, or sawtooth profiles (Ref. 3.13). Subsequent research
showed at first that a 17 mHz sinusoidal waveform seemed to mximize the
growth rate, but some very recent work seems to indicate that this maximiza~-
tion might also be a function of load ratio and possibly material cheaistry
(Ref. 3.14).

Shortly after the above conclusion was reached, allowing a large amount of
data to be sorted out, it was realized that sulfur content in these pressure
vessel steels had a major influence on fatigue crack growth rates
(Ref. 3.15). Older pressure vessel steels, usually with a higher sulfur
content, were exhibiting crack growth rates which exceeded the reference line
found in Appendix A of the 1974 edition of Section XI of the ASME Code. Even
before the connection with sulfur chemistry had been directly proven, the code
was amended (Winter 1980 Addendum) with new reference lines which had a bi=
linear shape and incorporated a load ratio rule.

Other variables were investigated and found to have varying degrees of effect
on fatigue crack growth rates. Irradiation was found to have a negligible
effect (Ref. 3.16) for three types of vessel steel A 508-2, A 5338, and a heat
of submerged-arc weld metal., Researchers in the UK (Ref. 3.17) showed that
temperature has a significant effect, with a distinct minimum in growth rates
at temperatures of about 200°C. This is in direct contrast to earlier, Japan-
ese results for the BWR environment (Ref. 3.18) which showed a maximum in
growth rates at about the same temperature. Current interpretations of this
difference take into account the significant effects of the higher level of
dissolved oxygen content in the two (PWR and BWR) environments. Additional
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work shows that there are orientation effects (Re 3.15 ¢ well as other

microstructurally-related effects (Refs. 3.19).

Plan of Action

Figure 3.4 is a flow chart which describes the general plan of actien and
’

shows the major blocks of effort. The effort under this subtask will be

phased out during the term of this contract period, with testing to terminate

toward the end of the third year. The general plan is to extend the range of
investigation into the known critical variables, and to continue to incorpo-
|

rate new heats of pressure vessel and piping steel into the program. Use of

bolt-loaded specimens to investigate stress—corrosion cracking susceptibility

will continue under this »rogram.

Specifically, tests will be carried out at load ratios of .85 and 0.95,
principally on piping steels, to complete the series of tests already conduc-
ted at load ratios of 0.2 and 0.7. Axial and circumferential orientations
will be included in the test plan. A more complete orientation study will be
conducted on pressure vessel steels, in support of work on part-through cracks
in Subtask 2c.

3.2.4 Milestones

The milestone charts for this subtask are shown in Fig. 3.5. This subtask
will be phased out over the first three years of the contract period.
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3.3 Subtask 2c Effect of Crack Geometry on Eavironmentally-Assisted Fatigue
Crack Growth

3e3.1 Objective

The objective of this subtask is to evaluate the usefulness of CT specimen
fatigue crack growth rate data in evaluating/predicting the growth of cracks
in "real” structures exposed to “"real” environments and 3D constraints.

3.3.2 Backgreound

As indicated in the previous section, testing with through-cracked specimens,
principally of the compact tension design, has been the backbone of the data
base development of fatigue crack growth data for pressure vessel and piping
steels in reactor-grade water environments. However, it has been long recog-
nized that the one-dimensional flaw geometry is not typical of in-service
cracks, which are semi~-circular, or semi-elliptical when still in the early
stages of development. It has been assumed generally that the CT specimen
design does provide conservative data. However, as the technology has devel-
oped, a number of questions have arisen concerning the potential for the CT
specimen to be non-conservative.

There are three major differences (mechanical, metallurgical and environmen-
tal) between one~ and two-dimensional cracks:

(1) Mechanical: The mechanical component relates to the varying stress
intensity factor (K), along the crack front.

(2) Metallurgical: The metallurgical component relates to the inhomogeneous
nature of structural materials as a result of thermomechanical processing. It
has been shown that orientation eff~ci: can cause a difference 1in fatigue
crack growth rates, and it follows tha: the eccentricity of two-dimensional
flaws will be reflected in these different growth rates.

(3) Environmental: The environmental compoient relates to the potential
changes in the environment with crack depth, due to the decreased crack mouth
opening with load. This results in less effective "pumping” of the environ~-
ment, and decreased access of the environment through the crack mouth.

3.3.3 Plan of Action

Figure 3.6 is a flow chart which describes the general plan of action and
shows the major blocks of effort. The general plan for this subtask calls for
testing CT specimens and PTC specimens from materials typical of LWR pressure
boundary components. Four materials have been selected for study, i.e.,
A 533-B with a "low" sulfur content, an A 533-3 with a "medium” sulfur con-
tent, an A 106 Grade B pipe and a Type 304 stainless steel plate. For the
purpose of fabricating PTC specimens from the A 106 Grade B pipe, rings of
pipe will be flattened and stress relieved. Both CT and PTC specimens will be
fabricated from the flattened and stress relieved material.

As a parallel, yet separate activity, a facility will be constructed for the

purpose of testing pipe specimens subjected to a cyclic pressure loading. The
planned facility will be capable of testing using either an inert environment
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or a simulcted PWR environment. However, the present plan of action includes
inert environment tests only.

"he data generated from the pipe tests will be contrasted to data generated
uging CT specimens taken from the as-received pipe.

3.3.4 Milestones

Figure 3.7 shows the milestone schedule for this subtask. The CT and PTC
specimen testing will be conducted during the first three years of the pro-
gram. Construction of the pipe test facility will begin during the third vear
with the iunert environment tests being performed in the last year of the
program.
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3.4 Subtask 2d Effect of Cladding on Environmentally-Assisted Fatigue Crack
Growth

J:4)1  Ob jective

The objective of this subtask is similar to that of Subtask 2c, except that
the plates will be clad with stainless weld. Tests will be conducted in both
air and water environments. Crack shape and crack growth rates will be com-
pared with those generated in Suhtask 2c.

