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Abstract

Pressurized-thermal-shock (ITS) kudmg produces biaxial conditions, were applied to addidonal large-scale datr with
stress fields in a reactor pressure vessel (RPV) w all with the objecdve of validating models in the plane stress to-
one of the principalmsses abgned parallel to postulated plane strain domaM bcfore applying them to positive out-
surface cracks in eithe longitudinal or circumferential of planc strain conditions. The general finding was that
welds. The limited quantity of existing biaxial test data applications of the nr.Aels resulted in predictions of frac-
suggests a significant decrease of fracture toughness under ture behavior that conflicted with existing experimental
out of plane (i.e., parallel to the crack front) biaxial loading data considered relevant to the problem. Because of the
condinons w hen compared with toughness values obtained conflicting results, it is apparent that tening of RPV stects
under uniaxial conditions. Any increase in crack-tip is required (1) to determine the magnitude oiout-of-plane
constraint resuldng from these out-of plane biaxial stresses biaxial loading effects on fracture toughness and (2) to
would act in opposition to the in-plane constraint relaxation provide a basis for development of predictive models. This
that has been previously demonstrated for shallow cracks. course of action is : ecessary to support a refined treatment
Consequently, understanding of both in-plane and out-of- of in planc and out of-plane constraint effects in PTS anal-
plane crack-tip constraint effects is necessary to a refined ysis. Proposed in this report are criteria for a biaxial speci-
analysis of fracture initiation from shallow cracks under men that would form the basis of a testing program
liS transient loading. This report is the se a m a series uesigned to provide data te explain differences between
investigating the potential impact of far-field out-of-plane theoretice' predictiess and me cred material behavior,
stresses and strains on fractu.c initiation toughness. Results of Osign studies on the blaxial specimen will be
Selected fracture predicdon models, previously validated presented in a future report from the Heavy-Section Steel
for small scale fracture specimens under nearly planc strain Technology Program,
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Executive Sulumary

Pressuriecd thermal shock (l'fS) kiading produces biasial increase in toughness relative to the Amencan Society of
stress fields in a reactor pressure vessel (RPV) wall with hicchanical Engirrers lower tound curve, but not of a
one of the principal stresses aligned parallel to postulated magnitude that would have been inferred from the shallow-
surface cracks in either longitudinal or circumferential crack data. It has been suggested that the biasial stress field
welds. %c limited quantity of existing biasial test data produced by the thermal shock loading had the effect of
suggest a significant decrease in crack initiation toughness reducing fracture toughness well below (40%) those
under out of plane biaxial kuding conditions when com- values associated with uniatial kuding of the shallow-
pared with toughness values obtained under uniasial condi- crack beams.
tions. Any increase in crack-tip constraint resulting from
these out of plane biasial stresses would act in opposition
to the in plane constraint relaxation that has been previ. Experimental and analytical studies at Bundesanstalt fur
ously demonstrated for shallow cracks. Consequently, MaterialprUfung (ll Ahi), Germany, esarnined the influence
understanding of both in plane and out of plane crack tip of biaxial stress states on fracture toughness of pressure
constraint effects is necessary to a refined analysis of frac- v(ssel steels. / mminal biasial stress state was generated
ture initiation from shallow cracks under l'I'S transient in small tensile specimens via a transverse bendmg stress
loading. This report is the second in a series investigating that develops in conjunction with tensile loading. De ratio
the potential impact of far ficid out-of planc stresses and of tensile to transverse com1xments of stress had maximum
strains on fracture initiation toughness. and snean values of 1:0.3 and 1:0.15, respectively. HAM

reported that fracture toughness (K) values of the biaxially
loaded specimens were ~25% lower than those of single-

A summary of existing bianial test data indicating a signifi- edge notched specimens.
cant decrease in fracture toughness under out-of plane
biasial huding conditions is given in Table ES.I.

Unpublished data were reported from CNITM ASil, Russia,
Table ES.1 Summary of esperimental data eshibiting concerning fracture toughness measurements under biaxial

a decrease in tuughness for out of plane blasial kmding conditions produced in a spinning-disk facihty.
i stresses %ese tests utilized circular disks having a diameter 450 to

600 mm thickness 150 mm, and surface cracks of maxi.

gS * P'' g"'"U5I Crack Hlasiality Reduction rnum depth 40 rmn and length 2W nun, in these expai.

geometry ratio in Ke (%) ments, an estimated 37% reduction in toughness (Kc) was
reported for the biaxially huded spinning disks, as com.

Shallow crack % rough- 1:1 -40 pared with data from uniaxially loaded specimens,
and thermal- crack (equibiasial)
shock data

(llSST/ORNI.) The scarcity of experimental data addressing the effects of
Biasial/ tensile nrough- 1:0.3 25 biaxial far field stress distribution on fracture toughness ispecimen data crack

provides part of the motivation for studying the issue from
(UAM' an analytical perspective. Two different analytical
Gennany)

approaches to the problem are presented in this regurt. The
Spmning-disk Finite- 1:1 37 first approach addresses crack initiation by focusing on the

data length (equibiasial) near crack tip fields within a region extending a few crack-(CNITMASil, surface
tip-opening displacements directly ahead of the crack tip,

,

Russia) crack
Two-parameter fracture characterization methods, w h!ch
incorporate the higher-order T-stress and Q stress terms,
are used to provide the technical basis for addressing the

Comparisons of measured data from thermal shock experi. shortcomings of conventional one parameter methods
ments and shallow-crxk beam tests conducted in the based on the K and J parameters. The near-crack-tip results
Heavy Section Steel Technology (HSST) Program at Oak are then interpreted within the context of a selected number
Ridge National laboratory (ORNL) provide insight into of micromechanical fracture models for the prediction of
the impact of biaxial far field stress distributions on frac- crxk initiation. The Ritchie Knott-Rice (RKR) model is
ture toughness. The thermal shock experiments employed ack)pted for the prediction of cleavage fracture, and the
shallow cracks having initial depthe comparable to those in McClintock llancock MacKenzie(MHM)modelis
the shallow-crack beam tests, but with a s ery long crack adopted for the prediction of ductile fracture. Rese two
front. Results from these thermal shock tests show an models are chosen because they have been applied to
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A 533 fl material,in the lower transition and upper shelf shallow-crack beam tests. Finite element analyses of these '

regions, respectively, w ith some succcu under nomtradi- experiments were perfonned using loading conditions mea- !

ated and irradiated conditions. sured in the test. Full field finite strain solutions based on {
the planc strain assumption were generated frorn models i

The second approach focuses on the development of corte- having a highty refined crack tip region. Correlations of

lation parameters that relate fracture toughness with a vol- measured and predicted toughness for the WP 1 and .2 j

ume of material loaded above nominal stress threshold soies of wide plate experiments based on the Q stress
|

states. Candklate correlation parameters include, but are parameter indicate that the RKR rnodel predict ons fall ;

not limited to, those based on a critical maximum principal substantially bekiw the toughness values determmed from j

stress contour methodology. His metixxiology relates MS* " #W 5 *
!

cleavage-crack initiation to the attainment of a critical ares tions from the RKR model for the shallow crack bearn

enclosed within a selected rnaximum principal stress con- specimens were compared with measured toughness values
;

tour surrounding the crack tip. A correlation hetwecn frac- for four valun of crWal stress. Again, the m model ;

ture toughness and this numerically determined area predictions were below measured values, but not to the j
parameter is provided through applications to rneasured extent observed in the wide plate specimens.

data. This approach is applied to the analysis of existing |
fracture toughness data obtained from compact tension

inconsistencies hetween measured and predicted tough- |(CT)ypecimens having a common planform, but with nesses for the wide plate and shallow-crack beam experi- [varymg thicknesses'
enents could result from one or more factors. One possible i

difficulty may be the presence of three dimensional (3 D) ;

-The fracture prediction models described above were effects in the wide plate specimens due to chevroned
,

applied to additional measured data with the objective of notches that cannot be represented in the two dimensional !

validating the inodels in the plane stress to-plane strain (2 D) plane strain models employed in the present analy. ;
dornain tefore applying them to positive out of plane ses. It is unclear what modifications may be required to the ;
strain conditions. Results from these applications are sum- bQ methodology to represent tkse 3 D eIfects should they i

mariied in Table ES.2. The RhR model was applied to be present. Also, previous applications of the RKR predic. i

fracture-initiation toughness data generated in the HSST tion model to measured data have been confined to small-
'

Program from large scale wide-plate esperiments and scale laboratory specimens. Dere may be difficuhics with !a

+

Table ES.2 Summary of applications of fracture prediction models to measured data in plane !
stress to plane strain domain !

i

Fracture prediction Test specimen Analysis - Analpls ,

model configuration objective assessment !

RKR cleavage initia- Wide plate Comparison of model No agreement (model |
tion model toughness predic. Substantiall' - ader- ,

tions with measured predicts measured
values values) !

Shallow crack beam Comparison of model hiarginal agreement
toughness predic. (model underpredicts 3

tions with measured measured values)
valurs '

Thermally shocked cylinder Comparison of model (Analyses in progress) !

toughness predic-
tions with measured !

values 1
Critical area / maximum CT specimens with 4T Determination of No calibration of model

principal stress planform (thicknesses unique critical maxi- (no unique critical
contour model 25.4, 50.8, and mum principal - stress for three speci. ,

101.6 mm) stress atinitiation mens)

h1Hht ductile initiation (No applications to existing j
model measured data were i

performed in this study) |
,
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1 Executive

| upplications of this matel to large scale structives that ology (described in Appernlix D) supiert a reduction of
have not yet been identified. -9% to 20% due to positive strains. 'lhe hiKM inodeli

(descriled in Appendix C) predicted a minimal ductile
i toughness deviation. Ilowever, because the fracture
2

Correlations based on the stress contour medal indicate medulologies considered in this study produced results
! that devehipment of the inethodology depends on that conflict with existing data considered relevant to this
| establishing Ac existence of critical opg stress values that problem, these estimates cannot be applicJ with confidence
i corretaic fracture toughness behavior over a range of trans- in addressing questions that affect licensing and regulatory
i verse strain s alues. It? analyses designed to validate and issues for RPVs.
I calibrate the matel in the plane stress to-planc strain

| domain, the stress contour metled was applied to fracture

j' toughness data for A $3311 steci previously gentrated by
McCabe and Landes for a study of thkLness elfects in de b k HSST Prop a

transition region. Analyses of 3 D finite element models of using medulologies described in this report to better
understand the substantial differences in measured fracture

j compact specimens having a comnum planforrn of a 4T

j specirnen and thicknesses ranging from 10.16 to 101.5 mm toughness from the thermal-shock experiments arul the
Mw M i h is ch ht wrM& rent

; were performed in an attempt to estirnate critical o j stress
,

p
q values m ;he negative transverse stram domam. The sesults competing rnechanistns affecting fracture toughness are

{ were mconclusive tecause a critical o value common o present in these experiments. In addition to the bianial
pj

j three different thicknesses (25.4,50.8, and 101.6 mm) of stress Dekt,other factors include shallow crack elfccts,

; the specimens could not be estabbshed. Ilowever, the data enedimls of structural huding, structural and crac k geome-

set utiliicd in these analyses included only one cleavage- tries, and material properties. A definitive conclusion>

j initiation toughness value for each specimen thickness. W cuccts requires an understanding of the

; Also, the experimental data w(re not re[orted m sulficient factors affecting toughness that is sufficient to pennit an

detail to permit resolution of substantial differences unambiguous separation of the individual contributions.,
a

between memured and computed curves representi ,'oad1

| vs hud line displacements for the test specimens. Ik ase
of these difficulties with the experimental data, the viability From disc studies it is apturent that testing of RPV steels,

! of the stress contour methodology for correlating fracture is required (D 19 determine the mandtudi of out of plane
j toughness in de planc stress to-planc strain domain cannot biaxial kudA elfccts on fra:ture toughness, and (2) to
! be judged on the lusis of the atove application, provide a basis for developm mt of predictive malcis. The
i nuist desirable prognun wouki mvolve suitable test speci-
; mens and loading conditions for which the only variables

The fracture mulcis employed herein must be considered are im[used biaxial loading components.1his course of
j unvalidated for prc<hcting the cifects of biasial out-of- action is necessary to support a refined treatment of in-~

plane stress on cleavage fracture toughness, because appli- planc and out-of plane constraint effects on crack initiation
j cations to small and large specimen fracture data did not from shallow cracks under PTS loading conditions. As a

prmluce consistent results in predicting fracture behavior. consequence, criteria for a biaxial specimen proposed in
j Notwithstanding these general findings, toughness predic- this report would form the basis of a testing program
i tions implied by these models for out of planc strain designed to explain differences between theoretical predic.

effects were provided herein for reference purposes. Within tions and measured material behavior. Design studies are
4

the assumptions of the various models and analyses pre- currently under way in the llSST Program to develop a set,

sented here, tensile transverse strains are predicted to pro- of geometric parameters, material and fracture properties,
duce a relatively small(k crease in effective cleavage frac- and kuding conditions for the specimen satisfying these

-

j ture toughness w hen comiured to that of identical speci- design criteria. Results of the design studies on the biasial
mens huded uniasially. Applications of the RKR model specimen will be pre,sented in a future report from the

'

: (described in Appendix C) and the suess contour methal- IISST Program.

>

1

|

i

|
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1 Introduction

j This report dewribes work undertaken to desclop aaJ uli- stresses have no equivalent in compact s ecimens used in
i date analytical methojs for estimating the potential impact conventional fracture toughness testing. Any increase in
'

of out of plane biaxial far fichi stresses on crack initiation crack tip constraint resulting from these out of plane
toughness of slullow inner surface cracks in nuclear reac. biasial stresses would act in opposition to the in planc

; tor pressure vessels (RPVs). hiotivation for this study constraint relaxation that has been previously demonstrated

J comes from the observation that, while existing fracture for shallow cracks.2 Consequently, understanding of both
toughness data are largely obtained under nearly plane in-plane and out-of plane crack tip constraint cffccts isa

i strain conditions in compact test specimens, far field necessary to a refined analysis of fracture initiation from
stresses that act in a direction parallel to the crack front for shallow cracks under PTS transient loading.
both axial and circumferential flaws are present in RPVs.

.

Figure 1 depicts a configuration of particular concern in
this study, that is, a shallow circurnferential crack in the Pennell* has suggested that results from thermal. shock |,

3 2| weld of a ring forged RPV egeriencing positive strain cylinder experiments and t. hallow-crack beam tests con- |

| parallel to the crack front due to the hoop component of ducted in the IIcavy Section Steel Technology (ilSST) J
; biasialloading.The components of a typical far field stress Progntm at Oak Ridge National Laboratory (ORNL) pro- '

i distribution in a RPV wall during a pressurized thermal- vide insight into the impact of biaxial far field stress distri-
shock (PTS) transient are shown in Fig. 2 (from Ref.1). butions on fracture toughness. De shallow crack beam

2The thermal, pressure. and residual stresses are all biaxial, tests were conducted to generate fracture toughness data
with both in plane and out of plane components. This that characterize tne relaxation of crack tip constraint
biaxial stress distribution occurs both during the normal associated with shallow-crack geometries. Crack depths
operation of an RPV and under postulated PTS conditions. typical of those associated with postulated distributions ini

in Fig. 3' tensile out of plane stresses acting parallel to a an RPV were utilized in the beam tests. Results from the4

shallow longitudinal crack in an RPV are on the order of shallow-crack testing param, shown in Fig. 4, irdicate
3.9 h1Pa in a PTS transient.These far field out of plane that the lower bound to the uniaxial shallow-crack beam

fracture data is ~60% greater than that of the deep-crack
4data in the lower transition region. [ Analyses of PTS,

j 'w. IL Pennen/ Aging Impaa on the saray and o en Nioy of hicar transients have shown that crack initiation is most likely to
; Reador Preswre Veuch "
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Figure 4 Comparison of cleavage initiation toughness data from shallow-crack beam tests and from thermal shock
experiments ;

>

occur at a temperature relative to the reference nil ductility component of stress along the crack front had a maximum
transition temperatur; |RTNI)T) associated with the lower- value of 1:0.3 and a mean value of 1:0.15. For comparison ,

transition region of the fracture toughness curve.) The purposes, single-edge notched (SEN) specimens of the '

3thermal shock experiments also employed shallow cracks same cross section as the doub!c T specimens were fabri- -

having depths comparable to those in the shallow-crack cated from the same material (a 22 NiMoCr37 steel) and
beam tents, but with a very long crack front. In Fig. 4, tested. Aurich et al.6 reported that fract'are toughness (K) |
results from these tests show crack initiation toughness values of the biaxially loaded specimen were ~25% lower
values from the thermal shock experiments that are sub- than those of the SEN specimen.
stantially lower in magnitude than toughness values that
would have been inferred from the shallow-crack data. It is +

postulated that the biaxial stress field produced by the A later study reported by Aurich et al.10 focused on a
thermal shock loading may have the effect of reducing plate-shaped specimen having dimensions 1000 x 1000 x
fracture toughness well below those values associated with 140 mm with an approximate semielliptical surface crack !
uniaxialloading of the shallow-crack beams.' of depth a = 83 mm and length 2c = 480 mm. 'Ihe plates

were loaded in eight point bending to produce a biaxial
stress state along portions of the crack tront. AlsoAompact

5Experimental and analytical studies -10were performed at tension (CT) specimens from the same material as the
'

Bundesanstalt far Materialprofung (B AM), Gennany, to plates were tested over the same temperature range as the
detemiine the influence of nominal stress states of higher plates. Because cleavage toughness values for the biaxially
multiaxiality than plane strain on fracture toughness of loaded plates were lower than those for CT specimens,
enginecting structures. The program at BAM utilized sev- Aurich et al.10 asserted that uniaxially loaded specimens
cral different test specimens, beginning with a double T tested under plane strain conditions will not necessarily
shaped geometry loaded in uniaxial tension. A biaxial nom- give a lower bound toughness, llowever, fracture in these
inal stress state was attained in the 50- by 80-mm cross sec- - specimens evidently initiated at points on the end radius of
tion of the specimen via a transverse bending stress that the surface crack where the far-field stress components
develops in conjunction with the uniaxial tension compo- were oblique (or normal), rather than parallel, to the crack
nent. The ratio of the tensile component to the transverse front.