3.4.2 Background

As our understanding ot the general fatigue crack growth process has improved,
it is appropriate that research advance to the more sophisticated problems of
"real” crack growth, and the potential effects of cladding un that growth. In
formulating a technical approach to the problem it is importart to review the
manner in which cladding might influence the growth of “"real" cracks. As in
the review of Subtask 2c, the differences can be considered in three main
respects:

(1) Mechanical: Although the vessel is stress relieved after the cladding is
applied, the difference in thermal expansion between the cladding and base-
plate results in the cladding being left in tension when the vessel is main-
tained within the normal operating range of temperatures. If the vessel were
to contain a through clad crack, the K; profile along the crack front would be
altered compared to that for an unclaé vessel. This altered K; profile will
modify the strains and strain rates along the crack front (compared with the
unclad case) and will tend to change the shape of the crack and the crack
opening.

(2) Metallurgical: The cladding process results in a heat-affected, diluted-
meial zone at the base metal and clad interface. Crack growth rates for this
alloyed region are not known, and there is no way of knowing whether this
material would be more or less sensitive to environmentally-assisted fatigue
crack growth. There is some evidence that fatigue crack growth in cast stain-
less rteel, an alloy similar to clad, is about a factor of two slower than
growth rates in low-alloy pressure vessel steel. Hence, crack propagation in
the clad may "lag” that in the underlying base plate.

(3) Environmental: There are two possible differences in the mechanisms of
environmental influence in the clad case, as opposed to the unclad case. The
first is the possible electrochemical effect due to the small difference in
potential between the clad and base. Most researchers assume that the differ-
ence (probably less than 150 millivolts) is not encugh to change the reaction
kinetics in a measurable way. The second possible environmental effect is a
consequence of the crack shape change which may occur. If the crack in the
base does "tunnel” under the clad, due to the expected slower growth rates in
the clad, then the environment would be more effectively trapped in the crack
enclave. In amost cases, the stagnated environment would achieve a lower pH
character, and this in turn may increase crack growth rates through a variety
of micromechanisms.
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3.4.3 Plan of Action

Figure 3.8 is a flow chart which describes the general plan of action and the
ma jor blocks of effort. The clad specimens “or this subtask will be fabrica-
ted, stress relieved and machined along with those in Subtask la. The
residual stress determinations provided in the context of Subtask la will be
incorporated in this subtask also. Tests will be conducted in air and water:
environments, for load ratios of 0.2 and 0.7, and for aspect ratios of 0.5
and 0.1. Tests in air will conducted at two temperatures in order to deter-
mine empirically if the thermal expansion contribution to the residual stress
distribution has a significant effect on crack shape. Tests in air will be
conducted at 10 Hz, while tests in water will be conducted at 17 mHz, in order
to maximize the contribution of environmental effects. Direct current poten-
tial drop techniques with multiple probes along the mouth of the crack will be
used to monitor crack extension and crack shape changes. In addition, beac!
marks along the crack front will be used as input to a post-test correction of
the two-dimensional crack growth rates.

3.4.4 Milestones

The milestone charts for this subtask are shown in Fig. 3.9. Tests in air
environment will be conducted first in order to work out the experimental
difficulties associated with the bimetal character of the clad, low-alloy
steel. Tests in the PWR environment will commence in the third year.
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3.5 Subtask 2e Mechanism Models for Environmentally-Assisted Fatigue Crack
Growth

3.5.1 Objective

The objective of this subtask is to identify, describe and refine the micro-
mechanistic model which best explains the characteristics of environmentally-
assisted fatigue crack growth in LWR pressure vessel and piping steels.

3.5.2 Background

There are two primary schools of thought about the micromechanism of environ-
mentally-enhanced fatigue crack growth (Refs. 3.13, 3.20-3.22). One espouses
a theory of active path (anndic) dissolution, and the other suggests that
cracking is hydrogen assisted. While hydrogen assistance is a clearly accep-
ted phenomenon at low and ambient temperatures, it was popularly believed
until about 1980, that the diffusion rates of hydrogen in steel at tempera-
tures of about 200°C and higher were so rapid that hydrogen would not accumu-
late in the plastic zonme at the tip of the crack in an amount which would
cause a significant amount of “hydrogen embrittlement” as it was then
called. Hence, the explanation of the environmental assistance which is
observed in tests of pressur: vessel and piping steels was based on the
theories of anodic dissolution. However, it is difficult to rationalize that
the essentially oxygen-free chemistry of the PWR environment would allow the
degree of anodic dissolution required to account for the increase in fatigue
crack growth rates. Also, in the early 1980's, it was found that fatigue
fracture surfaces of pressure vessel steels tested in pressurized, high~
temperature water were characterized by brittle-~like features, 1including
brittle striations, fan-shaped cleavage-like facets, and microcracking — all
features which were principally associated with hydrogen-assisted cracking
(Ref. 3.13). Since that time, several investigators have suggested that,
temperature notwithstanding, hydrogen-assisted cracking might be a viable
candidate for interpretation of reactor environment cracking.

Both parties to this discussion agree that in the electrochemical corrosion
reaction, there is an oxidation/ reduction balance, and that atomistic hydro-
gen is produced as well as a surface oxide. Therefore, the rate-determining
steps for both reactions are the same, and it will be difficult to construct a
critical experiment which will unequivocally show that one or the other is
responsible for the environmental enhancement of fatigue crack growtn. Reso-
lution of the dilemma 1is likely to come about through observation of the
external variables (such as water chemistry, temperature, and material chemis-
try) which affect crack growth rates, and metallographic and fractographic
analysis of fatigue and fracture surfaces. There is considerable research
currently being carried out in these areas.

Because in-service cracking in BWR plants has been a costly industry problem,
and the focus of attention in a number of research laboratories, the investi-
gations 1inco the mechanisms of cracking in PWR water has not proceeded
apace. Interest in the problem has resulted recently in the funding of
several research programs which do address the PWR situation, and some of
these results and conclusions are now becoming available.
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3.5.3 Plan of Action

Figure 3.10 is a flow chart which describes the general plan of action and
shows the major blocks of effort. The first segment within the subtask is to
assemble a document which will review the present state-of-the-art in environ-
mentally-assisted cracking in the PWR environment. This review will also
present an interpretation of the mechanisms which seem to prevail, and will
suggest a series of laboratory experiments which would help to clarify the
mechanism or 1its kinetics. These experiments might involve, but not be
limited to, the following:

(1) Continue fractographic and metallographic observations of post-test
fatigue fracture surfaces.

(2) Conduct tests with "poisoned” water chemistry, which would alter the
kinetics, in a known way, of one or more of the micromechanistic processes of
corrosion.

(3) Conduct tests in hydrogen~bearing environments, such as hydrogen gas,
hydrogen sulfide gas, or bicarbonate or biphosphate solutions, to see if the
additional hydrogen, beyond that produced by hydrolysis, further increases the
hydrogen assistance.

(4) Tests with a "backfed” specimen, tested in an inert atmosphere, or
vacuum, in which the hydrogen 1is provided, by hydrolysis, to the straining
plastic zone behind the crack tip. 1If the fractographic features continue to
appear to have brittle-~like character, then the source of the hydrogen input
to the plastic zone is not the question, and the absence of any possibility of
oxidation (i.e., no aqueous environment) will preclude the oxiaition reaction
at the crack tip.

(5) Tests with specimens in which the environment is fed, via capillary
tubes, directly to the crack tip. By forcibly refreshing the environment at
the crack tip and canceling out stagnation of the environment in the enclave,
the concomitant increase in pH and increase iIn oxygenation should alter the
crack growth kinetics in some proportion to the chemistry of the pumped
environment.

3.5.4 Milestones

The milestone charts for this subtask are shown in Fig. 3.11. Compilation of
the review document 1is expected to take most of the first year of the program,
with the experimental effort to follow afterward.
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3.6 Subtask 2f Total Fatigue Process in PWR Environments

3.6.1 0Ob jective

The objective of this subtask is to provide a unified interpretation of compo-
nent lifetime encompassing both fatigue crack nucleation and growth. Subtasks
2a, 2b and 2c will all "feed" results to this task, but some explicit experi-
ments will be conducted to address specifically this objective.

3.6.2 uck‘rouli

In the research world, the subject of fatigue has been customarily divided
into two, essentially separate fields of study: (1) fatigue life, utilizing
the testing of smooth or blunt notched specimens, with analysis in cerms of
stress or strain, and (2) fatigue crack growth, utilizing the testing of
cracked specimens, with analysis in terms of linear elastic fracture mechanics
and the stress intensity factor, K. Hcvever, in the real world mary cracks do
nucleate on smooth surfaces and grow from essentially nothing to visibly sized
flaws. This results in a situation which can be analyzed in terms of applied
stress being changed to a situation requiring fracture mechanics, and even-
tually, elastic-plastic methodologies. The boundaries between these analysis
regimes are extremely difficult to define.

In the very early stagee of nucleation and growth, a microcrack may appear by
means, of slip-step formation, or extrusion-intrusion mechanisms. Once the
microcrack has become a "short crack”, in the currently popular parlance, its
crack growth rate can be defined, but 1is often found to be significantly
different from that measured for large cracks in a similar AK range. At thin
point, it is obvious that applied AK is not an adequate similitude parameter
because the local field 1is still of great influence. Eventually, the flaw
grows to a size such that similitude of K does pertain and, assuming the
stress field 1is accurately defined, crack growth rate calculations and 1life
predictions can be performed with reasonable confidence.

3.6.3 Plan of Action

Figure 3.12 is a flow chart whizh describes the general plan of action and
shows the major blocks of effort. While there is a large data base, particu-
larly from aircraft industry-sponsored research on this subject, there is
little barground for nuclear structure/material/environment combinations. We
anticipate that wmeasurements performed on instrumented S-N specimens from
Subtask 2a will return some data on crack nucleation and environmental effects
relationships. Similarly, data on materials effects will be provided by
Subtask 2b and data on the behavior of two-dimensional cracks will come from
Subtask 2c.

MEA will attempt *< use plastic strain range parameters to link the two pro-
cesses of nucleation and growth. During nucleation and early growth®, the
strain range is dominated by the notch field (be it a structural notch or
perhaps a particle or inclusion in the material), while during later growth
the strain range is dominated by the crack tip field. Although in both cases
the strain range can be evaluated, the changeover 1is uncertain. Thus, we
propose to approach the changeover from either end to determine where that
match occurs and how. This phenomenological approach has to be taken to

define the problem.
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In order to provide some experimental data which directly address
of this subtask, a limited number of tests using center-notzh

be conducted. ‘hese specimens will have specific

selected K, factors, and will be instrumented with

that initiation and propagation evaluations can be carried
will be conducted in both air and water environments, and
the plastic-strain-range analysis indicated above.

The milestone charts for is subtask are
effort compared to the other subtasks,
analytical side, rather than the experimer

will be carried out toward the end of the
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3.7 Subtask 2g Cumulative Damage Factor for Environmentally-Assisted Fatigue
Crack Growth

3.7.1 Objective

The objective of this subtask is to perform fatigue crack growth rate tests in
pressurized, high-temperature water, using loading waveforms with simple
overload speccra, and to attempt to develop a predictive capability for deter-
miration of growth rates incorporating the combined effects of environment and
loading spectra.

3ol sd B.Ck‘tound

Serious research on fatigue crack growth rate effects began in the early
1960's. By the time Paris and Erdogan proposed to correlate crack growth on
the basis of AK in 1965, the qualitative effects of load interaction, particu-
larly retardation, were already well known. The first explanations of retar-
dation were based on residual stress due to reversed yiclding, and the early
models, due to Wheeler and Willenborg (Refs. 3.23 and 3.24) using this consi-
deration have achieved a rather lasting popularity. This is due in part to
incorporation of such wmodels in the Military Aircraft Damage Tolerance
requirement (MIL-A-8344). Later research indicated that crack tip closure
loads, due to plastic zones in the wake of the crack tip contributed to the
crack tip opening, and a new generation c¢f interaction models was born (Ref.
3.25). Because most of these models were directed for use in the aircraft and
aerospace industries, none of them account for environmental-assistance ef-
fects. In fact, ever qualitative models for load interaction including
environmental effects are not available. It can be supposed generally that
environmental effects will mollify the beneficial effects of load retardation
due to overloads, but the degree of synergism between the acceleration due to
underloads and the enhancement to growth rates due to environmental effects is
an unknown quantity.