3 NUREG/CR-6008
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Intrmluction
I

j Unpublished data from CNITMAM1, Russia, concerning in a spinning-disk facility that utilized circular disks with a

i frxture toughness undet biaxialloading conditious were diameter 450 to 600 mm, a thickness of 150 mm, and sur-

| regurted by M. Brumouky.' Biaxialloading was produced face cracks of 40 mm maximum depth and 200 mm length.
in these exgeriments, an estimated 37% reduction in'

toughness (Kc) was reported for the biasially loaded spin-

'M lirwnoviay,skwas wk .cmhoiknakia,perstmaicommmuuu,, ning disks, as compared with data from uniasially loaded

w W ii. Permell. Oak Ridge Nauonal1 Avaury, May 11, tw2 Specimens.
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2 Objectives, Scope, and Structtire of the Study ,

This report represents the second in a series that describes in-plane and out of-plane loading and geometry considera- I

an investigation of the potential impact of far. field out of- tions in a general manner.
plane stresses and strains on fracture initiation toughness.
The specific oejectives of the investigation are emtalied in
the following elements: The second approach focuses on the development of corte- -

1. identification and evaluation of existing biarial frac- lation parameters that relate fracture toughness with a vol-
ume of material loaded above threshold values of nominalture toughness data, ,

2. selection of fracture parameters suitable for stress states. Candidate correlation parameters include, but

characteriring the fracture process, are n t limited to, those bawd on a critical maximum prin-

3. selection of fracture prediction models potentially CIP"I 5"C85 0""I "' *CM".I"EY'. h the attainment of a
s mesodology

capable of incorporating the effects of out of plane relates cleavage crack initiation wit

stresses on fracture initiation, critical area enclosed within a selected maximum principal

4 applications of the fracture prediction models to exist- suess contounurrounding the crack tip. A conelation I

ing measured data in the plane stress to plane strain between fracture toughness and this numerically dear-

domain and comparisons between the predicted and mined area paramelet is obtamed thmugh appkados m

measured results, and incasured data. In this study, the approach is applied to

5. applications of fracture prediction models from ele- anahses of exish fracture mughness data obtained frorn
ment (4) to the prediction of positive out-of plane CT specimens havmg a common planfonn, but with vary-

stress and strain effects on fracture initiation tough- ing tNcknest

ness.
c.

Results from investigations devoted to each of these ele- This report is organized to provide the reader with a sum-
ments are presented in the subsequent sections of this mary overview of results from each element of the investi-
report. gation, as well as overall conclusions and recommended

plans for further development and validation, h1 ore
detailed information supporting these results and conclu- ,

The sencity of experimental data (with companion high- sions is provided in Appendixes A41 of this report.
quality analytical interpretation) address ng the effccts of
blaxial far field stress distribution on fracture toughness
provides the motivation for studying these issues from an Beginning in Chap. 3, licensing issues that were previously
analytical perspective. Two different analytical approaches identified in the first phase of this work are outlined as
to the problem are presented in this report. De first they pertain to crack initiation toughness predictions for
approach addresses crack initiation by focusing on the circumferential flaws. A summary of results from the hrst
near-crack tip fields, along the crack plane, within a region report!! in this series is given in Chap. 4. Chapter 5
extending a few crack tip-opening displacements (CTODs) follows with a brief review of the concept of plane strain
directly ahead of the crack tip.Two-parameter fracture fracture toughness and the relationship between general.
characterization rnethods, which incorporate the higher- ized plane strain (GPS) and the effects on fracture tough-
order T-stress and Q stress terms, are used to provide the ness of positive straining along a crack front.The assump-
technical basis for addressing the shortcomings of conven- tion of GPS conditions is central to the application of the
tional one parameter methods based on the K and J param- various analytical models poented in this study,
eters. The near crack-tip results are then interpreted within
the context of selected micromechanical fracture models
for the prediction of crack initiation, ne Ritchie Knott- In Chap. 6, candidate fracture prediction models for clea6
Rice (RKR) model is adopted for the prediction of cleavage age and ductile mooes of fracture are presented. Resu!!s
fracture, and the hicClintock Ilancock-htacKenzie (hilf hi) from applications of these models to measured data gener-
model is adopted for the prediction of ductile fradure, ated in the plane stress-to-plane strain domain are given in
These two models are chosen because they have been Chap. 7. The potential for correlating fracture toughness
applied to A 533 grade B class I steel,in the lower- with postfracture measurements of thickness reduction
transition and upper shelf regions, respectis cly, with some (TR) induced by in plane loading is evaluated.
success under nonitradiated and irradiated conditions.
Detailed results for these near-crack-tip fichts are obtained
using the boundary-layer method. A boundary-layer In Chap. 8, results from this study concerning the effects of
method does not involve explicit consideration of loading applied transverse strains on fracture toughness are sum-
and geometry. Instead, the method incorporates prescribed marized. The motivation and scope of a proposed large-

5 NUREG/CR-6008
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Objectives

scale biaxial testing progmm are prescrued. Finally, con-
clusions frorn this study and tecommendations for future
work are summarited in Chap. 9.
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3 Licensing Issues Pertaining to Fracture Tougliness

Apphcation of linear elastic and clastic plastic fracture Charpy upper. shelf requirement, given in Ref.15 are of
mechanics (LEFM, EpFM) thcones ta the analysis of sing. forged construction.16
RPVs, as in the case of the Nuclear Regulatory Commis-
sion (NRC) ORNL Integrated Pressurized Thermal Shock
(lirrS) studies.4 has traditionally assumed piane strain The fonnation of distinct vertical plumes of cooling water
constraint. It is well known from small specimen testing beneath the inlet noules during a safety. injection transient,
that loss of plane strain constraint resulta in an increase in sometimes referred to as thermal streaming, provides an
apparent fracture toughness.12.13 While a satisfactory additional motivation for reconsidering the methodology
explanation of the observed correlation between constraint used for evaluathg circumferentially oriented shallow
and toughness is stilllacking, evolution of the controlling cracks in a pressure vessel, in the NRC/ORNL IPTS stud-
failure mechanism and near-crack tip suess and strain les,4 the occurrence of thermal streaming was considered

states Sc thought to play important roles lu the obscaved analytically only to the extent of using the centerline tem.
transition as loading progresses from plane strain to plane pcrature of the plume within the height of the core in an
stress conditions. axisymmetric calculation of the radial temperature and

stress distributions. Consequently, the axial stress compo-
nent arising from the circumferential variation in vessel

'"

Furthermore, it h noted that toughness elevation due to loss
of plane strain constraint is accompanied by an increase in
the magnitude of negative transverse strain induced along The possible necessity for including this axial stress
the crack front. Because a state of induced negative strain component, which would contribute to a more severe
par.dlel to the crack front is associated with a greater resis- loading situation with respect to a circumferentially
tance to crack initiation, the question arose as to whether a oriented shallow crack, was emphaslied by recent thermal
state of prescribed posith e strain parallel to the crack front streaming experiments performed in the llDR reactor
may be associated with an enhanced tendency toward crack vessel for the case of loop flow stagnation.1718These
initiation. ! is further observed that, while existing fracture studies indicate that, for the particular llDR configuration
toughness data are largely obtained under nearly plane considered, the magnitude of the total axial thermal stress
strain conditions, the state of transverse strain along the at the center of the plume is higher than the cc< responding
crack front of a circumferential crack is positive in magm- circumferential thermal stress. Loop-stagnation, thermal-
tude (see Fig.1). His state of positive transverse or out-of- hydraulic analyses performed for U.S. pressurized water
planc straining occurs both during the normal operations of reactor (PWR) vessels suggest that the axial stress caused
an RPV and under ponalated thermal shock conditions, by thermal streaming would be much lower for U.S.
Issues thus arise relative , the degree of conservatism vessels than the axial stress calculated from the llDR
inherent to the applicauot, af shallow crack plane strain studies.19 While current understanding of the effects of

'

fracture toughness to the evaluation of circumferential shal' - thermal streaming on pressure vessel fracture behavior is
low cracks, particularly to those in ring forged vessels that far from complete, resolution of this issue will most
have no longitudinal welds.ld De need for early resolution certainly require a better understanding of the fracture
of these issues is accentuated by the fact that four out of behavior of a pressure vessel with circumferentially
five reactor vessels that currently do not meet the minimum oriented shallow cracks.

j
-
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4 Sulumary of Previous Results

il n this series described the development to the evaluation (and described in the following sections)The first report i
of analysis methods for estimating the decrease in crack- indicate that applications of the fracture models to some
initiation toughness, from a reference plane strain value, larg> specimen fracture data generated in the plane stress-
due to positive straining along the crack front for a circum- to plane strain domain predicted fracture behavior that
ferenual shallow crack in an RPV. %e analysis methods conflicts with trends of existing data judged to be relevant
are based on two different approaches that were developed to the problem.
to analyre and explain the effects of transverse rtrain and
stress states on fracture toughness. The first approach,
relating crack initiation with material failure at goints in the absence of definitive exterimental data in the area of
within a few CTODs directly ahead of the crack tip, was crack initiation toughness under positive out of plane
used to examine ductile crack initiation. This micro- straining conditions, the observations from the analytical
mechanical approach provides a relation telween fracture study were considestd tentative. Recommendations for
toughness and effective stress and strain values at failure additional work necessary to provide more precise esti-
that can te determined experimentally. The second mates on the eiIccts of positive out of plane straining on
approach focuses on the correlation parameter defitud in the crack initiation toughness of circumferentially oriented:

terms of a critical area enclosed within a critical maximum flaws are given as follows:
principal stress contour and described in Chap. 2.

_

1, formulation of an experimental program to determine
the crack initiation toughness of pressure vessel mate -

In the first phase of this investigation, the scope was lim. rials under directly comparable uniaxial and blaxial
ited to crack front constraint conditions that can be loading conditions,
descrited in terms of conventional one parameter (K or J), 2. generation of experimental material failure stress-
in plane, near tip fields and the transverse strain. Valida- strain data that are central to the application of the
tion checks of the analysis methcxis under study were made near tip toughness prediction model,

_

through applications to some large-scale fracture data. For 3. performance of detailed finite-element analyses that
magnitudes of the transverse strain up to a few times the can provide accurate descriptions of the near tip stress
yi 'd strain, preliminary estimates on the change in crack. and strain fields associated with the generation of
initiation toughness associated with either negative or some of the existing fracture data,
positive strcining along a crack front were made for condi- 4. determination of the applicability of one and two-
tions of contained crack tip yielding Results from the parameter fracture analysis approaches for examining
validation checks were judged to be promising but incom- existing fracture data,
plete. The primary problem encountered in the validation 5. performance of detailed finite element analyses to
checks is the absence of experimental data on the magni- compare toughness predictions from toth the micro-
tude of the transverse strain attendant with the generation mechanical and correlation parameter approaches with
of the small specimen fractutS data,in addition,it is existing toughness de ta for temperatures extending
thought that two parameter in planc approaches may le into the transition region,and
needed to characterire crack initiation in some of these 6. performance of detailed finite-element analyses for the
tests. For con':ined crack tip yielding, the preliminary stress and strain distributions ahead of a circumferen-
estimates indicated that the change in crack initiation tial flaw in sa RPV under postulated loading condi-
toughness from a reference planc strain value due to trans- tions includmg severe accident scenarios involving
verse strain probably does not exceed a few 'iercent in thermal streaming cor,siderations.
cither direction, llowever, emalyses perform i subsequent
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5 Plane Strain aiul GPS Concepts

5.1 Plane Strain Fracture Toughness through deselopment of wrious two parameter methods.
Applications in this report consider two parameter desrip-

Current pressart vessel f racture prevention tcchnology tions (K-T or J-Q) of the near-crack tip,Jfields that incorpo-
rebes on the use of correlation frac ture parameters such as rate effects of die hicher-order T stress for LEFM condi-
the stress intensity factor K R21 and the llutchinson, Rice. tions or die Q stresd for rnore general EPFM conditions.2

and Rosengren (llRR) intensity parameter j22-21 to c hat. It has been propised that the convendonal concept of frae.

acterire both the apphed hud and the resistance of material ture toughness in terrns of a critical mlue of K or J can be

to crack initiation. These fracture parameters serve as (on, extended,in a twoqurameter appnuch,in the form of a

venient one-parameter desenptions of the stress and strain fracture locus involving combinations of K or J and T or Q.

distributions within two distinct annular regions surround. Detaih of these twoqurameter formulations are given in

ing a crad tip. Appendix A.

The strams are entirely clastic w ithin the annular region Current fracture analysis inethoch do not provide a

characterlied by K a combination of clastic and plastic straightforward procedure to estimate the effects of p si-

strains exist within the annular region characteri/cd by J. tive out-of plane straining on crack-initiation toughness

The existence and/or extent of these one parameter annular based on exisung plane stress to-planc strain crack initia-

regions is dependent on both the loading and geometry of tion data. Current capability to estimate crack-initiation

the structure under consideration. The rnagnitude of the toughness under conditions of minor relasation from plane

crack-tip stress and strain intensity parameter at the onset strain is empirical, and mediods such as Irwin's ple

of crack initiauon is often derctmined from an experimen. approach 2D are physically plausible only for limited

tal load vs crack mouth opening displacement record of a deviations from planc strain toward planc stress conditions.
Predicuon of crack initiat on requires a detailed under-ilaboratory site fracture specimen. I'rovided that the near.

tip stress and strain fields do indeed display an annular standing of how die attainment of a cntical value of either

region characterizable by K or J and that this annular K or J corresponds to more basic material properties, an

region is of sulficient site so that a continuum description understanding that is currently being sought as part of the

based on K or J is physically meaningful, the magnitude of objective of this study. Without a better understanding of

this parameter at crack initiation is assumed to be a mate, the correlation between a given value of K or J at crack

rial projerty. The constant value of K at crack initianon initiation and the associated through-thickness straining

under mode I conditions is denoted as K ei and is referred to conditions in the vicinity of a crack tip,it is dif ficult tojus- *

as the planc strain fracture toughness of a ghen material, tify the use of an extrapolation scheme to estimate effects
of posinse out of planc straining on crack initiation. The
fundamental uncertainty in any extrapolation scheme thus

Within the context of these one-parameter fracture analysis concerns the basis for choosing the independent extrapola-

approaches,it is well known that the magmtude of K and J tion variable,

at crack initiation decreases with increasing specimen
thickness w hen all other test vanables are held 3~g
constant.12,13 As specimen thicknesses are increased

beyond a minimum value, these parameters reach an
essentially constant value. Associated with the minimum The GPS concept allows for a unified description of crack

specimen thickness is a strain parallel to the crack front fmnt ccmditions from positive out-of planc straining

that is much smaller in magnitude than the yield strain of toward planc stress in this study. Consider a Cartesian

the test material, except in regions where the crack front coordmate system located within a three-dimensional (3-D)

meets the specimen sides. This state of crack front con. body w here (xl. x2) are the "in plant coordinates and

straint is denoted as a state of planc suain in the termiaol- (x3) is the "out of plane" coordinate.1hc in plane

ogy of fracture mechanics. displacement components along the xi and x2 directions
are denoted as un and u2, while the out of plane
displacement comgonent along the x3 direction is denoted

Shortcomings of these convendonal one-parameter fracture as u3. A state of plane strain is said to exist when (1) the

correlations methods, w hich also include problems asswi- in-plane displacement components depend only on the in-

ated with transferability of smalbspecimen toughness data pl ne cmrdinates (x1, x2) and are independent of (x3), and

to large-scale structural applications, are being addressed (2) the out of plane displacement component u3 = 0.

9 NUREG/CR-M
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Plane

For the puque of this discussion, a uste of GPS is said to As one attempts more "tralism" in rnodeling the circum-
exist when ut and u; are again dependerit only on (4. *2). ferential crack situation.one can contemplate circumferen-
while the noniero out of planc displacement com!vnent u3 tial Daws with large aspect ratios, With reference to Fig,1,
is defined by the relation assume that 3 D effects are confined to portions of the

crack front that intersect with the inner surface of the
vessel. For large aspect ratio circumferential flaws,it

U3 " '3 *3 ' appears resonable to expect that the crack tip fields would
aho be essentially 2 D GPS in nature over a sulstantial

w here r3 s a scalar such that the out of plane strain com- portion of the crack front. In the limit as one contemplatesi
ponent is uniform and has a magnitude equal to c3 a" thumb-nail" inner surface circumferential Daw,the 2 D

dewpoint breaks down, and the situation is inherently 3 D
, nature.%c general applicability of 2 D(GPS)or 3 D

as:.umptions in an RPV analysis, whic h involves a
As indicated earlier, one of the motivations for this study is combination of variables such as vessel and flaw geometry
to explore the unknown effects of usitive transverse and loading condition' cannot be determined in an a priorif
straining on fracture toughness of a circuinferential crack fashion. As an example, current guidelines on RPV
in an RPV. Figure 2 indicates the components of far field pressure temperature limits use a 6 to 1 Haw as the
stress distribution present in the vessel wall during a PTS reference Oaw shape, and it is unclear under what
transient, with the thetmal stress identified as the primary conditions a 6 to-I flaw would be considered 2 D or 3 D in
contributor to out of plane effects ne limiting case is that nature.
of a fully circumferential crack. Under axisymmetric load-
ing (pressure is always axisymmetric; thermal shock can
be asisymmetric or nonaxisymmetric), the crack tip Ocids Finally, in this study,it will prove convenient to regard a

for the fully circumferential situation represent the moderate departure from planc strain constraint in labora-
" cleanest" and simplest deviation from conventional two- tory size specimens as characterited by a state of OPS. In-
dimensional (2 D) planc strain constraint. While the fully these situations, the magnitude of the out of planc strain
circumferential case may appear " artificial" to some at first induced by the in-plane loading is negative. Similarly,it
glance,it must be noted that the fully circumferential case w 11 also prove conven' ni to consider positive out of plane
is in fact the circumferential flaw geometry of interest in straining in the vicinity of part circumferential flaws in a
current probabilistic fracture assessment of RPVs under pressure vessel to be characterized by a state of GPS. This
l'rS conditionsA Consequently, the fully circumferential - deallation Momes more meaningful as the ratio of a cir-
case has immediate applicauon and, fortuitously, is also the cumferential llaw's depth to its circumferential dimension
simplest to examine from the perspective of departure from decreases.The magnitude of the presciibed out of plane
plane strain constraint. Note that while the discuysion has strain in these situations is then tusitive. Use of GPS in
thus far focused on transverse strain and circumf erential either context is thus necessarily approximate, and more
Daws, the effects of positive transverse stress in relation t precise descriptions of the crack front strain state will te
axial flaws can be considered in a smilar fashion. employed as the need arises.
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6 Fracture Prediction Models

6.I Microinecl111nicitl Mollels l'or microme(hanics of fracture is an integral element in the

Cleavage and Ductile Fracture applicaum of this naciure mmici. i

The RKR matelN is adopted
Iracture, ami the M11.*,1 rnodelgthe predicdon of cleavageThe MilM malel hypothesires that ductile fracture is

ts adopted for the pre-

j diction of ductile fracture. These two rnodels are chosen
ud by the attainment of a criticallevel of Mises i

,

'
because they have been applied to A 533 Il nmterial, m the

dkh @de @ q mbject to an associated crideal

lower transition and upper shelf regions,respectively, with kvel of stress state expressed in terms of the hydrostade to i

g, uve stress ratio a /0e. Similar to the RKR model, the !
some suc ess under nonirtadmted and inadiated condi- m

MilM rnodel also requires that this critical condition be ;tions. Successful application of the RKR model to the
analyu,s of fracture m the lower shell and in the ductile to a hieved over a minimum physical distance ahead of the

brittle ttan n region for a German RPV grade steelis crack Inmt. 'Ihe minimum physical distance necessary for ,

ductile fracture is less well denned. 'lhis minimum distance !
also noted. On the other hand, some recent investigations '

appear to cast doubt on the applicability of the RKR model has been identified with die minimum size of a region that

to A 508 Clau 3, another R could accommodate the micromechanical pmcesses of I
shelf and transition regionse(V grade steel,in the lower-void nucleation, coalescence, and growth that are j

associated with ductile fracture or plastic flow localitation. ;

A key sin @fying feature of these predictive fracture mod-
cl> is that they are 'one-dirnensionar m nature. That is, the The common requirement of a minimum physical distance

over which the failure cri,crion is met for both the RKR >

attamment of a critical condition for fracture is phrased m
M h MM i consequence of the observadon Iterms of stress and strain quantities evaluated dircedy '

ahead of a 2-D crack front along the crack plane. Another that a critical value of stress or strain measure can usually

key simplifying feature is that the statistical natur . of frac- be achieved ahead of a crack front, even for Infinitesimal !
M This observation is a consequence of the self-ture, which is particularly evident under cleavage failure
similar nature of crack up fields with respect to a given i

conditions, is not considered. These models are also phel.combination of klading and nondimensional distance ahead i
nornenological in nature because they describe the condi

97 g g g .the self-similar nature of the crack tip '.tums necessary for crack mitianon m continuum terms
fields is observed for both LEFM and EPFM fichts under cwithout providing an cxplanation for the underlying

micromechanical process for fracture, one parameter (K J)or two parameter (K T,J-Q)(k>mi-
'

nance conditions. In addition, this self similarity is
observed under small strain (sharp crack) as well as large- |

The RKR and the MilM fracture models hypothesire that strain (finite initial root radius) assumptions. Additional j
crack initiation can be expressed in terms of the attainment dkusdon emaning &cse mWels b gWen in ;

AM" *of critical values of global stress and sv. tin measures I
'

detennined from a continuum clastic plastic fracture analy- ;

sis. The R KR model hypothesires that cleavage fracture 6.2 Stress Contour Correlation Mottel '

under Mode i conditions is gas erned by the attainment of a
f

temperature independent critical level of opening mode
stress over a minimum physical distance ahead of the crack A second approxh is employed to investigate the effect of !

prescribed transverse and in-plane stress states on fracture [front. The minimum physical distance necessary for cleav-
toughness. The methodology employed here is based on a I

age fracture is often identified w;ith the distance from the
original crack front to cleavage imtiauen sites. It has been

correlation procedure constructed by Anderson and >

Dodds37 to remove the geometry dependence of cleavagesuggested in Ref. 35 that both the steep gradient and the
scatter in frxture toughness that are characterisuc of the fracture toughness values for single-edge-notched bend ';

, (SENB) specimens of A 30 steel for a range of crack
transioon region can be attnbuted to the experimentally

depths. '!his procedure utilites a local stress-based criterion
observed scanct in cleavage imtiauon sites, thereby provid'
eg further justification for using the RKR model for exam- for cleavage fracture and detailed finite-element analysis. ,

imng cleavage fracture, llowever, available data suggest From Ref. 37, dimensional analysis for small-scale yielding I

that both the nature and location of the cleavage mit;ation
(SSY) implies that the principal stress ahead of the crack
tip can be written as

sites vary considerably for eminally identical RPV grade ,

materials.35.36Consequentl;, a proper consideration of the
,

.
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Fracture !

2' tion examined herein was originally formulated for plate- |
'

o,=f Jp
(2) type fracture specimens for w hich the loading is"in-plane"r- ,

," NA in nature, and w hich results in Mode 1 or opening modes

separation of the crack faces under the apphed kiad.40 For

w here a is the 0.2% offset yield strength derived from a die specified "in plane" loading conditions, the transverse !
o

pj s the maximum principal displacement along the track front must necessarily Icuniasial stress strain curve, o i
stress at a point, and A is the area enclosed by the contour negative, and "TR" is identified with this type of transverse !

on which opi is a constant. The strategy employed in
displacement. The premise of the TR correlation is simply |'

Ref. 37 utihres a fracture criterion dependerit upon achiev. that TR can be used as an apprmimate measure of the ,

ing a critical volume VCR within w hich the principal stress CTOD under the prescrited in plane loading conditions, l

is >op3. For a specimen subjected to GPS conditions, the [
volume is essentially equal o the mecimen thickness D )

times the area within the opi contout on die midplane The starting point of the TR conciation is a CTOD vs ;

(VcR = 11 AcR). Equation (2)is the appropriate normal. J. integral relation of the form |
tration for SSY solutions when using the latter fracture i

criterion based on volume or area.1his technique was sue. CTOD = J/or , (3) [
cenfully employed by Keency Walker et al.38 to correlate >

cleavage initiation toughness data from CT specimens with where the flow properties of the material are specified via
data from the large scale WP 1 series of IISST wide-plate the parameter art, which is the average value of the uniax- r

mecimens.39 Additional discussion concerning this model ial yield and ultimate stress in tension. A correlation |
appears in Appenda D. between TR and toughness follows by substituting TR for !

CTOD in Eq. (3). For the present purpose, this correlation ;

I ' '' "*' " *d''"'**"*'"""
6.3 Correlation lletween Induced TR ,

"

innd Friicttire Totigliness TR = >/(rno ) , (4)y

It has been proposed recently that postfracture measure- where m should be regarded as an empirical adjustment
tuerits of TR induced by in plane loading can be correlated factor. The extent to which Eq. (4) can be demonstrated to i

with fracture toughness.40 An assessment was performed hold at some distance ahead of the crack front would [
in this study to determine whether a TR model could be demonstrate the merits of the proposed *1R conclation for i
used to verify the previously described analytical models in the determination of toughness, j
the negative out of phme strain domain. The TR correla- '

!
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i
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:

!
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7 Validation Experiences with J-Q Methodology and !
Fracture Prediction Motlels !

!

7.1 Comparison of Unirradiated Finite-element analyses of the wide plate and shallow- [
crack beam experiments were performed using loadmg ;

i A 53311 Jc(Q) ,I,oughness Loci conditions measured in the test. Full-field finite strain !
I froill Shallow. Flaw and WP-1 solutions based on plane strain assumptions were !

Testflig Progrilills generated from models having a highly refined crack tip i

region and a crack tip profile with an mitial root radius. As r

Detailed postlest 2 D plane strain analysis results for two descrited in Appendixes 11 and C, the finite initial root (
specimen geometries are presented in this section. The radius, w hich is much smaller than the outer dimensions of j

primary ot9ectives of these analyses are to evaluate the the mesh, facilitates numerical convergence of the solution.
!

utility of the recently proposed two-parameter J-Q concept The full; field mesn and crack tip profile used in analyses j
to characterize the crack-tip fields up to the onset of crack f the wide plate specimens are depicted in Fig. B.I.

7

initiation in specimens with different flaw depths and to [
provide a framework for interpreting and ordering the ob-
served toughness differences between the deep- and shal- Crack initiation for the WP-1 specimens occurred over a

g ;
low flaw geometries. Specifically, detailed 2 D finite-
strain, finite-element analyses were perfomied for ture of the deep and shallow flaw specimens. Current un- $

g g, gg gg ;

1. seven specimens from the series 1 IISST wide plate Jc(Q) toughness hici from the WP 1 and the deep and }cxperiments, and shallow flaw specimens should te very similar. Instead,
2 six specimens from the production phase of the llSST recent reanalysis of die ORNL WP 1 tests using the (2 D) <

shallow flaw fracture toughness testing program. (Three J.Q approach indicates a very dif ferent Jc(Q) toughness 10- |
of the specimens are deep-Daw specimens with nominal cus for the WP-1 tests as compred to the deep- and shal- |crack depth to specimen width ratio a/W = 0.5, while low flaw locus. A comparison of the WP 1 and the deep. |the remaining three are shallow flaw speci t. ens with and shallow flaw Jc(Q) teq'hness loci is presented in Fig. !

nominal a/W = 0.1.) 5. Toughness values are expressed in terms of K, and they
are further normallred by the plate 13 A small specimen

,

characterization toughness Kge in Fig. 5, the WP-1 results i
The ORNL wide-plate series 1 (WP-1) tests 39 41 provide a based on two sets of analysis assumptions are presented,
set of crack initiation data against which comparison can The open square symbols correspond to analysis results |be made with the deep and shallow-flaw data obtained in based on 2 D plane strain assumptions. The filled-square jthe shallow flaw 2 study. The Wp-l specimens were of symbols correspond to analysis results based on an ap- i
SEN geometry and fabricated from A 533 grade B class 1 proximate correction of the same 2-D plane strain results to I
steel plate (HSST-13 A). The Wp l specimens were I m account for the inherently 3 D nature of the WP 1 crack .

wide,-10.8 m long, and 0.1 to 0.15 m (4 to 6 in.) thick. fronts. !
Each side of the specimens was side-grooved to a depth -

equal to 12.5% of the specimen thic' ness, and in most
cases the crack front was cut into a truncated chevron When the wide-plate and shallow-crack beam results are
coonguration, evaluated separately, each set of crack initiation toughness

data appears to support a J-Q interpretation. That is, higher (
toughness values correspond to more negative Q stresses. |

The shallow-crack beam tests 2 were performed to produce which imply a decrease in triaxiality and crack-tip con- |
fracture toughness data that would quantify the relaxation straint. Collectively, however, results in Fig. 5 indicate that ,
of crnck-tip constraint associated with shallow-crack the WP-1 Jc(Q) toughness locus is much steeper than that |geometries. Beam specimens were fabricated from A 533 for the deep- and shallow flaw specimens. The presence of !
grade B class l_ steel plate (HSST 13B and WP-CE), with 3 D cffects in se WP 1 g.ccimens is hypothesized to pro- !
dimensions that varied from 40.6- to 86-cm (16 to 34 in.) vide tit ! cast a partial explanation for the observed differ-
length,10.24m (4 in.) depth, and thicknesses of 5,10, and ences between the two Jc(Q) toughness kici. (Tests were
15 cm (2,4, and 6 in.). Sharp cracks of depths 1 and 5 cm performed m three different thicknesses of the shallow-
(0.4 and 2.0 in.)(a/W ~ 0.1 and 0.5) were installed in the crack beams, and no 3 D effects were detected in the
beams, w hich were then tested in three-point bend loading toughness data.) i
at temperatures corresponding to the lower-shelf and the !

lower transition region of the plate material, !

!
l
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Figure 5 Comparhon of shallow crack and wide plate crack initiation toughness data

7.2 Applications of Fraettire Models to ness data. Scatter of both the toughness data and the mag-

fraettire Totigliliess Data "h"* "'" I"d"''d " ""''" 5""i" * " 8 k'" ''5"
ture is not explicitly considered. A discussion on this scat-
ter and its relevance toward the validation of a predictive

in this section, various fracture prediction models are ap- fracture modelis presented in Appendix F,
plied to available measured data with the objective of vali-
dating the models in the plane stress-to-plane strain domain
before applying them to positive out-of plane strain condi- llowever, it is noted that the experimental data employed
tions. Additional details of these studies are provided in n these validatioris were obtained using small-scale
Appendixes B to F.

specimens that range in sir.c from IT-CT to llT CT
specimens. Based on the results to be presented in

7.2.1 Small Specimen Toughness Data Appendixes E and F, the magnitude of the induced trans-
verse contraction strain at fracture associated with IT-CT

Wlidation of the RKR model and the hillM matel specimens is n the orde.r of the yield strain. In the absence

through applications to convention al small-specimen f toughness data obtamed under prescribed negative

toughness data has been discussed in Chap, ti. With refer. ".ansverse suaining, these studies could be viewed as pro-

ence to the objective of this study, namely, determining the viding validation of the RKR and the MHM models under

potential toughness deviation due to out-of-phne biaxial m derate relaxation fmm plane stram constraint conds-

stress effects, it is noted that " validation" of the RKR and ti nt Becauw the stme of tensHe aanwerse suaining up-

the MilM models is in the sense that these models have
pmpriate to RPV discussions is on the order of the yield

been successfully applied toward predicting the overall stram, it appears reas n lie to employ these models to
,

temperature dependence of small specimen fracture tough- cvalu te the effect on fracture toughness of transverse
strain (positive or negative) on the order of the yield strain.

NUREG/CR-6008 14
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7.2.2 Large Scale Specimen Toughness Data associated wah representing 3 D stress states in the wide |
plates by a 2.D ruodel or to problems with the RKR pre- |

Results from application of the RKR prediction rmdel to diction model. As discussed previously, applications of the !

the Wp l series of experiments are given in Fig. 6. RKR prediction model to measure data have tren confined

Correlations of measured and predicted toughness .sr the to small scale laboratory gecimens. There may be diffi-
,

experiments based on the Q stress parameter are expressed culties with applications of the model to large scale strue- !

in terms of K factors nonnalized by SSY values corre. tures subjected to nominal 3 D stress states that have not |

sponding to initial conditions. For the WP 1 series (Fig. 6), yet been identified. ;

toughness predictions are given for thice salues of the criti- !

cal stress ratio, o /c = 2.2,2.6, and 3.4, w here a = 465
7.2.3 Stress Contour Correlation !c o o

MPa. Results for the WP-2 series of experiments are given ;

in Appendix D. For both series of experiments, the RKR- Methodology
model predictions f all substantially below the toughness i

values determined from the measured data. Fracture tough- The development of the critical maximum principal stress >

ness predictions from the RKR model for the shallow- contour methodology described in Sect. 6 depends on es. f
crack beam specimens are compared with measured tough- tablishing the existence of a critical o 3 stress value 11,f.p >

ness values in Fig. 7. Predktions are given for four values correlates fracture toughness behavior over a range of
;

of the critical stress ratio, o /c = 2,7,3.0,3.4, and 4.0. transverse strain values. In analyses designed to validate
c o

Again, the RKR model predictions fall below measured and calibrate the model in the plane stress to plane strain i

values, but not to the extent indicated for the wide-plate domain, the stress contour method was applied to fracture [
'occimens Note that these results were obtained based on toughness data for A 533 B steel previously generated by

J
2 D planc strain assumptions, which were the basis for de. McCabe and Land.442 for a study of thickness effects in

|
velopment of the J-Q methodology, it has not been estab. the transition region. Analyses of 3 D finite-element mod- |

lished to what extent these differences are due to problerns els of cornpact specimens having a common planform of a [
!

h
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l'igure 7 Correlation of measured and predkted toughness for shallow crack beam specimens based on Q stress

parameter

4T specimen and thicknesses ranging from 10.16 to 101.6 load / displacement curve in Fig. 8, an artificially high yield
mm were performed in an attempt to catimate a critical o i stress of 610 MPa (detennined from a parametric study)p
stress value in the negative transverse strain domain. This was required.
estimateof acriticalo value is necessary to provide in-pi

put to toughness correlations in the positive transverse
strain domain and, thereby, to provide estimates of reduc. The critical area parameter ACR was evaluated at initiation
tions in fracture toughness associated with these strains. for each model over a range of o , values corresponding top
Four specimen thicknesses were analyzed:(1) Model A - cleavage initiation. From Fig. 9, tiie correlations for
101.6 mm; (2) Model B - $0.8 mm; (3) Model C 25.4 Models A and D do not intersect: Model C intersects
mm; and (4) Mcdel D 10.16 mm. The analyses used an Model A at -1250 MPa and coincides with Model B be-
incremental clastic plastic constitutive model, and a small tween 1360 and 1400 MPa. Model D intersects Model A at
strain formulation. A multilinear stress-strain curve was -1340 MPa and Model B at 1500 MPa.This correlation
generated from wide plate data corresponding to a tem- proved to be unsuccessful in establishing a critical op
perature of 0 C (yield stress of 434.8 MPa); the curve was parameter, it should be noted that the data set utilized in
then elevated to the yield stress of 482.6 MPa reported in these analyses included only one cleavage iM iation tough.t
Ref. 42. ness value for each specimen thickness. Also, tic experi-

mental data were not reported in sufficient detail to permit

The load vs load line displacements (normalized by spec , resolution of substantial differences between measured and

men width W) from the finite-element analysis of Model D c mputed curves representing load vs load line displace-

were compared with experimental data in Fig. 8 to de- ments for the test specimens. Because of these difficulties42

termine if the structural response could be reproduced in with the experimental data, the viability of the stress con-

the model. From the analysis, the model yicided and be- tour methodology for correlating fracture toughness in the

came nonlinear at a lower load than that implied by the ex, planc stress-to planc strain domain cannot be judged on the

perimental data. To reproduce the linear part of the basis of the above application.