3.7.3 Plan of Action

Figure 3.14 is a flow chart which describes the general plan of action and
shows the major blocks of effort. In view of the number of unknowns bearing
on the research of this subtask, a very fundemental test and analysis plan has
been proposed. This plan consists of a series of tests, using compact speci-
mens, conducted using simple loading spectra. The spectra basically involve
constant amplitude fatigue crack growth rate tests, with occasional applica-
tions of single overloads, or underloads, followed by careful monitoring of
the supsequent crack extension. These tests will be conducted in both air and
pressurized, high-temperature water environmente, in order to compare the
magnitude of the effects, and to separate out the environmental contribu-
tion. Later tests will involve applications of multiple overload or underload
cycles. Testing will be conducted in multispecimen daisy chains with a
variety of steels of differing known susceptibility to environmentally-
assisted fatigue crack growth.

Analysis of these effects will be carried out with help of all the above
interaction models, including the reversed plasticity model which is currently
undergoing additional refinement. The first exercise of the model will be
carried out to determine the sensitivity of the calculations to load history
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fnput, including sequencing of the loads, and incorporation of the known
effects of cyclic frequency. The second phase of the analytical effort will
be calibration of the model to incorporate the environmental effects. Lastly,
fatigue crack growth rate tests will be conducted using the reactor stress
history profile suggested by Scott (Ref. 3.26), and the calibrated model will
be used in an attempt to "predict” the measured growth rate resp<use.

3.7.4 Milestones

The milestone chart for this subtask is shown in Fig. 3.15. This subtask will
involve testing in air environments and calibration of the computer models for
the first two years, with testing and modeling in the PWR environment taking
place in the last two years of the contract period.
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Figure 3.14 Flow Diagram for Subtask 2g: Cunulative Damage Factor for
Environmentally-Assisted Fatigue Crack Growth
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3.8 Subtask 2h Intermational Cyclic Crack Growth Rate Group

3.8.1 Objective

The objective of this task is to participate in the ICCGR group, to contribute
to round robin tests and data base development sponsored by the group, and to
help author codes and standards developed within the ASME and ASTM society
structures.

3.8.2 Background

The International Cyclic Crack Growth Rate (ICCGR) Group was founded in 1977
with the support of both the NRC and EPRI. It has grown today to include
members from 41 sponsoring or research organizations, representing 11
nations. Comprehensive reviews of the Group, its history, and activities have
been authored by Slama and Jones (Ref., 3.27) and Cullen (Ref. 3.28). The most
important activities can be described as follows:

- 1977 - ICCGR Group was formed. In summary form, the charter states that
“he specific objectives of the Group were to provide a forum for the
timely interchange of information, to perform cooperative research
programs, to develop consensus test data and internationally accepted
standards, and to recommend test procedures and applications tech-
niques. The Group's semiannual meetings continue to be marked by a free
and open exchange of ideas on techniques and the interpretation of the
most recent data.

. 1978 - Completion of a round robin on data reduction and processing
showed that a variety of computational techniques and stress intensity
factor formulae led to an intolerably wide scatter band in the final
results. This, in turn, led to a recommendation, completed in 1983, of a
standard procedure for data acquisition, processing and presentation.

23 1981 - First round robin test was completed by the initial selection of
laboratories. The very wide scatter in results led, in part, to new
conclusions about the effects of dissolved oxygen content,

. 1981 ~ The ICCGR, with the sponsorship of the International Atomic Energy
Agency (IAEA), organized a two-day specialists' meeting in Freiburg, West
Germany. MEA authors contributed three papers to NRC Conference Proceed~-
ing NUREG/CP-0044 (Ref. 3.29) which was assembled and edited at MEA.

. 1982-1983 - A second round robin was initiated, with tightened con-
straints, in order to eliminate many of the {interpretation problems
zssociated with the first round robin. The basic parameters for the
second round robin are R = 0.7, 17 mHz sinusoidal waveform, 288°C (550°F)
and 1000 ppm boron as boric acid will be dissolved in the water.
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The plan of ac 0 for this ubtask 1: Y attend 1t rarious meetings
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}.8.4 Milestones

Figure 3.16 shows
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Figure 3.16 Milestone Statement and Schedule for Subtask 2h
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TASK 3 RADIATION SENSITIVITY AND POSTIRRADIATION PROPERTIES RECOVERY

ask 3 is designed to advance the technology and expaud the

deleterious effects of neutron radiation on the fracture resi

tural steels. Emphasis is placed on exploring postirradiation

(annealing) as a method for alleviating neutron effects peri

service. These research thrusts build on knowledge gained by previous

on pressure vessel steels and respectively seek information permitting
refinements to NRC Regulatory Guide 1.99 and information defining the benefit
and governing variables of abri ment relief by annealing. Common to the
studies is the development and better understanding of underlying radiation

effects mechanisms.

The Task 3 effort consists primary subtasks. The interaction of these
subtasks is illustrated in Fig. 4.1i. These, in most cases, are closely inte-
grated in the interests of maximum research payoff and ncy in investi-
gating process variables. Two subtasks focus on the variable radiation
embrittlement sensitivity of steels and deal with uncertainties over the
correlation of test vs. power reactor environments from the view of damage

1

producing capability and with metzllurgical factors responsible for differ-

ences among steels in resistance to radiation-induced embrittlement at the
service temperature. Three subtasks focus on embrittlement relief by anneal-
ing for nonimproved (older vessel) steel compositions. They are exploring the
merits and limitations of high temperature (454°C) and intermediate tempera-
ture (400°C) annealing, the composition effects on annealing response, and
fracture resistance changes under cyclic annealing and reirradiation. Consis~-
tent with NRC priorities, a distinct subtask was undertaken ror the isolation
and definition of radiation mechaniias attributable to composition effects and
interactions. This subtask will be rursued through subcontract with the Uni-
versity of Flcrida (Gainesville).