NUREG/CR 6008 16
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The analysis results are compared with the SSY VA. tion m mens. De general finding is that applications of these frac. }
Fig.10 to investigate Q stress efIcets. It can be observed tule models to esisting small. and large scale fracture test !

that w hen the opening male stress, normalired by the results did not produce consistent results in predicting frac. y

yield stress,is plotted vs the normalized distance f rom the lure behavior.Thus, the cifects of biatial out-of plane
crack tip [r/(J/c )], hk> del A is close to the SSY solution as stresses on fracture toughness cannot be predicted here ono

expected, but Model B begins to diverge at a value of the basis of validated models,
r/(J/c ) = 3; Models C and D are even more divergent.o

Additional details concerning these analyses are given in I

Appendix D. Toughnes; estimates from these models in the positive !
transverse strain domain are given in Appendixes C and D
of this report.110 wever, capabilities of these matels for '

7.2A Status Assessment of Fracture predicting out of planc stress and strain effects on fracture !

Predictiott Models toughness remain unvalidated, vd confidence cannot be i
placed in applications of these resuhs to questions that

in Sect. 7.2.2, fracture toughness predictions from the RKR arise frorn licensing and regulatory issues. Estimates are i

model for the large-scale ll ST wide-plate specimens were given herein to provide a reference for tougimess predic. ;

shown to be substantially below values determined from tions implied by a specific interpretation of these models, i
analysis of measured data from two dif ferent materials as outlined in the previous sections. !

employed in the series of tests. Some possible reasons for
'

the discrepancies were noted in the discussion of these re-
sults. Similarly attempts described in Sect. 7.2.3 to cali. 7.3 Correlation lletween Induced TR

.

brate the fracture correlation model based on a criucal area and Fracture Toughness !

Acg within a contour of critical rnaximum principal stress, [
based on a very limited sct of measured data, were unsuc. 7.3.1 Wide Plates

'

cessful. In the latter case, the experimental data were not '

reported in sufficient detail to permit adequate modeling of
it has been reported that postfracture TR measurements e

the load vs load line displacement curves of the test speci.
have been successfully correlated with cleavage crack i

Orm two 97 3nn3 E 10
i

i8
4- o -MODEL A (101.6 mm ,

o-MODELB ( 50.8 mm
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initiation, arrest, and reinitiation tou hness values for the perature range of $3 to 62*C '!he associated crack tip ;

ORNl/NIST wide plate specimens.yM3 In the wide platelocations also f all within a narrow range between 49 and |

studies, postfracture thickness averaged transverse strain 56 cm. Consequently, it is possible to evaluate the TR !

contours for each of the wide-plate specimens are reported, correlation for the WP-1 specimens with six data points ob- :

along with pecimen thickness, temperature dependent ma- tained v essentially the same temperature and crack length. [

terial properties, and the temperatu, diwibutions ahead of |,

| the crack front for each of the specimens. liased on this
information and the proposed TR conelation, cra;k arrest The results of such a comparison are presented in Fig.11, [

and reinitiation toughness values have been calculated and along with three straight lines that correspond to the pre-
regerted in Ref. 40 for WP-2 series and in Ref. 43 for dicted relationship telween TR and J as indicated by Eq. i
WP 1, WP-CE, and WP 2 series of ex1erirnents. The re. (4). The experimental data and finite-element resuhs used .

suits employ temperature as the independent variable such to generate Fig.11 are presented in Appendix F. The pre- [
that the comparison is made across a ternperature range, dicted TR J relations are for WP 1 material at 60"C with !

w hereas Eq. (3) is formulated for isothermal conditions. It an associated yield stress e = 412 MPa. tlc three straight iy
is thought that validation of the TR correlation for the lines are based on three values of the empirical adjustment |

wide plate tests can be better accomplished by presenting factor, m. If values of TR are identical to values of CTOD,
TR-toughness resuhs at a fixed tem;wrature with toughness then the straight line denoted as m = 1 corresponds to the
expressed in terms of J integral values.11y fixing the test limiting, nonhardening, plane stress CTOD vs J relation,

6temperature, the temperature dependence of various con- Similarly, the line denoted as m = 2 corresponds to the
maint effects in the wide plate tests is eliminated. For the plane strain relation for a Ramberg Osgood material with a

7

WP 1 series of tests, at least one crack-arrest event oc- hardening expanent of 10. In Ref. 43, validation of the TR
curred in each specimen within a relatively narrow tem- correlation for the wide plate tests was performcd based on
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a value of flow suess adjusted for rate effects, with the ad- specimens that were tested at a lower shelf temperature of
justment corresponding to m = 1.55. -75*C are considered. Postfracture TR rreasurements have

been taken along the specimen surface- . two locations
ahead of the fatigue crack front using. "rosc ope-

When comparis(m of TR predictions and the WP-1 results micrometer setup. The measuremen' t . .s denoted as
are cast in the fonn show n in Fig. I 1, the proposed TR cor- to. The two choices of to are as follo u.istance of 5
relation for the WP 1 tests does not appear to be valid. This J/c ahead of the crack front, w here J n .J to Jcteav geo
interpretation is based on the observation that the existence and o is the uniasial yield stress in tensio i at the test tem-o
of a TR correlation involves not only a linear relationship perature, and (2) a kcation denoted as Imu that appears to
between TR and toughness, but also this linear relatior aip have the most TR based on visual examination of the
needs to be " anchored" at the origin of the plot in Fig. I1. specimen with a microscope.
In addition the TR J data should be to the right of the m =
1 line due to the assumption of minimum constraint associ-
ated with the static, plane stress condition. The average values of TR at the two measurement kica.

tions to for each specimen are plotted in Fig.12, against
the reported toughness values. Three straight lines are

7.3.2 Compact Specimens drawn for three values of the empirical adjustment factor m
that correspond to the predicted relationship between TR

Postfracture TR measurements from three sites of CT and J as indicated by Eq. (4). Rate adjustment of the type
specimens have been obtained for the purpose of corre- cmployed in Ref. 43 corresponds to m = 1.47, based on
lating with the assnciated track initiation fracture tough- yield stress oy = 500 MPa and flow stress ort = $98 MPa
ness values. These specimens are standaal CT specimens at -75"C, and a rate adjusted flow stress elevation of 138
(1/2T, IT,2T) with a crack length to width ratio of 0 $ and MPa. The m = 1 line will be taken as indicative of tie
were also taken from }lSST plate 13 A. A toud of 17 lowest constraint conditions, while the m = 2 line is taken
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as indicative of plane strain constraint conditions. Results analyses predict substantially lower values of residual TR . ,

shown in Fig.12 indicate that aside rom the 1/2T speci- than those determined experimentally for two specimens, |
mens, it does not appear that a correlation of the type sug- while the prediction for the third specimen is nearly !

psted by Eq. (4) applies to the IT and 2T specimens. Identical to the corresponding experimental measurement. -|
Magnitudes of the transvene strain for the various speci- It is thought that this observation can be understood by !
mens are as follows: 0A% to 1.6% for the 1/2 CT,0.2% to recognhing that the experimental postfracture TR i

1% for the IT-CT, and 0.1% to 0A% for the 2T-CT speci- measuremenu represent the total plastic contribution from ,

mens. For the 1/2T specimens, the TR correlation appears crack-initiation and crack propagation effects,in contrast, !

to be validated for both large and small values of induced the finite-element results represent in situ predictions of |
TR, provided one assumes an adjustment factor less than - TR values due to the application of maximum load and !

that suggested in Ref. 43. subsequent unloading. Consequently, it would appear that !
the contribution to TR resulting from shear-lip formation . j

due to crack propagation may at times overwhelm the {
In view of the apparent lack of correlation between the - contribution due to crack initiation. '

measured TR and toughness values for the CT specimens, t

analyses were performed for a 3-D finite element model of f
a IT- CT specimen in an attempt to gain further insights. The utility of a correlation based on induced TR toward ;

Specifically, the question concems to what extent post- detennination of the effects of prescribed transverse dist j
fracture TR measurement Nn be related to the amount of placement on fracture toughness may be limited. *Ihat is, j
TR just before crack initi . ..+ e 'a the amount of resid- eve- if the validity of a correlation between induced TR i

ual TR after crack initiatiu O ils of these finite-element and tougliness such as Eq. (4) can be established, it does J
analyses are described in Appendix E. not follow that this correlation can be used to determine j

toughness as a function of TR, nor that this correlation can . ;

be extrapolated into the positive straining regime, whether |
The load histories for three of the IT-CT specimens con- the positive stra,ain; is induced or prescr; bed. i
sidered in Fig.12 were examined. The finite-element !
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8 Development and Validation Plans
4

8.1 MotiVf1 tion for Blaxifll Testing the assumptions of the various models and analyses pre-
sented here, tensile transverse strains are predicted to pro-

I NUINI duce a relatively small decrease in effective cleavage frac-
ture toughness when compared with that of identical

In the previous sections, analysis methodologies for esti- specimens loaded uniaxially. Applications of the RKR
'

rnating the potential impact of biaxial far-field stresses on model (described in Appendix C) and the stress contour-

crack-initiation toughness of inner surface cracks in RPVs methodology (described in Appendix D) support a reduc-
were , vnted. A modified boundary layer approach tha' tion in cleavage toughness of -9% to 20% due to positive

,: focuses on the near stress / strain fields directly ahead of the strains. De MKM model(described in Appendix C) pre-
crack tip was introduced. This approach, combined with dicted minimal ductile toughness deviation. Ilowever, be-'

K-T or J-Q dual parameter fracture characterization cause the fracture methodologies considered in this study
i methodology, was employed to examine fracture initiation have not been successfully validated using fracture data I

'

within the context of the RKR and MilM micromechanical that involve out-of-planc straining, uncertainties remain;
fr c'ure models. A fracture correlation parameter based on with these estimates such that they cannot be applied with
a stress contour method was used to relate cleavage crack confidence in addressing questions that affect licensing and;

i initiation to the attainment of a critical area enclosed regulatory issues for RPVs.
within a selected maximum principal stress contour ahead

'

of the crack tip. Studies were also performed to determine
whether a correlation letween fracture toughness and TR Experimental evidence was compiled from three different

,

induced by in plane loading can be used to verify the ana- testing programs that suggest a significant decrease in frac-
'

lytical models of this report in the negative transverse ture toughness due to out-of plane biaxial rss effects.
j stram regune. Figure 13 depicts the reduction in fracture toughness (in

j percent of Kc) expressed as a function of biaxiality ratio
(out-of planc stress / normal stress) inferred from the testing

The RKR and MHM fracture prediction models det.cribed programs described in Chap.1. Estimates of reduced
above have been validated previously for small-scale frac- toughness for the thermally shocked, shallow-cra-k cylin-

j ture specimens under nearly plane st ain constraint condi- dets (equibiaxial lor. ding) are as high as 40%, when com-
tions. In this study, the RKR model was applied to fracture pared to the shallow-crack beams (uniaxial loading). It is-

'

initiation toughness data generated in the llSST Program noted that detailed finite-element analyses employing the
from large scale wide-plate experiments and shallow-crack methodologies described in this report have not been per-
beam tests Correlations of measured and predicted tough- formed to provide updated interpretations of these biaxial,

; ness for the WP-1 and 2 series of wide plate experiments test results.
based on the Q-stress parameter indicate that the RKR

3

model predictions fall substantially below the toughness4

values determined from analysis of the measured data- Studies currently under way in the IISST Program are us-
| Fracture tcaghness predictions from the RKR model for ing methodologies described in this report to better under-
; the shallow-crack beam specimens were compared with stard the substantia! differences in measured fracture
! measured toughness values for four values of critical toughness from the thermal-shock experiments and the

stress. Again, the RKR model predictions were below shallow-crack beam tests, it is clear that several different+

measured values, but not to the extent observed in the competing mechanisms affecting fracture toughness are -
wide-plate specimens. Possible reasons for the discrep' presented in these two experiments. In addition to the biax-
ancies were noted in the discussion of these results.The ial stress field, other factors include shallow-crack effects,
stress contour methodology was applied to fracture tough- methods of structural loading, structural and crack ge-
ness data for A 533 grade B class I steel to establish the ometries,and material properties. A definitive conclusion
existence of a crmcal opg stress value that correlates frac- regarding biaxial effects requires an understanding of these
ture toughness behavior over a range of transverse strain factors affecting toughness that is sufficient to permit an
values.The results were unsuccessful because a critical unambiguous separation of the individual contnbutions.

,| p3c value common to three different thicknesses of the
; spe:imens could not be established.
' From these studies,it is apparent that testing of RPV steels

is required (1) to determine the magnitude of out of-plane
Notwiths ,nding these general findings, toughness predie- biaxial loading effects on fracture toughness, and (2) to
tions implied by these models for out of-planc strain ef- provide a basis for development of predictive models. The
fects were provided herein for reference purposes. Within most desirable program would involve suitable test
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,

[ ms and loading conditions for which the only vari- Design of the biaxial test specimen is based on the follow-
? .re imposed biaxial loading components. This course ing criteria:
1 .ction is necessary to support a refined treatment of in-

1. Test specimen must remain clastic in the lluoat (i.e.,
planc and out of-plane constraint effects on crack miuation

LEFM conditions must apply).
from shallow cracks under FTS loading conditions. As a

2, Tests must only be influenced by out of-plane biaxial
consequence, criteria for a biaxial specimen are proposed

loading (i.e., shallow-flaw effects, metallurgical gradi-
m the next section that would form the basis of a testing ents, etc., must be minimized).
program designed to provide data to explain differences

3. Yield strength of material should be representative of ir-
between theoretical predictions and measured material

radiated conditions and achievable through heat treat-behavior,
ment.

1. Test temperature relative to RTNDT should be represen-

8.2 Design Criterin for Iliaxial ' .tiv f PTS temperatures (i.e., in lower-transition re-
gion).

Spec,imen 5, Flaw must be long to enhance crack initiation.
6. Biaxialloading ratio should be representative of that

The objective of the proposed biaxial fracture testing pro- experienced by circumferential flaw under PTS loading
gram is to obtain fracture toughness data under conditions (i.e., equibiaxial or 1:1 ratio),
of unifmm far-field biaxial stresses that are selected to (1) 7. Stress at failure should be representative of that in the
pre ' w:e prototypic crack-driving forces and out of-plane vessel wall during I'TS event.
e.ress and (2) provide the simplest loading conditions for 8. Sufficient driving force should be present at the crack
analysis. In addition, the experimental data from the pro- tip to reasonably ensure crack initiation within the
posed testing program will provide mwh needed data for loadmg capacity of candidate testing machines, taken
the purpose of verifying and refining the fracture predic- herein to be 27 MN.
tion methodologies that form the basis of 'he analytical
predictions described in previous chapters. Tcsts would be
conducted on uniaxially and biaxially loading specimens
for cornparative purposes.

23 NUREG/CR-6008
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i A preliminary set of parameters was selected to initiate the An essential test requirement is that the crack driving force
design process and to meet these eight criteria. Criterion 2 be sufficient to initiate the crack, flowever, scatter of the.

; may be satisfied by requiring a nonnalized crack depth, toughness data in the transition region often exceeds a fac-

1 a/W, varying between 0.3 and 0.6 to minimize any shal- tor of 2 (Ref. 39). In addition, some increase in toughness
low-crack effects. Additionally, to eliminate influence of may be present in the biaxial specimens, because SEN

| metallurgical gradients, test specimens should be cut such tension specimens generally are less constrained than CT
that the majority of the crack tip region is located in the or SEND specimens. The loss of constraint for tension

; center region of the source plate. To satisfy criterion 3, all loading should be minor if linear clastic conditions are met.
analyses presented here are based on a yield strength level Also, the long flaw length dictated in criterion 5 provides"

| of 620 MPa. This strength level is both prototypic of irra- more opportunities for crack initiation and should tend to
i diated A $33 grade B class I stcel and is attainable in unir- bring about a lower initiation value. Based partly on the

,

radiated A 533 B through heat treatment. WP-1 series of wide-plate experiments,39 aload ratio of
'

; KI/Krc = 2.5 is assumed to be a requirement for these tests,
: satisfying part of criterion 8. This ratio implies that, at T -

| A geometry based on a double tension specimen and the RT DT = -25'C, Kg must exceed 181 MPa'Vni,N
material characterization of IISST Plate 13A was assumed

i for thesu . dies.39 Examination of IpTS studies reveals4
'

that many , ck initiations occur within a temperature Design studies are currently under way in the llSST
; range of T- RT fNDT rom -25'C to 0*C, Testing at a tem- Program to develop a set of geometric parameters, material
"

perature above RTNDT would likely violate criterion 1. To and fractuie properties, and loading conditions for the
ensure crack initiation and to satisfy criteria 4 a* d 8, the specimen satisfying the above design criteria. Detailed
test temperature has been tentatively set at T- RTNDT = near-crack-tip field analyses for one of several previously
-25*C. The initiation fracture toughness at this temperature studied specimen geometries are presented in Appendix G
is taken to be 72.5 MPa Vni. Further evidence that T - to illustrate an application of the fracture methodology
RTNDT = -25 C is a suitable temperature is provided by described in Chaps 5 and 6 to the design process.
data from shallow crack toughncss tests.3

.

I
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9 Summary and Concitisions|

This report describes work that was undertaken to develop the problem, these estimates cannot be applied with confi-
analytical methods for estimating the potential impxt of dence in addressing questions that affect licensing and {

?biaxial far field stresses on crack-initiation toughness of regulatory issues for RPVs.
inner surface cracks in nuclear RPVs. A concern exists that
the biaxial stress distribution could have an adverse impact
on material fracture toughness under I'TS loading condi. Limited experimental evidence from three testing programs
tions due to an increase in crack-tip constraint conditions, implied a substantial decrease in fracture toughness from
This report is the second in a series investigating the poten- out-of-plane biaxial stress effects, with estimates of reduc-

|
tial impact of far-field out-of plane stresses and strains on tion in Kc as high as 40% for equibiaxial loading condi- |
fracture initiation toughness. He specific objectives of the tions. Proposed in this report are criteria for a biaxial |
investigation are embodied in the following elements: (1) specimen that would form the basis of a testing program
identification and evaluation of existing biaxial fmeture designed to provide data to explain differences between >

toughness data,(2) selection of fracture parameters suitable theoretical predictions and measured material tchavior.
for characterizing the fracture process,(3) selection of frac- Testing of RPV steels is required to (1) determine the

;

ture prediction models potentially capable of simalating magnitude of out-of plane biaxial loading effect on fracture i

the effects of out of-plane stresses on fracture initiation toughness, and (2) provide a basis for development of 9re-
toughness,(4) applications of the fracture prediction mod- dictive models. This course of action is necessary to sup- +

cls to existing measured data in the plane stress-to-plane port a refined treatment of in-plane and out-of plane con-
.

strain domain and comparisons between the predicted and straint effects on crack initiation from shallow cracks under
measured resuhs, and (5) applications of fracture predic- FTS loading conditions. Any increase in crack tip con-
tion models in element (4) to the prediction of positive out- straint resulting from out of-plane stresses would act in |
of plane stress and strain effects on fracture initiation opposition to the in-plane crack-tip constraint relaxation |
toughness. that has been previously demonstrated for shallow cracks. ;

i

'Two different analytical approaches to the problem were Recommendations for additional work necessary to pro-
presented in the report. The first utilizes two-parameter vide validated estimates of out-of plane stress and strain !
fracture characterization methods, which incorporate the effects on crack initiation toughness include the followmg: !
higher-order T-stress and Q-stress terms, to provide the

1. formulation of an experimental program to determine !
technical basis for addressing the shortcomings of conven-
uonal one-parameter methods. The near-crack-tip fields are ditions on the initiation toughness of shallow cracks in

' fthe effects of far-field biaxial vs uniaxial loading con-
;

interpreted within the context of the RKR model for pre-
RPV steels-

diction of cleavage fracture, and the MilM model for duc-
2. determination of the applicability of two-parameter !

ute fracture. The second approach focuses on the develop-
fracture analysis approaches (e.g., J-Q) to inherently !

ment of a stress contour correlauon parameter that relates
3-D stress states in the vicinity of the crack tip;

fracture toughness with a volume of material loaded above
3. performance of detailed finite-element analyses that can

nominal stress threshold states. The stress contour method
provide accurate descriptions of the 3-D near-tip stress icorrelates cleavage crack initiation with the attcmment of a
and strain fields associated with the generation of exist- !

criucal area enclosed within a selected maximum principal ing fracture data from the wide-plate experiments, '

stress contour surrounding the crack tip.
thermal-shock experiments, and shallow-crack beam
tests; }

4. resolution of the observed differences between the two i
These fracture models were applied to exisu.ng measured

JC(Q) toughness loci for the wide-plate and the shal- i
data with the objecuve of validating the models m the low-crack beam data; !
p!ane stress-to-plane strain domam before applying them t

5. resolution of the observed differences between fracture !
positive out-of-plane strain conditions. The general finding

toughness from measured data and from predictions
was that applicauons of these two fracture models to small-

provided by the RKR model for the wide-plate tests and |
and large-specimen fracture data did not produce consistent the shallow crack beam tests; !
resuhs m predicting fracture behavior. Notwithstandmg

6. resolution of the observed differences in measured frac-
these findings, toughness predictions implied by these

ture toughness from the uniaxiahty loaded shallow-
models for out of-plane strain effects were provided for

crack beam tests and the biaxially loaded thermal-shock !
reference purpees. Because the fracture methodologies experiment' I,

considered in this study predict fracture behavior that con. j
flicts with some of the existing data considered relevant to

25 NUREG/CR-6008 |
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Summary

7. detennination of the viability of the stress contour 8. validation of a fracture prediction model for estimating
methodology for correlating fracture toughness in the out<>f-plane stress / strain effects on cleavage fracture

out-of plane stress / strain domain based on measured initiation toughness through applications to measured
data; and data.

.

4

.
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Appendix A

Two Parameter Fracture Methods Involving1

T-Stress and Q-Stress

D. K. M. Shum,

! A,1 Introduction thmries.MThese efforts include detailed finite clement
'

calculations of the crack tip fields in various small scale

A growing consensus within the fracture-mechanics com, Specimens and rather precise definitions of" valid" test

muriity is that two-parameter methods, which incorporate conditions with respect to the determmation of plane strain

the higher-order term T-stress and Q-stress, may provide fracture toughness. Consideration of threc. dimensional

the technical basis for addressing the shortcomings of con, (3-D) effects m small-scale specimens is similarly phrased

in tenns o{t conditions desenbable by one-parameter -
ncamess" to plam strain a plam smventional one-parameter fracture correlation methods,

c nstrain'
These shortcomings include apparent size effects on frac-

theories,I ture toughness and the limited success associated with th ,

transferability of small-specimen toughness data to large-
scale structural applications. In this appendix the modva-

In contrast to the research efforts focused on small-scale
. tions and fundamentals of two-parameter methods involv-
j ing the higher-order temi T-stress and Q-stress are briefly specimens, it is significant to note that the appropriateness

reviewed. In this report two-parameter methods have been f using one-parameter approaches m structural applica-

i applied to the prediction of crack initiation in Appendix C tims has generally been taken for granted. There have been

and to the analysis of the proposed biaxial fracture speci- very hmited attempts to determine accurately the crack-tip

i men in Appendix G. fields in structural applications and to assess the utility of
,

; conventional one-parameter concepts m light of the strue.
,

'

tural application. Existing analysis methods postulate that
A.2 Current Status of One-Parameter one-parameter methods provide sufficient information for

Methods c rrelating or determining the fracture response of an engi-'

necting structure such as an RPV. This assumption has
. . resulted in the acceptance of fracture data obtained from

Application of linear-clastic and clastic-plastic fracture
mechanics (LEFM and EPFM) theories to the analysts of small scale fracture specimens as generally appropriate in

RPVs has traditionally been focused on the evaluation of evaluating the fracture behavior of an RPV Constraint

; the J-mtegral associated with a particular flaw geometry
effects, or possible deviation of RPV fracture responses

under specified loading conditions. Under LEFM condi- from those of small-scale fracture specimens, are consid-

tions, well-known relations exist between J and the stress- cred only in the context of attempts to characterize this

intensity factor K for both plane strain and plane stress deviation as a phenomenon between planc strain to plane

i conditions. From theoretical considerations it is known that stresslike crack front conditions within one-parameter
gg,

in cases for w hich 3 is an appropriate correlation parameter,
the crack-tip-opening displacement (CTOD) can also be
used in an interchangeable fashion. Thus, the parameters A.3 Motivation for Two-Parameter

*

K, J, and CTOD form the basis of conventional one-

]. parameter fracture correlation methods.1+ Fracture Mechanics Approaches

Apparently potential deviation of RPV constraint from that,

Fundamental to the development of one-parameter methods f smallocale specimens under nominally plane strain

is the understanding that restrictions in terms of geometry, c nditions may be the manifestation of a more general
"

loading conditions, and material properties exist to limit phenomenon m which the cause of deviation ts m-plane
,

-

their general applicability. This understanding forms part m nature. Mme to tha point, it has been analytically.

of the mo ivation behind the establishment of various stan- dem nstrated that, for a wide range of flaw geometries

dardized small-specimen testing rnethods from which under nominally plane strain conditions, substantial vana

experimental data are obtained for structural applications. Um in cowraint can still result due to m-plane effects.

Research efforts have been devoted toward the determina- This type cf deviation can also occur under conditions of

tion of testmg conditions that would ensure that small- plane stress. These m-plane effects have been referred to as

! specimen test results are obtained within the domain stress or Q-stress effects, and the parameters T and Q,
,

appropriate to the application of the one-parameter along with K and J, have been proposed as the basis of

A-1 NUREG/CR-6008
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emerging ttvo-parameter fracture metnods. Two example loading conditions, aind material properties.Il A particu-
applications for which one-parameter methods may not larly significant analysis variable is the assumed initial
uniquely characterize fracture are briefly described in the Gaw size distribution. Cunent probabilistic fracture
following sections. mechanics analysis procedures assume an initial flaw popu-

lation that is predominantly comprised of short flaw i of
lengths <.!3 mm (a5 in.), relative to typical wall thi.k-

A.3.1 Shallow-Flaw Fracture Toughness nesses on the crder of 200 mm (8 in.) for an RPV. In the
terminology of small-specimen testing, this corresponds to

Current attempts to detennine " shallow-flaw" fracture an a/W ratio of -0.06. Analysis results suggest that when
toughness, from both theoretical and experimental stand- the loading conditions simulate the occurrence of a small-
points,in part grow out of the recognition that one-parame- break loss-of-coolant accident (SBLOCA), the population
ter methods are inadequate in this instance. Available of flaw sizes most susceptible to initiadon that lead directly
experimental data suggest that, for some materials, initia- to failure are those that congregate near the inner surface of-

tion of shallow Haws may occur under conditions of an RPV and are of a depth <13 mm. However, the majority
. " enhanced" shallow-flaw toughness; magnitude of K or J of vessel failure scenarios are due to the arrest and - initia-
! necessary to initiate a shallow Haw can be, on average, up tion of initially shallow flaws that lead to ultimate vc
*

to a few times larger than the conventional small. specimen failure.
toughne<s value.9-to This size effect can take the form of
crack 1ength to remaining ligament ratio effect, the a/W
effect, for a specimen of fixed plane form. An example of a Prediction of the probability of vessel failure is based in,

sha' low flaw in this context is one with a ratio of a/W = part on the use of the ASME lower-bound K el and K al
0.1. Allemately, this size effect can take the form of a curves to represent the toughness of the RPV material.12
scaling effect for a given specimen type where alllength The ASME lower-bound curves are based primarily on
dimensions of a specimen are fixed in their ratios to one small specimen data that were generated under essentially
another. An apparent increase in fracture toughness would one-parame,er dominant conditions. For the type of
then occur as the absolute dimension of the specimen is shallow flaws considered in the above example, the exis-
decreased. tence of K- or J dominant, one-parameter crack tip fields,

would be dependent on the clastic-plastic behavior of tue
'

vessel material. Based on available experimental and ana-
An issue in the experimental determination of shallow flaw lytical results, shallow-Haw effects cannot be ruled oct.
fracture toughness is whether this shallow flaw effect is Currently, the pctential benefits of enhanced shallow-flaw,

dependent on the absolute crack size o- the relative crack toughness that would act to prevent initiation of shallow;

size. Limited analytical studies suggest that it might be flaws that (1) lead directly to vessel failure and (2) lead
|

necessary to consider a two-parameter description of the eventually to vessel failure are not consider:d. A refined
near-crack-tip fields that incorporates the effects of the treatment of RPV safety assessment is likely to involve
higher. order term (T- or Q-stress, where appropriate) in an improved understanding of two-pammeter effects from
approximate description of the full-field solution associated both analytical and experimental perspectives.

'
with a shallow-flaw geometry. It is recognized that for
same combination of Daw size and material behavior the,

near crack-tip fields are not amendable to even a two- A.4 Definition of T-Stress
parameter characterization.

Within the context of LEFM, the asymptotic two-dimen-
sional (2-D) near-crack-tip fields, as a function of position

In view of the potential toughness enhanceuent due to relative to the crack tip, can be expressed in the form of an,

shallow-flaw effects, an example structural application is infinite series. Let (r,0) denote the position of a material
given next for w hich two-parameter methods may be appli- point relative to the crack tip in polar coordinates. 'Ihe
cable. The structural application is in the area of proba- infinite series denoting the Mode I stress components then,

bilistic fracture mechanics safety assessment of an RPV takes the form
subject to a hypothetical pressurized thermal. shock (PTS)
transient.Il Kt & j(0) + T 6 j ;i + . . , - (A.1)t 6,

Q2nr
A.3.2 Safety Assessment Under PTS

where d j(0) are functions depe: dent on the angular coor-Conditions i
dinate 0 only.These infinite series are commonly referred
to as the Irwin-Williams series 1314 The first terms inThe prediction of vessel failure probability is dependent on

a large number of parameters such as vessel geometry, these series become unbounded as the crack tip is
s
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approached. The stress intensity factor K is the amplitude from the following numerical observation. Detailed finite-
of the first term in these series, and its value is element analyses performed for power-law Fardening
undetermined from the asymptotic expansion. materials indicate that the near-crack tip solutions appear3

: le be consistent with the assumed expansion indicated in
j Eq. (A.3) 7 This assumed form generally applies only to

1 The T-stress term is merely the next higher-order term in the forward sectors symmetric about the crack plane ahead
the series expansion for the opening-mode stress compo- of the crack tip, extending approximately 90* to either side2

j nent. The T stress term describes a stress field that is inde- of the crack plane. Consequently, the utility of a Q-stress
pendent of position relative to the crack front and repre- description of the near-ctack tip fields requires that the1

J sents a uniform stress field parallel to the plane of the physical micromechanisms of fracture be confined within -
idealized 2-D crack. Within the context of 3-D LEFM, the the forward sectors. The Q-stress term is readily under.
Irwin-Williams asymptotic expansion concept can be gen- stood as a state of 2 D hydrostatic stress superimposed on

.

cralized, resulting in three T stresslike terms.15.16 the HRR solution. Under conditions for which the T-stress
1 can be defined, the Q-stress is related to the T stress.

Figure A.1 (from Ref. 7) illustrates this relationship for two
j A.5 Defimt. ion of Q-Stress values of the exponent in the definition of a power-law
; hardening material. The methodology for extending the
j Within the context of EPFM, the counterpart to the Irwin- Q. stress concept into 3-D fructure analysis is still an open

Williams series in 2-D is the HRR solution for deforma- issue.
| tion-theory material, for which the uniaxial stress-strain
j relation is of the Ramberg Osgood form.1718The infinite oRWDWG 92 -2920 E1D

j series denoting the Mode I stress components have the 0.25-
i form #..''"
| 0.00- *

.

8 1 '

, ,

' n+16;j(0)+.. (A.2) -0.25 -o;; = c '
-o ,

lr(N Coon,

! -0.5 0 - n = 10 <

where d j(0) are again functions dependent on the angular Cr n=5j i .-
5 coordinate 0 only. In the HRR solution, the first terms are -0'75 - *

also singular with an amplitude undetermined from the '

.
4

| asymptotic analysis. In this case the undetermined ampli- ,/
4 00 -tude corresponds to the value of the J integral. Since the /

J integml is path-independent for all deformation theory,

j material, its value can be evaluated from locations remote -1.25 -,

; from the crack front. It is the path independence of the
J-integral, and its identification with the amplitude of the ~ 1.50 , i .