Task 3 is restricted to the investigation of low-allov vessel steels, includ-
ing types representative > f >ld and new reactor vessel construction.
Projected information from this task will have significant benefit to Tasks |
and 2 since several research materials, especially weld deposits and labora-
tory melted plates, are being shaved with these tasks.
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A

4.1 Subtask 3a High Temperature Annealing

bdel.l Objective

The objectives include experimental verification of high (5 80%) notch ductil-
ity recovery with 454°C annealing, verification of the superiority of 454°C-
168 hr annealing response over 400°C-168 hr annealing, examination of the
dependency on welding flux of 454°C vs. 400°C annealing recovery and explcra-
tion of reembrittlement rates for 454°C vs. 400°C annealing. An additional
objective is to establish if embrittlement saturation occurs, or alterna-
tively, the fluence level at which embrittlement of annealed and reirradiated
material begins to surpass the embrittlement level preceding the anneal.

4ol Eackground

This subtask represents one of several systematic investigations being carried
out for full qualification of the annealing method for embrittlement relief of
reactor vessels in service. The subtask builds on prior MEA investigations
for the NRC and others and has two key elements: embrittlement relief by
postirradiation heat treatment and reembrittlement behavior upon resumption of
the irradiation exposure. Tests of irradiated (I), annealed (IA) and reir-
radiated (IAR) material thus are implicit to this study. Information gained
here will be maximized through correlation with other Subtasks 3b and 3c
described below.

Studies to date have shown that recoveries in notch ductility as high as 70 to
75% are possible with 400°C annealing. For 454°C annealing, exploratory data
developed by MEA in tests of wrought materials suggest that notch ductility
recovery is dependent, in part, on material composition or type. For example,
results for plates irradiated at vessel service temperatures (~ 288°C) des~-
cribe equivalent recovery (< 100%) for 454°C-~168 hr annealing vs. 400°C~168 hr
annealing in some cases but large differences in recovery for other plates. A
parallel test for welds is one thrust of this subtask. A critical test of
welding flux type vs. recovery will be possible with the materials chosen for
study.,

Studies of the IAR condition likewise have revealed a promise of the annealing
method for minimizing radiation embrittlement build-up in service. The re-
sults in combination with those cited above are encouraging, but raise the
question of a steel's reembrittlement path. Reports by one laboratory, more-
over, indicate that embrittlement after 454°C annealing is at a slower rate
than the (initial) embrittlement of virgin material. This indication 1is a
direct contrast to MEA findings with another set of materials and with 400°C
intermediate annealing. Research objectives listed in 4.l.1 above stem from
the several current uncertainties over IAR (and IA) behavior.

4.,1.3 Plan of Action

The planned approach to the resolution of the subject question 1is shown
schematically in Fig. 4.2. The activities focus on the behavior of weld
deposits, recognizing that this component appears to be the most problematic
with regard to old production vessels now in service. The welds of interest
have in common a high (5 0.30%Z) copper content. Primary differences are in
nickel content (high or low) and the as-fabricated C, upper shelf energy level
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Figure 4.2 Flow Diagram for Subtask 3a: High Temperature (454°C) Annealing.
Capsule Irradiations in this subtask are designated High
Temperature Annealing (HTA) Series.
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4.2. Subtask 3b Composition Effect on Annealing

4.2.1 Objective

Objectives of this subtask are a general assessment of the influence of steel
compnsition on notch ductility recovery produced by postirradiation annealing
and development of specific qualifications of the individual and combined
influences of copper, nickel and phosphorus on recovery by a 400°C-168 hr heat
treatment.

4.2.2 Background

Studies of hect treatment capabilities for mitigating radiation-induced
embrittlement are providing increasing evidence of an effect of steel (or
weld) compositio: on observed recovery. The description of Subtask 3a gave
one example. Surveys of percentage recovery of transition temperature by
annealing at a given ter erature likewise have revealed large material-to-
material variability. These constitute a clear indication of a composition
dependence of some type. Accordiugly, composition must be considered as a
critical metallurgical factor potentially influencing both recovery rate and
the degree of embrittlement remaining after heat treatment. Metallurgical
influences on the anneal process have not been investigated in detail but
obviously form a prerequisite to NRC's evaluation of commercial reactor
annealing applications.

Unfortunately, reactor vessel surveillance programs are very limited in scope
and in the number of materials assessed. Typically, only one plate (or forg-
ing), one weld and one weld heat-affected zone are selected for the program.
The numbers of specimens and capsules clearly are too few to probe material
annealing behavior. By default, laboratory tests must be relied upon for the
bulk of needed information on metallurgical effec:is on annealing response,
including those of composition. Studies with split laboratory melts have had
singular success in the 1isolation of composition influences on radiation
sensitivity level. It 1is logical then to apply this same approach for
assessing the relationship of composition variables to annealing behavior.
That 1is, laboratory melts are a convenient way to eliminate metallurgical
guesswork and to obtain compositfon variations (statistical arrays) as needed.

The technology suggests that the magnitude and direction of individual element
influences on annealing response will vary for the simple reason that more
than one radiation embrittlement mechanism appears to be operating in the
embrittlement process. Copper and phosphorus, having known contributions to
radiation sensitivity development, were selected for the Subtask 3b study on
the basis of their difference in (suspect) mechanism. Nickel was included
because of its recently proven reinforcement of the copper influence in radia-
tion sensitivity level. The choice of annealing temperature [c: studies of
this type, on the other hand, appears optional. Strong interest currently
exists in both 400°C and 454°C annealing capabilities and trends. Subtask 3b
will emnloy 400°C annealing, 1in part, to enable the large band of existing
annealing data for this temperature to be used in the final analysis and for
making correlations. In contrast, data for 454°C annealing are sparse.
Also, long term time-at-temperature effects are a distinct possibility with
this temperature.