HRR field, that forms the basis of conventional one- - 1.0 - 0.5 0.0 0.5 1.0
parameter EPFM theory. TA

! Figure A.1 Relationship between Q stress and
in a manner somewhat analogous to T-stress, the Q-stress T-stress for two power law hardeninge

7j term plays the role of a higher-order term in the HRR materials
expansion in the sense that the Mode I stress components

,

; in these series are assumed to take the form Due to the numerical nature of its definition, determination
! of the Q-stress term is not without ambiguity. In its original
F 3 ._1_ development, the Q-stress term was defined as the differ-<

n+16;j(0) + Qo S j + . . ence between the full-field stress solution (to be explainedc;j = o oin
ac c l r / shortly) of a given problem and the reference HRR stressoons,

#

solution aiong the crack planc. Tue stress solutions are
obtained using finite-strain theory. It is observed that the -

for |0| < n / 2 (A.3) Q-stress parameter thus determined is nearly constant over
a distance up to 5 J/c ahead of the original crack tip foro

| Unlike the T-stress term, the Q-stress term is not an ana- the various stress components. Definition of the Q-stress

i lytic consequence of the asymptotic expansion. Instead, use term is made more precise by identifying Q-stress as the

of the Q-stress term in the context of Eq. (A.3) follows difference between the opening-mode stress componer,t of4

the full-field and reference solutions at a distance of 2 J/co

|;
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5 ahead of the crack front, A limitation with this approach is parameter methods. Extension of these concepts in the

,
that ilRR solutions are available only for cases of idealized context of two-parameter methods would then be self-evi.

pure power. law material models, dent.
1

!

A.6.1 Full Field Solutions~

l9 is to define a second form forA rnore recent approach
the Q family of fields using the Q = 0 solution as the refer-
ence solution: Implicit to the application of one-parameter fracturc

methods to engineering structures containing finite-length'

flaws is the assumption concerning the existence of either ag-

C j = (cijho + Qo hj f r |0| < 7 . (AA) K- or J-annulus surrounding the crack-tip region. Thisi i

assumption is equivalent to the idea that an annular region,

; surrounding the crack tip can be located for which the
llere, the O = 0 solution is the small-scale y,ciding (SSY) totality of the influence of geometry, material behavior,i

;
solution (to be explained). The Q-stress term is then and loading conditions can be adequately expressed in
defined as the difference between the opening mode stress terms of an applied K or J value that characterizes the4

j component of the full-field distribution and the magnitude of the near-crack-tip fields acting upon this
' correspondmg quantity in the associated SS" oroblem at a region. In addition, the size of the annular region needs to

distance of 21/c ahead of the crack front usmg finite- be sufficiently large, in comparison to relevanto
,

strain theory.This approach has the advantage that it microstructural parameters such as the grain size, to ensure
,

j admits a more general representauon of a material's stress- that a continuum, homogeneous description using the
strain behavior,

parameter K or J is physically meaningful. These
,

fundamental assumptions form the basis of transferability4

f racture toughness data obtained in small-scale fracture| Shih' has presented an interpretation of the two-parameter
specimens to large-scale structural applications,

J-Q theory that spans the range of stress states extending
from linear-clastic through clastic-plastic conditions. In
this interpretation, J is a measure of the deformation that

Inherent to these assumptions is the fact that h.mitationa
4 . . .

scales the stre of the process zone, while Q scales the tri-
exist regarding the utility of these one-parameter

,

,

i axiality level ahead of the crack tip. For essentially LEFht
approaches. For a given application, the full-field solutions

| conditions, the deformation fields and triaxiality are tightly
are defined to be the stress and strain distributions withm

,

coupled, so that the imposition of tensile or compressive
the structure obtamed by explicitly considering the mflu-i out of planc stresses can affect triaxiality. Under condi-
ence f the finite geometry of the structure md the flaw.'

tions of substantial plastic deformation, however, the
Only to the exten, that the full-field soluun m the neigh.

i deformation fields and stress triaxhlity are independent
' borhood of the crack tip can be adequately approximated

parameters, with triaxiality being affected only by the
by an asymptouc one-term descripuon of the crack-up

imposition of a state of pure hydrostatic stress.<

fields would the use of one-prameter concepts be mean-
ingful. In general, however, the validity of this approxima-

A.6 Full-Field and Modified- tion is often mt quantitatively verified due to the pro-'

hibitive numerical requirements associated with modelingBoundary-Layer Solutions
s both the near-crack-tip region and the global behavior of

! the structure. Instead, the path-independencef the J inte-
The concepts of modified boundary-layer (MBL) and full- gral is used to determine its value in a generally rough;

; field solutions provide the basis for understanding the rela- model of the structure, without verifying the existence of -

{ tionship between conventional one-parameter fracture cor- the assumed K- or J-annulus.
1 relation methods and the two-parameter methods discussed
i previously, in nddition, these concepts provide the frame-

work for understanding the relationship between T-stress A.6.2 MBL Solutions
and Q-stress, and the conditions under which T-stress
.and/or Q-stress can be rigorously applied to the analysis of The numerical difficulties associated with a quantitative
a fracture problem. Furthermore, these concepts can be determination of both the near-crack tip and the global

,

used to gage the merits of various T-stress and Q-stress stress and strain fields are resolved via the concept of a ,

estimation schemes. In the following discussion, these con- boundary layer analysis.20In a boundary layer analysis,
_ cepts are first illustrated in the context of conventional one- one focuses on the near-crack tip fields that result as a con-

'

sequence of the global response of the structure. In the,

classic boundary-layer approach, the global effects are
'C. F. Shih,"LQ Fracture Methodology," p'esented at the Workshop on wholly accounted for via the imposition of a " remote"

.

Consu.im Effects in Fracture sponsored by U.S. Nuclear Regulatory
commission. Rockville, Md., March 3,1992. K-field on the associated fracture problem of a "semifinite"

!
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crack within an " infinite" continuum. The boundary-layer Q stress term. Consequently, it has been proposed that the
problem with remote K field loading is elso known as the conventional concept of fracture toughness in terms of a
SSY problem and is discussed in Appendix C of Ref. 21. critical value of K or J can te extended,in a two-parameter

approach, in the form of a fracture locus involving combi-
nations of K or J and T or Q (see Fig. A.2).

Because the establishment of various standardized small.
specimen testing methods is motivated in part by the
observation that, tinder some conibination of material In view of the full-field discussion,it is emphasized that
behavior, loading conditions, and specimen geometry, the the utility of these two-parameter approaches is also lim-
near-crack tip fields cannot be adequately described using ited. Only to the extent that the full field solutions in the
one-parameter K- and J annulus concepts, ne hypothesis neighborhood of the crack tip can be adequately approxi-
that the observed deviation from one-parameter fields can mated by an asymptotic two-term description of the crack-
be explained by incorporating an clastic T-stress contribu- tip fields would the use of two-parameter concepts be
lion to the one-parameter a proximation was first verified meaningful. Additionally, it is necessary to ensure that the
using the MBL approach.1.16.22 two-parameter annular region exterms over a physically

'significant region surrounding the crack tip. For example,
use of the clastic K T concept in a structural application is

in an MBL approach, the remote loading of the SSY strictly meaningful only if a K-T annulus surrounds the
boundary-layer method is modified to include both K- and crack tip. With the onset of plasticity and its interaction
T-stress contributions. It is observed that, for a given with the geometry of the structure, the clastic K T annulus
material, the imposition of a nonzero value of the T-stress would eventually be replaced by the clastic-plastic J-Q
results in near-crack tip fields that differ from the SSY annulus under increasing applied load. Presumably, for
fields in a predictable manner, regardless of the associated some wmbination of material behavior and geometry, the
value of K. The near-crack-tip fic!ds are dependent on the J-Q annulus would cease to exist beyond some critical
value of T only and are independent of the value of K loading conditions.
specified in the analysis; on the other hand, value of the J.
in'.egral is dependent on the applied value of K only,, ,

A.7 Intensity vs Energy Approach

it has since been reported" that for a wide range of it is evident from the above discussion that one- and two-
small-specimen geometries and loading conditions for perameter fracture methods are based on the concept of
which one-parameter methods have long been recognized characterizing the " intensity" of the near crack-tip fields;
to be inadequate, the observed deviations from SSY solu- therefore,it is inappropriate to suggest that these methods
tions can be characterized in terms of the T-stress and the can also be understood in terms of an " energy" approach.
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Appendix B

Fracture Model Developnlent
;

D. K. M. Shum'

The development of predictive fracture models is comple- models that incorporate, to varying degrees of sophistica-

mentary to the gathering of experimental fracture data, tion, statistical and micromechanical aspects of cleavage
| Validation of proposed fracture models within an accepted and ductile failure are available in the literature.9-16

data base provides the necessary means for understanding However,in view of the limited validation of fracture'

the causes of fracture behavior in small-scale fracture models with respect to RPV grade materials, adoption of

: specimens and, by extension, to structural apphcations. the simple RKR and MHM models in the present study is
More importantly, validated fracture models can then, in deemed justified.

,

tum, be used to provide fracture predictions in cases where,

experimental data are unavailable or impractical to obtain.
! A validated fracture model can be used to determine an With reference to the objective of this study (namely,

appropriate testing matrix by identifying the relevant test determining the potential toughness deviation due to trans-<

j parametets. The focus of the present investigation, namely verse straining), it is noted that validation of the RKR and

! determining the effects of transverse strain on crack initia. the MHM models in the references cited above is in the

| tion is a good example of the role that predictive fracture sense that these models have been successfully applied

models can play li. reactor pressure vessel (RPV) safety toward predicting the overall temperature dependence of
,

! evaluation, small specimen fracture toughness data. Scatter of both the
toughness data and the magnitude of the induced transverse
strain at a given temperature is not ex1,lickly considered. A-

B.1 Candidate Fracture Toughness discussion on this scatter and its relevance toward the vali-
Prediction ModelS dation of a predictive fracture model is presented in

1 Appendix F.

In the following discussion, the Ritchic+nott. Rice (RKR)
lmodel is adopted for the prediction of cleavage fracture,

i and the McClintock-Ilancock MacKenzie(MHM) However, it is noted that the experimental data employed
2; model ,3 s adopted for the prediction of ductile fracture. in these validations were obtained using small-scale speci-

These two models are chosen because they have been mens, such as IT compact tension (CT) specimens in the
1- applied to A 533 B material with some success in the case of Refs. I and 7 and a mnge of IT-CT to 1IT-CT

lower-transition and upper-shelf regions, respectively, _ specimens in Refs. 4-6. Based on the results to be pre-

under nonitradiated and irradiated conditions." Success. sentedin Appendixes E and F, the magnitude of the
;

! fut application of the RKR madel to the analysis of fracture induced transverse contmetion strain at fracture associated

j in the lower-shelf and in the ductile to-brittle transition with IT-CT specimens is on the order of the yield strain. In

i region for 20MnMoNi55, an RPV-grade steel,is also the absence of tougimess data obtained under prescribed
! noted.7 On the other hand, some recent investigations negative transverse straining, these studies could be viewed

! appear to cast doubt on the applicability of the RKR model as providing validation of the RKR and the MHM models

i to A 508 Class 3, another RPV-grade steel,in the lower- under moderate relaxation fro,n plane strain constraint

! shelf and transition regions.8 conditions. Because the state of tensile transverse straining

] appropriate to RPV discussions is on the order of the yield
i strain,it appears reasonable to employ these models to

A key simplifying feature of these predictive fracture evaluate the effects of transverse strain (positive or nega-

models is thr.t they are one-dimensional (1-D) in nature, tive) on the order of the yield strain on fra ture toughness.
That is, the attainment of a critical condition for fracture is
phrased'in terms of stress and strain quantitics evaluated
directly ahead of a two-dimensional (2-D) crack front along The RKR and the MHM fracture models hypothesize that

the crack plane. Another key simplifying feature is that the crack initiation can be expressed in terms of the attainment

statistical nature of fmeture, which is particularly evident of critical values of global stress and strain measures deter-

; under cleavage failure conditions, is not considered. These mined from a continuum clastic-plastic fracture analysis.

J models are also phenomenological in nature because they The RKR model hypothesizes that cleavage fracture under

j describe the conditions necessary for crack initiation in Mode I conditions is governed by the attainment of a tem-

continuum tenns, without providing an explanation for the perature-independent critical level of opening-mode stress

i underlying micromechanical process for fracture. Fracture over a minimum physical distance ahead of the crack front.
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The minimum physical distance necessary for cleavage material parameters, a surprising lack of activity has been ;

fracture is often identified with the distance from the origi- related to the experimental determination of the magnitude
nal crack front to cleavage-initiation sites. It has been sug- of these critical material parameters. As will be evident
gested in Ref. 7 that both the steep gradient and the scatter shortly, the uncertainty regarding the critical values of
in fracture toughness that are characteristic of the transition these material parameters is reflected in the necessity to !'
region can be attributed to the experimentally observed assume values for these parameters in the r.pplication of
scatter in cleavage-initiation sites, thereby providing fur- various fracture models in this study. Clearly, further [
therjustification for using the RKR model for examining development of the fracture models employed in this study t

'
cleavage fracture. Ilowever, available data suggest that awaits the experimental determination of the critical values
both the nature and location of the cleavage initiation sites, associated with the various material failure criteria. #

for example, vary considerably for nominally identical
RPV-grade materials.78 Consequently, a proper consid-
cration of the micromechanics of fracture is an integral U 2 Il09HirCinent for Crit, cal Distance

,

i

element in the application of this fracture model. Again,it Paranieter ,

must be emphasized that the statistical nature of cleavage .

fracture is not explicitly considered by the present applica- The common requirement of a minimum physical distance
tion of the RKR model, over which the failure criterion is met for both the RKR !

'
and the MHM models is a consequence of the observation
that,in fractie problems, a critical value of stress or strain |

The MllM model hypothesizs that ductile fracture is gov- measure can usually be achieved ahead of a crack front, i
erned by the attainment of a critical level of Mises effective even for infinitesimal load levels. His observation is a *

plastic strain te subject to an associated critical level of consequence of the self similar nature of crack-tip fields !
stress state expressed in terms of the hydrostatic to cffec- with respect to a given combination of loading and non- !

tive stress ratio o /0e. Siminar to the RKR model, the dimensional distance ahead of the crack front. nc self- Im
MHM model also requires that this critical condition be similar nature of the crack-tip fields is observed for both
achieved over a minimum physical distance ahead of the linear-clastic fracture mechanics (LEFM) and clastic-plas- |
crack front, ne minimum physical distance necessary for tic fracture mechanics (EPFM) fields under one parameter
ductile fracture is less well defined. This minimum distance (KJ) or two-parameter (K TJ-Q) dominance conditions. In
has been identified with the minimum size of a region that addition, this self-similarity is observed under small strain

'

could accommodate the micromechanical processes of assumptions (sharp crack), as well as large-strain (finite
void nucleation, coalescence, and growth that are initial root radius) assumptions.The requirement of a -

associated with ductile fractmt or plastic flow k)calization. minimum distance thus precludes the use,in fracture appli, !

cations, of ductile failure models (such as the ones dis-
cussed in Refs.18 and 19) that express the material failure

Within the context of these two simple models of fracture, conditions solely in terms of stress and strain measures.
'

experimental observations of a tr'nsition from brittle to
ductile failure mode, either as a function of test tempera- .

ture or constraint, is presumed to be a consequence of the 3.3 Sample Calculations for
competing micromechanisms for fracture expressed by Irradiation-Induced Toughness :
these two fracture models. Analytical prediction of this

DeNradaliontransition that takes into account T-stress effects has been
attempted with some success.17 i

gg g
examine the effects of out-of-plane strain on crack initia- i

ti n, t be discussed in Appendixes C and G, is illustratedAs discussed above, the RKR and MHM predictive fracture ,

models provide a relation betwaen experimentally obtained by the following example. Quantitative predictions of i

fracture toughness values, sucl. , a critical value of K or J, cleavage fracture for an irradiated RPV-grade material are

with more " fundamental" material failure parameters in btained for conditions of small scale yielding (SSY)

terms of global stress and strain measures and a critical based on reported critical values of the various material

material distance. The utility of these more fundamental parameters in the lower-transition region." Limited
,

material parameters is that they can, in principle, be experimental data for Heavy-Section Steel Technology ;

determined experimentally, so that these parameters pro. (HSST) Plate 02 (A 533 B) suggest that the critical cleav-
,

vide the basis for " fine tuning" a predictive model to fit age stress is on the order of 1700 to 1800 MPa.The corre- !

observed fracture toughness data. While much work has sponding minimum critical distance to cleavage-initiation

been devoted to the development of these fracture models, sites that best fits cmall-specimen data is on the order of 50
I 100 m. It is assumed that irradiation does not af fect the I

and to the identification of the associated fundamental .

critical value of these material failure parameters.

NUREG/CR 6008 B-2
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Therefore, it is emphasized that these critical values need plate specimens fabricated from good quality A 533 B stect
to be viewed as approximate in nature. (IISST plate 13 A), while the WP-2 series 2A24 was based

on a 2-1/4 Cr 1 hio steel that had been specially heat
. treated to produce a low charpy upper-shelf energy. For
'

For an assumed lower-shelf irradiation-elevated yield stress most of the wide-plate specimens, the crack front region
,

of 620 MPa, a critical cleavage stress of 1800 h1Pa normal- was cut lato a chevron configuration to reduce the axial
J ized with respect to the yield stress is -2.9.* In the context load acquired to achieve cleavage initiation in the lower

of the RKR model, it is that portion of the stress distribu- transition region of the materials.
Jon that decreases with increasing distance from the notch
9 that is relevant to the prediction of fracture. Based on a
range of critical dismnce parameters of 50 to 100 pm, the The shallow-crack beam tests 25 were performed to produce
irradiation degradet metme toughness is predicted to be fracture toughness data that would quantify the relaxation
between 10.3 to 20.6 kN/m in terms of J, or between 44.7 of crack-tip constraint associated with shallow crack-

and 63.2 h1 Pad in terms of K, based on a Young's geometries. Beam specimens were fabricated from A $33
; modulus of 193 GPa (28,000 ksi). his predicted irradia- grade B class I steel plate (IISST 13 B and WP-CE) with

I|
tion induced toughness degradation is consistent with dimensions that varied from 40.6- to 86-cm (16 to 34-in.)
experimental observations. Consequently, it is seen that the length,10.2-cm (4-in.) depth, and thicknesses of 5,10, and

i RKR model, while exceedingly simple in its present fonn, 15 cm (2,4, and 6 in.). Sharp cracks of dep hs 1 and 5 cm
'

appears to provide toughness predictions that are consistent (0.4 and 2.0 in.) (a/W = P ' and 0.5) were installed in the
;, with observed toughness data. beams, which were then tested in i .ce-point bend loading
j at temperatures corresponding to the lower shelf and the
^

lower transition region of the plate material.
$ As evident from the above example, quantitative determi-
: nation of frnture toughness values using these simple frac-
i ture toughness prediction models requires that experimen- Finite-element analyses of the wide-plate and shallow-

tal data on critical material parameters be available for the crack beam experiments were performed using loading
-

'

material of interest. However, in predicting the amount of conditions measured in the test. Full field finite-strain solu-
} toughness deviation from standard ASTht valid values due tions based on the plane strain anumptions were generated

tc out-of-plane strain or T stress effects, for example, the from models having a highly refined crack-tip region and a
| reliance on the availability of experimental data for the crack-tip profile with an initial root mdius. As described in
j various critical material parameters is lessened. Appendix C, the finite initial root radius, which is much
! smaller than the outer dimensions of the mesh, facilitates

numerical convergence of the solution. The full field meshIL4 Appl, cat. ion of the RKR Model toi!

and crack-tip profile used in analyses of the wide-plate
Fracture-Toughness Data from specimens stre depicted in Fig. B.I.,

Large-Scale Experiments

4 The RKR model described in the previous sectiens was Results from application of the RKR prediction model to
'

applied to fracture-initiation toughness data generated in the WP-1 and -2 series of experiments are given in
I the HSST Program from large scale wide-plate experi- Figs. B. and B.3, respectively. Correlations of measured

,

20-24 and shallow-cracked beam tests.25 One objec- nd pcedicted toughness for the two series of experiments
i ments

tive of these analyses was to validate the RKR model based on the Q-stress parameter are expressed in terms of

i against specimens that are much larger than conventional K-factors normalized by SSY values corresponding to ini.

laboratory specimens and more representative of RPV tiation conditions. For the WP-1 series (Fig. B,2), tough-'

i structural dimensions. ness predictions are given for three value; of the critical
'

stress ratio, c /c = 2.2,2.6, and 3.4, where c = 465 MPa.e o o
For the WP-2 series (Fig. B.3), predictions are given fori

utilized large "c/Uo = 3.6,4.8, and 5.6, where a = 250 MPa. For bothThe HSST wide-plate experiments 2A24 o

plates with planar dimensions of I by 1 m and thicknesses series of experiments, the RKR model predictions fall sub-

of 0.1 or 0.15 m, to which long pull plates were welded to stantially below the toughness values determined from

produce an asembly ~10 m long. The plate assembly was analysis of the measured data.

tested as a single-edge notched (SEN) tension specimen
*

containing a sharp crack having a normalized depth of.
a/W = 0.2. The WP 1 series ,21 of experiments utilized Fracture toughness predictions from the RKR model for the20

i shallow-cracked beam specimens are compared with mea-

*With reference to Fig. C8, the entical cleavage stress is exceeded over a sured toughness values in Fig. B.4. Predictions are given
ror the case of r = 0(plain stratn,SSY). for four values of the critical stress ratio, o /c = 2.7,3.0,distance 53Ho z c oo
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3.4, and 4.0. Again, the RKR model predictions fall below 7. J. Heerens and D. T. Read," Fracture Behavior of a
measured values, but not to the extent indicated in Pressure Vessel Steel in the Ductile to Brittle Transi.
Figs. U.3 and 11.4 for the wide plate specimens. tion Region," National Institute of Standards and

Technology NISTIR 88/3099 (PB89-189195/AS),
December 1988.i

Inconsistencies between measured and prcJicted tough-
nesses for the wide-plate experiments could be due to one
or more factors. One possible dif6culty may be the pres- 8. S. G. Druse, G. P. Gibson, and M. Capel, " Micro-

ence of three-dimensional (3 D) effects in the chevroned .
structural Control of Cleavage Fracture in an A508

wide plate specimens that camot ta represented in the 2-D Class 3 Pressure Vessel Steel," paper presented at the

plane strain models employed . i % present analyses. Also, 22ndNationalSymposium on Fracture Afechanics,

prior applications of the RKR prediction model to measure Atlanta. Georgia, June 26-28,1990.

data have been ec, fined to small scale laboratory speci-
mens. There may be difficulties with applications of the 9. T. Lin, A. G. Evans, and R. O. Ritchie,"A Statistical
model to lx3e-scale structures that have not yet been iden- Model of Brittle Fracture by Transgranular Cleavage,"
tified. Notwithstanding these difficulties in applying the J. Afech. Phys. Solids 34,477-497 (1986).*
RKR predictive model, predictions of toughness deviations
under GPS conditions will be presented in the following
appendix lu, d on the same model. 10. T. Lin, A, G. Evans, and R. O. Ritchie," Statistical

Analysis of Cleavage Fracture Ahead of Sharp Cracks
and Round Notches," Acta. Afetall. 34,2205-2216
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Appendix C -

Micromechanical/ Boundary-Layer Approach to
Crack-Initiation Prediction

,

D K. M. Shum*

C.1 Introduetion fracture models for the MUuica nf crack inidadon,.

i Detailed results lor h near crack tip fields are obtained

Evaluation of the potential toughness degradadon, from a using the boundary layer. method. A boundary-layer

reference planc strain value, due to positive transverse method does not involve expece censidt ration of loading

straining along a crack front requires resolution of the fo!- and geometry. Instead, this method mcorporates prescnbed
WP ane and out of-plane loading and geometry considera-llowing two issues. The first issue pertains to the extent that

the near-crack-tip fields are perturbed from their reference ti ns in s general manner. The concepts underlying the

plane strain distributions due to positive transverse strain- boundary-layer method, and the companion modified-

ing. When the effects of transverse straining on the nesr- boundary-layer (MBL) method, are discussed m

crack-tip fields cre quantified, the perturbed fields can then Appendix A.

be interpreted within the context of a postulated tallure or
crack initiation model to provide estimates of potential
toughness deviation. Toughness estimates provided in this The essential difference between the present formulation

.

manner are premised upon the assumption that transverse and traditional small geometry change (SGC) linear-clastic
,

straining does not alter the fundamental micromechanism fracture mechanics (LEFM) and elastic-plastic fracture

of crack initiadon relative to the plane strain condition. The mechanics (EPFM) formulations is that large geometry

second issue pertains to whether the perturbation of the change (LGC) effects in the vicinity of the crack tip are

plane strain near-crack tip fields due to transverse straining considered. Consideration of LGC effects rocans that the

is sutlicient to result in a change in the micromechanics of traditional mathematically sharp crack is now replaced

crack initiation (e.g., from a cleavage to a ductile failure with a blunted notch under load, which is the physically

mechanism). more meaningful crack-tip representation when one is
interested in events within s distance of a few CTODs from
the deforming crack tip Inclusion of LGC effects results in

Advanced continuum mechanics analysis methods can be near-tip features that are quite different from those

applied Dward the evaluation of the near-crack-tip fields blained under SGC approximations. These near tip fea-

due to various degrees of transverse straining, within which tures are used to relate results from continuum stress analy-
the planc strain condition is a special case Crack initiation ses to miciostructural failure mechanisms,

medels of varying sophistication and validity are available
to provide a framework for assessing the effects of trans-
verse straining on the near-crack-tip fields and fracture in the first phase of this work, an analytical description of

toughness. However, current understandings of the micro- the near-crack-tip region was developed based on GPS

mechanics of fracture are such that prediction of the micro. Slip-line theory.1 The loading conditions considered corre-

mechanism of fracture associated with a given set ofload. SPonded to small-scale yielding (SSY) for which the.

ing conditions cannot be provided with confidence, remote stress fields are characterized by the parameter K
only. The analysis focused on the effects of out-of plane
straining on ductile crack initiation by interpreting the

Consequently, the focus of this appendix is on the first Predicted near-crack tip fields in light of a postulated duc-

issue outlined-namely, to present a method for estimating tile failure criterion. The slip-line model was used to pro-

the potential toughness deviation fro n a reference plane vide near term estimates on the change in crack initiation

strain value due to transverse straining, assuming that t ughness, relative to plane strain toughness, associated

transverse straining does not aher the micromechanism of with either negative or positive straining on the order of the

fracture associated with the plane strain condition. This yield strain along a crack front.

method addresses crack initiation under generalized-plane-
strain (GPS) conditions by focusing on the near-crack-tip
ficids, along the crack plane, within a region extending a In this appendix refined estimates on the change in crack-

few crack-tip-opening displacements (CTODs) directly initiation toughness associated with a state of GPS along

ahead of the crack tip. The near-crack-tip results are then the crack front are presented This refinement is accom-
P ished by constructing a .; iled, finite-element-basedlinterpreted within the context of available micromechanical

C-1 NUREG/CR-6008
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descriptice of the near-crack-tip region, along with an the yield point as characterized by the yield strain e =o
1

clastic-plastic description of material behavior. De loading c /E, where a is the uniaxial yield stress in tension and E'
o o

conditions to be considered also correspond to SSY. is Young's modulus. Poisson's ratio is equal to 0.3.

Ilowever, within the context of SSY, two classes of in- Beyond yield the materia' is of the power law type with the

plane loading conditions will be considered. The first in- hardening exponent denoted as n.The uniaxial true stress-
s

| plane loading condition is one for which the remote stress true plastic strain curve in tension is of the form

fields are characterized by the parameier K only; the near-

' o '"crack-tip fields that result under plane strain conditions will
- = n -

-

r
henceforth be referred to as the reference SSY results. The (C.1)

8 80/0
second in-plane loading condition is the MBL problem for
which the remote stress fields are characterized by the

;

parameters K and T. Details concerning the parameter T
are discussed in Appendix A, which outlines the essential The above matcrial model is used to examine effects of
features of two-parameter approaches based on T-stress out-of-plane straining on the near-crack-tip fields under*

and Q-stress. single-parameter remote loading conditions. Various com- j

j binations of c , a, and n have been considered in this |
,

o

j study. While the reference SSY results are sensitive to the ;

Analysis results are presented first for the case of single- magnitude of these material parameters, the predicted'

parameter remote K-field loading. Comparison of present deviations of the near-crack-tip Helds from the SSY results
;

i results with predictions based on the s! p-line approach, due to transverse strain are remarkably similar for all cases

where appropriate, are presented. Analysis results are then considered. Consequently, numerical results are presented
,

presented for the case where the remote in-plane loading only for the case where n = 1, c = 1/400 and n = 10,o
conditions are charactoized by both K and the higher-order These numerical values correspond to a material descrip-

parameter T. Analysis results are interpreted ahernately in tion often used to model the uniaxial stress. strain response

light of a postulated cleavage or ductile failure criterion. in tension of a reactor pressure vessel (RPV)-grade mate-

Finally, implications of these results toward crack initiation rial in the unitradiated condition.'

under GPS conditions are discussed.

.

The second material model is adopted to model the uniax-

A quahtative discussion on the anticipated effects of trans- ial stress-strain response in tension of an RPV-grade mate-

verse strain on crack-tip fields is appropriate at this point. rial subject to irradiation effects. This material model is

| Beyond the near-tip region characterized by large-strain used to examine attemately the effects of out of-ph

| effects, magnitudes of the in-plane stress and strain com- straining (only) and combined effects 01 T-stress and out-

ponents decrease with increasing distance from the crack of-plane straining on the reference SSY near-crack-tip
tip. Consequently, the effects of transverse strain on the fields. The clastic portion of the uniaxial stress-strain cune

,

crack-tip fields in a GPS analysis are expected to become is characterized by to = 1/311, and Poisson's ratio is equal
,

significant with increasing distance from the crack tip. A to 0.3. The uniaxial true stress-true plastic strain cun e in

prescribed magnitude of the uansverse strain, on the order tension is assumed to be bilinear. The plastic nortion of the

of the yield strain, is expected to greatly perturb both the uniaxial stress-strain curve becomes nonharacning at a
,

shape and size of the plastic zone. Perturbations of the dis- normalized stress level of c/c = 1.3 with an associatedo
tributions of stress and strain components from the refer- true plastic strain of 0.075.
ence planc strain distributions are also expected to be sensi-

: tive to transverse strain. Both of these effects have been . .C.3 F. .te-Element Description ofim' obsened in the analysis results to be presented. However,
the critical question with respect to possible deviation from Near-Crack-Tip Region
plane strain fracture toughness due to transverse straining

[ _
is whether the perturbing effects of transverse strain are in a boundary-layer approach the near-crack-tip region,;

significant over the near-crack-tip region within which the over which the CTOD sets the size scale of the problem,is
micromechanisms of crack initiation take place. The analy- modeled by constructing a finite-element mesh with a suit-
ses to be presented here are aimed toward a resolution of hbly large outer boundary as indicated in Fig. C.1(a). A
this question. unique feature of the finite-element mesh is the highly,

refined crack-tip region. The high degree of refinement is*

necessary to obtain an accurate determination of the crack-
C.2 Mater. l ModelSia tip fields within a distance of a few CToDs ahead of the

blunting notch tip. Furthermore, the mathematically shag
' Two material models will be considered in this appendix. crack-tip profile associated with small strain fracture analy-

The first material model is one that is linear-clasue below sis is replaced, in the present finite-strain context, with an
f
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initial root radius before the imposition of external loading. C.3.1 Boundary Conditions
The assumption of a finite value of initial root radius is
necessary to facilitate numerical convergence of the finite- The remote Mode 1 in. plane stress fields due to K and T
clement results. The outer radius of the mesh in Fig. C.l(a) are epplied as displacement boundary conditions on the
is 1,000,000 times the imtial root radius mdicated in outer boundary of the finite-element mesh.The transverse
Fig. C.l(b). strain r is imposed as uniform displacement on the out-of-z

plane degree-of-freedom. Specifically, with Poisson's ratio
" " " denoted as y, the in plane displacement boundary condi.

tions in pohir coordinates are imposed via a relation of the
form,

' G (0,v) + b i;(0,v)ui = i
E E

+ c r E (0,v) . (C.2)z i

D The universal functions 0;(0,v), T (0,v), and si(0,v) arei
dependent on the angular coordinate 0 and Poisson's ratio y

'

-

to only.

N

The GPS problem examined in this study, as expressed by
Eq. (C.2), is somewhat similar to a load controlled biaxialj j
test. From Eq. (C.2), it is seen that the in-plane displace-

]; ;; ; 7 ment fields are perturbed from their classic K-dependence

j due to Poisson's ratio-induced in-plane displacements as a

La function of the applied values of T and c .z

W In this study the parameters K, T, and tzare allowed to

Figure C.1 (a) Finite element model of near crack tip increase in fixed proportion from zero to their target

region in boundary layer approach. Near- values.The adoption of proportional in plane and out-cf-

crack tip region is comprised of 40 rings plane loading is motivated by the observation that, during

of elements. Unique feature of finite- the normal operation of an RPV, the pressure-induced axial

element mesh is highly refined crack tip and circumferential strains occur under proportional load-

region.(b) Closeup of near crack tip ing conditions. Note that under a postulated accident sce-

finite-element model. Outer radius of nario, such as a pressurized-thermal-shock (PTS) transient,

mesh in (a) is -1,000,000 times initial root the in-plane and out-of-plane loading may not be propor-

radius indicated in this figure,liigh tional in nature.

degree of refinement is necessary to
obtain accurate determination of crack- C.3.2 Numerical Convergence Requirements
tip fields within distance of few CTODs
ahead of blunting notch tip

For a given target value of T-stress or transverse strain,
increase in the target value of the parameter K increases the

The finite-strain, clastic-plastic, GPS nature of the present resolution of the near-crack-tip fields. An upper limit to the
problem is examined using the finite-element code allowable target s alue of the parameter K cxists for the fol-
AB AQUS.2 ne analyses assume a rate-independent J2 lowing computational reasons. De requirement of con-
(isotropic-hardening) incremental plasticity theory as tained crack-tip yielding requires the spread of plasticity to
implemented in AB AQUS.The finite-element mesh in be confined within the clastic far field of the finite-element
Fig. C.l(a) and (b) is made up of 1119 GPS clements and mesh; in this study this requirement is accomplished by
3494 nodes. These elements behave as conventional 8-node limiting the maximum extent of the plastic zone to be
isoparametric elements, except for an extra degree-of-free- <10% of the outer mesh dimension. Convergence require-

dom that allows for uniform strainingThe integration order
in a direction per- ments of the finite-element results are accomplished by

pendicular to the plane of the mesh. limiting the maximum value of the residual nodal force per
for these elemems is 2 x 2. unit thickness at any node. Specifically, the maximum

value is required to be <0.1% of the product between the

C-3 NUREG/CR-6008
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yield stress and the smallest element dimension in the CTOD upon reaching a target K value is at least 10 times
finite-element mesh. the initial notch opening, so that self similarity of the SSY

results is guaranteed.