Plan of Action

The overall subtask will evolve as shown in Fi 4.4, Irradiations of this
subtask are identified as the Composition Effec on Annealing (CEA) series.
The first grour of materials (Investigation subelement 3.b.1) will be
irradiated in C784, and results reported in Fall of 1985. The second
group (Investigation 2, subelement 3.b.2) will be irradiated in CY86. Full
analysis of subtask indings is expected in mid 1987, Research materials
(plates) for the study are being supplied by Subtask 3f below, and another MEA
study. The referenced studies will provide the bulk of required information
on I-condition behavior also.

A total of eight plates have been selected for investigation which together
provide statistical variations in copper, nickel and phosphorus content. For
example, plates in investigation 1 have a high-nickel content (0.70Z Ni) and
depict high/low copper contents and high/low phosphorus contents. The primary
composition variables for plates of investigation 2 are copper and nickel

rontenié In gach case, C, specimens will be irradiated to a target f luence of
2 z 10

at 400°C for 168 hr and tested to establish transition temperature recovery

n/cm® (E > 1 MeV). The bulk of the specimens will then be aunealed
and upper shelf recovery. The balance of the specimens will be used to verify
the estimates of I-condition properties “erived from earlier findings on the
materials. As a precaution, out-of-reactor thermal conditioning tests are
also planned for this subtask. As with Subtask 3a, the effects of irradiation
time-at ~temperature and that of the {irradiation plus annealiny temperature
cycle will be assessed individually, using two sets of samples.

4.2.4 Milestones

Milestones and the schedule for their accomplishment are shown in Fig. 4.5.
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Figure 4.4 Flow Diagram for Subtask 3b: Composition Effect on Annealing
Response. Capsule Irradiations in this subtask are designated
as Composition Effects on Annealing (CEA) Series.
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4.3 Subtask 3c Mechanism Model of Irradiation Damage
4.3.1 Objective

Objectives of this subtask are to confirm the basic mechanism of the copper
contribution to radiation sensitivity development, to define the mechanism(s)
by which nickel alloying reinforces the copper content to sensitivity level
and to isolate the mechanism responsible for the phosphorus contribution to
radiation sensitivity development. The subtask will also assess the depen-
dence of the respective mechanisms on the ambient radiation flux level (high
vs. low). The major portion of the research activities will be carried out by
a subcontractor to MEA.

4.3.2 Background

Radiation damage to pressure vessel steels typically 1is associated with
changes wrought in the metal lattice by high energy neutrons colliding with
the atoms of the alloy. 1In this simplistic view, the collision process pro-
duces lattice displacements (or displacement cascades) which result in metal
hardening and, in turn, the elevation of the brittle/ ductile transition
temperature found in postirradiation notch ductility and fracture toughness
tests., Steels, however, are complex materials at the microscale and, as might
be expected, show that radiation damage mechanisms extend well beyond tne
simple displacement cascade and displacement spike models. Cases in pnint are
the harmful effects of copper and phosphorus impuvities on 288°C radiation
resisiance and the recently confirmed interaction between nickel and copper
which magnifies the effect of the latter on sensitivity.

In 1972, Smidt and Sprague (Ref. 4.1) reported evidence that the copper mecha-
nism is different from that of phosphorus and that nickel content does not
enhance directly, the radiation sensitivity of iron, at least for compositions
up to 0.3 atom percent nickel. Their observations with binary iron alloys and
low alloy pressure vessel steels indicate that the probable mechanism for the
copper influence is the promotion by copper atoms or atom clusters of inhomo-
geneous nucleation of vacancy defects, i.e., small dislocation loops. These
provide the barriers to dislocation motion responsible for the enhanced yield
strength elevation by irradiation. Because a different yield strength depen-
dence with fluence was observed for the iron-phosphorus binary, they concluded
that the mechanism for the phosphorus contribution must be different from that
of copper. Separately, it has been proposed that the phosphorus mechanism is
similar to that of temper embrittlement and derives from radiation-enhanced
diffusion of phosphorus to ferrite=-carbide interfaces.

A review of the present (1984) state of the fundamental understanding of
radiation sensitivity provides the following picture: (a) more than one
mechanism at the microscale generally is responsible for observed embrittle-
ment by 288°C irradiation, (b) the mechanism for the copper influence still
lacks confirmation even though it h.; been studied for several years and has
been modeled based on abundant empirical data, (c) the form of the interaction
between nickel and copper content in sensitivity development is not known,
neither is the reason for the greater level of interaction seen in welds
compared to plates, and (d) the mechanism for the phosphorus effect remains
elusive, partly because of past microscopy limitations. Relative to (d),
investigations by Subtask 3f recently revealed an 1interaction between
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4.4 Subtask 3d IAR Phase 2
4d.4.1 Objective

Objectives of this subtask are to complete an irradiation-anneal-reirradiation
investigation designed to explore reembrittlement path after 288°C irradiation
and 399°C annealing. The investigation employs two submerged-arc weld depo-
sits and C, test determinations. The welds were fabricated with different
flux types but shared the same lot of filler wire (high copper, high nickel

composition).
4.4.2 Background

The NRC's irraiiation (I)-anneal(A)-reirradiation(R) program represents a
systematic effort to qualify the annealing method for the control of radia-
tion-induced embrittlement to commercial vessel materials., IAR behavior is
being assessed both from the standpoint of transition temperature elevation
and from the standpoint of upper shelf toughness reduction.

The first phase investigation, reported by MEA investigators in 1978, employed
two commercially produced submerged-arc welds (nozzle cutouts) containing
0.35% copper and ~ 0.65% nickel but which differed in welding flux type. One
flux type (Linde 80) typically produces a low as-fabricated C, upper shelf
level; the second flux type (Linde 124) yields a high fn-fabricated upper
shelf level. Irradiations at 288°C to ~ 1.3 x 10!? n/cm? were used for the
first cycle exposure; reirradiation fluences were less. This investigation
revealed that 399°C-168 hr annealing, but not 343°C-168 hr annealing, has a
high potential for reducing radiation effects build-up in service. The Phase
2 investigations builds on this finding. Subtasks 3a and 3b, in turn, build
on the Phase 2 study which is now nearing completion.

Additional observations of Phase | were (a) 2 greater rate of embrittlement in
heat-treated material compared to nonheat-treated material and (b) a signifi-
cant difference between upper shelf and transition cemperature responses to
heat treatment. The first was the primary motivation for the Phase 2
study. Its goal is to explore the reembrittlement path after annealing, This
follow-on investigation, additionally, is testing the significance of welding
flux type to IA and IAR performance, noting that considerable differences in
as-fabricated transition temperature and upper shelf properties can result
from the flux choice.

The investigations of IAR Phase 2 center on C, assessments with some support=-
ing information derived from companion tensile tests. Compact tenshﬂ test
for J c Properties of I vs. IAR conditions at a fluence of 1.5 x 10'7 n/em
have en conducted; results generally agree with the C_, observations to
date. Reuiznlng experimental C, assessments 1nonve fluences of
>2 x 1019 n/em®, i.e., significantly higher than that of the Ji. test com=
parisons. f



4.4.3 Plan of Action

Figure 4.8 shows the sequence of experimental operations planned in completion
of this subtask. Test materials are two welds produced from the same lot of
fi{ller metal but different welding flux types (Linde 80 and Linde 0091).
Qualification tests of these welds indicated significantly different preirra-
diation C, properties consistent with these flux types.

Completion of the IAR (Phase 2) Series involves 288°C irradiation, 399°C-168
hr intermediate annealing and 288°C reirradiation of C, and tensile specimen
sets of both welds. Objectives are to Vsrabligh [- and IA-condition proper-
ties after a (total) fluence of 2.5 x 10*” n/cm® (E > 1 MeV) and to establish
IAR-condition properties for a first cycle exposure of 2.0 x 101”7 at 288°C
followed by 399°C-168 hr annealing apd 288°C reirradiation to second cycle
fluences of 0.25 x 10 and 0.50 x 10*” n/em*., These operations are scheduled
for completion in CYB4. Findings on notch=ductility changes will be intercom-
pared to identify the reembrittlement path with flueace, the effect of weld
flux type on the IAR trend, and through comparison with previously reported
findings on these welds, the significance of the first cycle fluence level
(high vs. low) to subsequent IA and IAR property changes.

Results from this subtask are to be closely integrated with the observations
of Subtasks 3a and 3b.

Milestones

Milestones and the schedule for their completion are shown in Fig. 4.9.
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4.5 Subtask 3Je Dose Rate Effects
4.5.1 Objective

The main objective is to demonstrate experimentally, using closely controlled
test conditions, the relative effects of long~term vs. short-term irradiation
exposures on the mechanical properties of reactor vessel steels. Neutron flux
levels employed are representative of power reactor and test reactor environ-
ments; the temperature of irradiation (288°C) 1is typical of reactor vessel
service.

4.5.2 llck‘rouud

Reactor vessel surveillance programs have been highly beneficial not only for
confirming radiation embrittlement trends established in test reactor experi-
ments but also for verifying the high radiation sensitivity of materials
baving a high copper and a high nickel content. A historical objective of
such programs, additionally, was to ascertain the combined effocts of long~
term irradiation and elevated temperature. Comparison data now evolving from
long vs. short-term neutron exposures provide some evidence of a time-at-
temperature dependencs of the embrittlement process. Specifically, embrittle~
ment levels observed for power reactor irradiations at low fluxes appear to be
lower than those found in test reactor irradiations, especially for the case
of fluences typical of vessel end-of-life,

Because of the major import to vessel operations, both in terms of allowable
lifetimes and startup/shutdown procedures that are safe yet most economical,
the flux dependence uncertainty bears examination and confirmation for NRC
regulatory decisions. Also, out of necessity, it is fully expected that test
reactor data will cortinue to be a key element in the analysis of the power
reactor case, The former represents a major portion of the available informa=-
tion and, from a practical standpoint, test reactor experiments are the only
means by which metallurgical and annealing variables can be studied and quali-
fied within a reasonable (short) time frame.

Subtask 3e and the Dose Rate Effects (DRE) Series of experiments were estab-
lished to provide a critical test of the flux effects issue. The irradiations
are being conducted in the UBR test reactor, which is light-water-cooled and
has a low enrichment. This vehicle was chosen because of the high degree of
control which can be exercised over fluence levels (for fluence matching) and
exposure temperatures (positive temperature control and continuous temperature
monitoring are possible). In turn, this capability avoids the primary uncer-
tainties found in power reactor specimen irradiations.

4.5.3 Plan of Action

The irradiation matrix calls for the exposure of A 302-B and A 533-B reference
plates (one each) and A 533-B weld materials (oie each 8( Linde 80 flux and
Linde ?991 flyx) at three neutron flux levels: 7-8 x 10! y 4=5 x 10! and 8-
9 x 10'% n/cm®-sec™!, Requisite flux levels are being obtained using two
reflector (in-pool) locations and one in-core location 1in the UBR. The
reflector reglon locations are identified here as standpipe (SP) and core-edge
(CE) locations, respectively., The majority of required irradiations have been

in progress since 1983, Figure 4.10 shows schematically the general plan for
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the relationship of remaining research efforts reg ng Subtask
1. 3.e.2 and 3.e.3 refer to operations in the standpipe,

Subelements 3.e.
edge and in-ccre

IC) facilities, respectively.

’
{

4

Specimen types being irradiated include C_ specimens for notch ducility deter-

specimens for dynamic fracture toughness

minations, tatigue precracked C
(K;jq) determinations, )« ST=CT spe
and tensile specimens. The irradiation temperature is controlled at 288 °C in

cimens for static fracture toughness tests,

all three locations, larget fluences for the two higher flux levels are
S 19 Ilq ] "\5 - { ¢ +)

and 2.0 x 10 n/cm. Specimen sets irradiated at the
‘ .

Js3 % 0", 10 % )
lowest flux are 2¢ : - 10*7 n/ (E | MeV) only I[rradiation
tests of the / ylJate and the Linde ) e ] wi be at each matrix
point; tests he plate and the 1 weld wi be made at the

lowest fluence only because of program size

The initial comparison . testing flux effects is not expected until Jul
1986. The resul or ) the DRS assemblies [Core~edge (CE) Assembly
will be available 1ir ywever, and data for the A 302-B piate

compared against existing in-core data trends for this material. Likewise,
some in-core data will btacome available from subtask 3Ja for the Linde 8
weld. Thus, preliminary compariscons th 't f yre-edge vs.
locations should be possible before i 1986, A special neutron spectrum
calculation will be made in CY86 fo core—-edge and in-pool locations

yverall comparisons (subelement 3.e ) A spectrum calculation

exists for the in-core locations.

In addition to the main objective yrrelations 11 be investi-
’

gated using data supplied by the C pecimen tests. cordingly, this

of the effort will reinforce t f Subtask lb above.
Milestones
ol T A

nes and target completion dates
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Figure 4.10 Flow Diagram for Subtask 3e: Dose Rate Effects. Capsule Irradiations
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4.6 Subtask 3f Variable Radiation Sensitivity

4.6.1 ObI‘CCIV'

This subtask is directed to the experimental isolation and qualification of
combined alloying element and residual element effects on the 288°C radiation
embrittlement resistance of pressure vessel steels. Research materials are
plates from laboratory melts of A 302-B or A 533-B steel. Impurity elements
investigated are Cu, P, Sn, Sb and As; alloying elements investigated individ-
ually and in conjunction with Cu level are Ni, Mn, Mo and Cr.

4.6.2 umtmnd

The detrimental effects cf a high copper content and a high phosphorus content
on the resistance of reactor vessel steels and welds to 288°C radiation
embrittlement is well established. The primary impetus to the current study
was the receat experimental confirmation of a nickel and copper content inter~
action through which the detrimental effect of copper 1is enhanced signifi-
cantly. The interaction is believed primarily responsible for the high radia-
tion sensitivity levels exhibited by the high copper, high nickel content
welds of many early production reactor vessels. A likelihood of contributions
from other elements acting in combination is suggested by other data and also
by computer evaluations of current data banks for both test reactor and power
reactor irradiations. Subtask 3f was initiated in 1982 to explore and qualify
other suspect interactions.

The subtask has purchased seven laboratory melts of steel. The procedure of
multiple casting with specific element additions to the melt between casts was
used to obtain four composition variations from each melt. The base composi-
tion was A 302-B or A 533-B in each instance. Primary impurity elements
varied were copper and phosphorus. Combinations of these two elements (indi-
vidually or in pairs) with the alloying elements nickel, chromium, manganese
and molybdenum form the main composition matrix. The matrix provides other
element variations, including tin, arsenic and antimony, but on a second
priority basis.

Relative radiation sensitivity is being ascertained from the udutlon-snduce
change in C, notch ductility and tensile properties produced by 2 x 10! n/cm
(E > 1 MeV) at 288°C. The thrust of Subtask 3f is the development of key
information upon which further refinements to Regulatory Guide 1.99 can be
confidently based. By design, the results will also help guide studies of
annealing and reirradiation behavior described above. As stated earlier, this
subtask provides test materials and I-condition information for Subtasks 1lb
and 3Ja.

4.6.3 Plan of Action

The necessary experimental steps for completion of the original subtask plan
are shown schematically in Fig. 4.12. At the commencement of the current pro-
gram, 16 of the 28 plates been irradiated and evaluated for relative notch
ductility change by 2 x 10* n/cnz. C, specimens of eight additional plates
had also been irradiated but the reactor assembly remained unopened. Accord-
ingly, completion of the Variable Radiation Sensitivity (VRS) series requires
the testing and evaluation of C, specimens from one reactor assembly (VRS-3)
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(subelement 3.f.2), the 288°C irradiation and testing of Cy specimens of four

plates and also the 288°C irradiation and testing of tensile specimens of all
28 plates (subelement 3.f.3).

The plan for the remaining neutron exposures is to use a multiple-capsule
assembly capable of irradiating both specimen types simultaneously. Some
revisions to the standard MEA assembly design are required and will be made in
early 1984. All experimental phases should be completed by early 1985.
Findings from the four reactor assemblies comprising the VRS series will be
issued in three reports for simplicity (see subelements 3.f.l and 3.f.4).

4.6.4 Milestones

The schedule of milestones for this subtask
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5.0 BUDGETARY ASSUMPTIONS
The budgetary assumptions on which this issue of the four-year plan are based

are given in th's chapter. The four-year program budget is given in Table
5.1,

Table 5.1 Budgetary Assumptions by Contract Year

cY YEARLY BUDGET
($K)

1 1739

2 1630

3 1982

4 1953

The budget for each contract year (1984-1987) by task and subtask is presented
in Table 5.2.



A

7able 5.2 Program Cost by Contract Year (CY)

TASK SUBTASK cY 1 CY 2 cr 3 CY 4

1984 1985 1986 1987

1. FRACTURE MECHANICS la. Cladding Fracture 131 162 124 37
1b. Cy~Ki. Correlation 140 78 58 75

lc. Warm Prestress 38 56 75 21

1d. Ko Curve Shift 110 89 116 46

le. Piping Fracture 187 206 2'8 206

1f. HSST 4th Irradiation 60 0 0 0

TCTAL TASK 1 666 591 591 385

2. ENVIRONMENTAL CRACKING 2a. S=N Curves 145 142 248 219
2b. Environmentally-Assisted Fatigu= 180 136 73 0

2¢c. Crack Geometry 77 103 222 352

2d4. Cladding Fatigue 13 36 48 50

2e. Mechanisms 83 80 z 79

2f. Total Fatigue 0 20 42 70

2g. Cumulative Damage 46 40 57 54

2h. ICCGR 23 25 16 20

TOTAL TASK 2 567 582 800 844

3. RADIATION SENSITIVITY 3a. High-Temperature Annealing 03 75 117 98
3b. Composition Effects on Annealing 30 64 93 35

3¢c. Irradiation Damage Mechanisms 62 126 143 144

3d. IAR Phase 2 76 45 0 34

3e. Dose Rate 99 97 227 413

3. Variable Radiation Sensitivity 86 50 11 0

TOTAL TASK 3 506 457 591 724

PROGRAM TOTAL 1739 1630 1982 1953
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