When considering finite strain effects on the near-crack tip
fields, there are two common measures of CTOD for the Another observation that is perhaps related to ABAQUS
case where the initial notch opening is semicircular in requirement for self similarity for the SSY results is that,
nature. The first measure of CTOD corresponds to the when the 8 node (quadratic) fir.ite-element mesh indicated
Mode I or opening-mode displacement of point F. .ated in Fig. C.l(a) and (b) is replaced with 4 node (linear) GPS
at the intersection of the straight crack flank with the semi- isoparametric elements, the numerically convergent value
circular notch, as indicated in Fig. C.2. De ratio of current for the maximum opening-mode stress is ~5 to 10% lower
CTOD to the initial notch opening is denoted as b/bo. This than that obtainable with 8-node clernents. nc maximum
measure of CTOD corresponds to the definition of CTOD value obtained with 8-node elements does agree with pub-
employed in previous slip-line analyses.3 The second mea- lished results. His discrepancy in convergent values,
sure of CTOD corresponds to the 45' intercept definition depending on element type, does not appear to be due to
originally formulated for small strain fracture analysis.3 mesh refinement effects in the usual finite-element sense.
The ratio of current CFOD to the initial notch opening is
denoted as &6o As indicated in Fig. C.2, bo = So foi ne
case of an initially semicircular notch opening. CA Remote K-Field Loading Finite-, ,

Element ReSultS
w ~ ,, n, w

In this section, analysis results are presenkd for a material''~~-----
whose uniaxial stress-strain curve in tension is constructed

'

,

N to model the material response of an unitradiated RPV-
's grade material, The uniaxial true stress-true plastic strain

\ curve in tension is of the power law form as discussed

N previously. He single-parameter (T = 0) opening-mode, ,

i ? 's stress distribution directly ahead of the blunting notch is
'* N presented in Fig. C.3(a) and (b) for three values of trans-
% 's verse strain c /r = -0.95,0, and 0.68. Plane strain condi- *g zo

' '

",b tions correspord to the case c /r = 0. De degree of posi-a 2
zo' # ' " '

tive out of-plane straining is considered to be severe with

Figure C.2 Schematic illustrating two measures of respect to the normal operations of an RPV. In Fig. C.3(a) i

CTOD employed in this study, First mea- the stress distributions are shown within the region of
finite-strain effects [r/(J/c ) s; 1] where the opening-modesure of CTOD corresponds to the Mode I o

or opening mode displacement of point 11, stress component decreases with decreasing distance from *

Second measure of CTOD corresponds to the notch tip. In Fig. C.3(b) the stress distributions in Fig.

45* intercept definition originally formu- C.3(a) are redrawn to encompass both the fimte-strain

lated for small strain fracture analysis region and a portion of the small-strain region ahead of the
blunting notch. Within the region of small strain, the stress

There is an aspect of numerical convergence associated distributions decrease with increasing distance from the

with boundary-layer-type calculations that is distinct from notch tip.He influence of a given magnitude of e is evi-,

z

consideration of force equilibrium. Specifically, this aspect dently not symmetric, as indicated in Fig. C.3(b). The

of convergence concems the minimum load level in a plane impi cation of this asymmetry to fracture toughness predic-

strain analysis, expressed in terms of b/bo or 64o, that is tion will be addressed later in this appendix,
,

necessary to achieve the self similar crack-tip fields (nar- '

acteristic of K-dominant SSY, Previous investigators'83
have found that self-similarity of the SSY results is In Fig. C.3(a) and (b) and subsequent figures, the stress r

achieved for values of b/ boor &So, approximately >3 to 5. and strain quantities are average nodal values based on

However, it is found that for the present calculations, self- extrapolated values from integration points of surrounding

similarity of the SSY results is achieved for b/ boor &S elements. In a boundary-layer analysis, the relevant dimen-

approximately >6 to 10, depending on the material model sional length variable is the quantity J/c , where J corre-o

adopted. It is beheved that th?s observation of a slower sponds to the magnitude of the J-integrai. For the finite-

convergence may be specific to the finite-strain formula. element results, the undeformed dimensional distance

tion employed in ABAQUS. In this study the value of the ahead of the blunted notch r is therefore expressed in a
normalized form in terms of r/(J/c ). Magnitude of theo
J-integral can be obtained using the standard plane strain
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l'igure C.3 (a) Distribution of opening mode stress directly ahead of blunting notch for power hw hardening i

meterial and three values of transserse strain tr/c, = -0.95,0, and of a urder remote K ficid loadleg ,

(T = 0) conditions. Stress distributions are shown within region of"fli.ite st..In" cffects rl(J/c M 11 ;o

where opening. mode stress component decreases with decreasing distance from notch tip, Degree of f
!

posithe out of plane straining is considered to be severe with respect to RPV normal operations. (b)
Stress distributions in (a) are redrawn to encompass both finite strain *egion and portion of small strain ;

|
region ahead of blunting notch.WIWin region of small strain, stress distributions decrease with :

i

I ;icreasing dist ante from notch tip. Influence of given magnitude of r ts evidently not symmetric with !a
'

:espect to plane strain distribution -

conversion between J and K based on the applied value of to the maximum values of transverse strain employed in ;

K specified in Eq. (C.2). Alternately,J can be obtained the analyses, in Fig. C.4(b) the J-CTOD relation based on i

u=ing the J. integral option provided by ABAQUS. Excel- the 45* Interce' winiuon is indicated as a function of ;

| lent agreement is found between these two methods for transverse strt ... It h observed that over the range of |

| cvaluating J, thus providing another avenue for verifying transverse etrain considered, the J CTOD talation based on t

,
the numerical accuracy of the finite element results. either definition of CTOD is relatively insensitive to the !

| magnitude of the transverse strain, in addition, the J CTOD
'

I relation itself is insensitive to either choice of the definition [
Interpretation of the finite-element results in terms of of CTOD. In Fig. C.4(b) it is observed that the 45' inter- |

CTOD ie readily accomplished by making use of the cept J CTOD relation has the fonn 6 = 0,43 J/c for the io

results presemed in Fig, C.4(a) and(b). In Fig. C.4(a) the range of transverse strain conside ed. I
rJ C'iDD relation for the pour law hardening material

being considered based on the Mode' mtacement of }

point B is indicated as a nunction of ' . ;e strain.* Die In Fig. C.Sta) to (c) the effective plastic stiain distribution |
raagnitudes of tr/to indicated in these ig ses correspond e, directly ahead of the blunting notch is indicated for three

~
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' * " * * " " " * values of transveru strain r /fo = -0.95,0, and 0.68 underr"~

,,, remote K field loading (T = 0) conditions. In Fig. C.5(a)
the strain distributions are shown within the region of

,, _ .' finite-str.in elIccts [r!(J/o ) s 1]. In Fig. C.5(b) the straino
distributions in Fig. C.5(a) are redrawn to encompass toth

" -

p the finite-strain region and a portion of the small strain
region ahead of the blunting notch.Tha scale along the

g, vertical asis is chosen to highlight the cffects of transverse

,, w ,j,,. .o 95 strain on the extent of the plastic tone ahead of the blunting

# $$y,,je,.o notch. He maximum eatent of the plastic zone in terms of

ie -

.~N t/t. 0~68 the nermalized parameter r/(J/o ) is associated with r = 0.o e

llis observed that the rnaximum extent of the plastic zone
for magnitude of positive transverse strain r = 0.68 ise

-3.5 J/c . Dis value is approximately one third that of theo
'. ^ [i .', , #' r. E N. planc strain analysis. While not evident in this figure, the

'

'

maximum extent of the plastic tone for magnitude of nega-""
''m tive transverse strain te = -0.95 is more than twice that

1 associated with the planc strain analysis. Analysis results
n - also indicate that the shape of the plastic tone is very much

,*# affected by the magnitude of the prescribed transverse

, , "
~ /*..**

strain. In Fig. C 5(c) the strain distributions in Fig. C.5(a)
are redrawn to encompass a larger ponian of the finite-

3 7 strain region.
,, .

b t/t,. -0.95
+ SSY,t/t. 0

< ,
_

-V t/s,. 0.68 Figure C.6(a) and (b) presents the distribution of cf fcctive
* ~

plastic strain and the associated stress state, as character-
ired by the tvtio of hydrostatic stress to effective stress
o /o directly ahead of the blunting notch. Note that te is, , ._ . ., m e

' '' " m,g," not a unique function of o /o as indicated by the elbows'a '85 m e
in Fig C.6(a). As will be discussed shortly,it is that por-

Figure C.4 (a) J.CTOD relation for power law hard. tion of the te distribution that decicases with increasing
ening material based on Mode I dis-

value of o /Ge that is selevant to the ductile failure modeln
placement of point il indicated in Fig. C.2 to be presented. In Fig. C.5(b) the strain distributions in
and as function of transverse strain under Fig C.6(a) are redrawn to encompass a larger po Gan of
remote K field loading (T = 0) conditlens. the finite strain region. It is observed that only for that
Magnitudes of tr/c indleated in thN f4- region ahead of the crack tip for which the magnitude of teo
ure correspond to mnimum values of

is less than ~5% are the effects of transverse straining
transverse strain emplo3 cd in the anal 'J apparent.
ses. (b) J CTOD relation for power law
hardening material based on 45' intercept
definition indleated in Fig.C.2 and as C.4.1 Comparison of Finite. Element and
function of transserse stral under Slip Line Results
remote K field loading t's = 0) conditions.
I'or range of trane c<rse strain considered, ' Comparison of the present finite eleme-nt results with the
J CTOD relation is insensithe to defini- ianalysis results obtained in the first phase of this work is
tion of CTOD employed and the magnl* accomplished in the following manner. The shp-line analy-
tude of transverse strain sis also assumed a material description of the form indi-

cated in Eq. (C.1). The strain hardening exponent N
employed in the slip-line anVysis can be identified with
1/n in the present finite-element analysis.The parameter n
is also equal to unity in the slip line analysis.

NUREG/CR 6008 C6,
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'

\\ (\ power. law hardening material and three !
' ~
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l'igure C.6 (a) Distribution of efrective plastle strain as function of stress ratio o /a for power law hardeningm e
material and three values of transserse strain c /c =-0.95.0,and 0.68 under remote K lield loadingo
(T = 0) conditions. Scale along sertical asis is chosen to highlight effects of transverse strain and to
facili'-*- omparison with slip line results presented in Fig. C.7(d). (b) Strain distributions redrawn to ,

encompass larger portion of finite strain region. Scalc along S crtical asis is chosen to facilitate
comparison with slip line results presented in Fig, C.7(c)

llowever, a unique feattue of the GPS slip-line analysis is |c,/t.j < 2/3 , (C.3)
that the magnitude of the shear strain ahead of the crack tip
in the outer extent of the finite-strain region, referred to as
the apex strain ta in the slip-line analysis,is undetermined
from the slip line analysis, in the first phase of this work,
near crack-tip fields were predicted using the slip line in the following comparison, values of the apex strain ,

approach based on an assumed value of the apex strain determined from the finite-element analyses, as a function
,

(c./r = 4) that did net vary with respect to the magnitude of transverse strain, are mcorporated into the slip line
o

of the transverse strain, in addition, the stipulation that the analysis. The location at who le finite-element apex

slip line result be such that the out of plane stress compo- strain is taken corresponds, ~2.4 6 or i J/c . In the slip-o

nent og remains the intennediate principal stress compo- line analysis, the apex strain is related to the principal

nent results in the " reality condition" that admissible values plastic strain components at the apex via the relations,

of c , as a function of the assumed state of strain at thez

'1 - t , (C 4a)apex, must otx y the inequality ex = -- ,

2
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athi stress o /a, direcdy ahead of the blunting notch is pre-n

sented.
'

4 r, (cab)ry=-

Figures C.ll-C.13 show *csults analogous to those pro "

sented in Figs. CLC '.R except now for the case of plane
strain (c = 0) and various degrees of K and the secondin view of the nodal average nature of the finite element z

parameter down to T/c = -CAS. ne choice of negativeresults, the apex strain is detennined from the finite-ele. o
ment results based on the us erage value from Eqs. (CAa) T-stress values is motivated by the observations that the

and (cab). The values of the apex strain thus determined near crack tip fields associated with a short circumferential

are r/r = 2.28,136, and 1.88 foi the range of transverse crack within an RpV appear 'o exhibit negative T stresso
stram rdr = -a98. 0, and 0.68. Note that Eq. (C3) is effects. In Fig. C.14(a) and (b) the J-CTOD relations asso-o
satisfied in all three cases. ciated with the plane strain, K T analyses are presented.

The J CTOD results alternately employ a definition of
CTOD based on the Mode i displacement of point 11, or the

in the slip.line analyses all length parameters are normal. 45' intercept as indicated in Fig. C.2. Rese results indicate

ired v ith respect to the CTOD. For case of companson that the J-CTOD relation is insensitive to the definition of
with the finite element results, the relation CTOD = OA3 CTOD employed, but is sensitive to the magnitude of the

J/c , as determined from Fig. CA(a) and (b). is used. De T-stress.o

slip-line results thus determined are presented in
Fig. C.7(a) la (c). De slip 4ine results are remarkably simi-
lar to their finite-element counterparu presented in Figures C.15-C.17 present results for combined T-stress
Figs. C.3(a), C.5(a) and (c), and C.6(c) and (b). and transverse strain loading. De range of T stress and
Consequently, these results provide mutual confirmation of transverse strain considered are those discusscd previously.
both the validity and accuracy of thew two methods for The results in Figs. C.15-C.17. when compared to those
detennining the crack tip fields under GPS conditions. presented in Figs. C&C.13, permit a quantitative evalua.

tion of the influence of T stress and transverse strain on the
'"' ""*'d'C.5 Reinote K-T Loading Finite.

Eleinent Results
C.6 Crack Initiation Under GPS

In this section analysis twM are presented for a material COnditlonS
w hose uniasial stress-stnun curve in tension is constructed
to model the material respcmse of an RPV grade material The finite-element results presented in Figs. C.8-C.17 will
subject to irradiation effects. The uniaxial true stress-true now be taken as input to the RKR and the MllM models. A
plastic strain curve in tension is bilinear in nature, as previ, simplified view is adopted where a material will fait either
ously discussed. The in-plane loading conditions are char._ in a cleavage or in a ductile manner in response to the
acterized by K and various degrees of T-stress, while the loading conditions. De question being addressed is simply
transverse strain considered spans the range -0.56 < rdr < the magnitude of toughness deviation that can be expcctedo
0.56. Plane strain conditions correspond to the case cdr = under GPS conditions, assuming that the failure mecha.e
O. The degree of positive out-of-planc straining is consid. nism is either cleavage or ductile in nature. Ne attempt will
cred to be severe with respect to the normal opeations of be made to 6:termine which failure mechanism is appro-
an RPV. priate for the assumed material model. For the purpose of

estimating the effects of out-of.planc straining on fracture
toughness,it is further assumed that the range of critical

Be single-parameter remote K field loading (T = 0) material parameters necessary for brittle or ductile fracture
opening-mode stress distribution directly ahead of the is not affected by the magnitude of the out-of-plane strain
blunting notch is presented in Fig. C.8 for three values of or the T stress. This is equivalent to assuming that the
rdr = -0.56, and 0,0.56. Similar to the findings for the introduction of out.of-plane strain or T stress does not altero
unirradiated material model, the effects of a given magni. the micromechanics governing cleavagt or ducute fracture,
tude of the transverse strain on the near-crack-tip fields are
nonsymmetric in the present case also. In Fig. C.9 the
effective plastic strain distribution te direcdy ahead of the C.6.1 Cleavage . Fracture
blunting notch is indicated, in Fig. C.10 the distribution of
effective plastic strain and the associated stress state, as in Table C.1 estimates of toughness deviation frorn a refer-

characterized by the ratio of hydrostatic stress to effective ence plane strain K-dominant (r = T = 0) value, tred onz

C-9 NUREG/CR 6008
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Table C.1 lhtimates of toughness deviation, from a reference plane strain, K-dominant (e, = 'l = 0) <

value, based on the RKR mode' and a range of assum<d cleavage fracture stress.These estimates
are obtained based on results from Fig. C.8 for an irradiation degraded (simulated) -

material and two values of trusserse strain e,/c = -0.56 and 0.56.The predicted toughnesso
,

deviations art relatively insensithe to the range of assunied critical clea$nge stress. ;

Magnitudes of the predicted toughness deviatims are limited |
- !

Critical value of r/(J/c ) Jr,/Jssy Ke /ESSYo z

c /c e,/c = 0.56 SSY c /c = -0.56 c,/c = 0.56 c le n -0.56 c /c = 0.56 e /c = -0.56 ;c o o zo o zo o o

2.5 10.10 8.60 6.20 0.85 1.39 0.92 1.18
2.6 8.50 6.85 5.15 0.81 !.33 0.90 1.15
2.7 6.90 5,45 4.15 0.79 1.31 0.89 1.15 ;

2.8 5.35 4.15 3.45 0.78 1.20 0.88 1.10 :

2.9 3.70 3.20 2.85 0.87 1.12 0.93 1.06 ;

3.0 2.60 2.50 2.40 0.96 1.(M 0.98 1.02 ;

,

6 !
the RKR model and raults from Fig. C.8. are presented - In Table C.2 estimates of toughness deviation, from a ref- !
for tw, values of out-of plane strain and a range of crence plane strain, SSY (c = T = 0) value, based on the |z
assumed cleavage fracture stress. Results in Table C.1 RKR model and results from Fig. C.11 are presented for a ' "

indicate that toughness degradation dee only to out of- range of plane strain T. stress conditions and a range of
plane straming, with the T-stress parameter remaining - assumed cleavage fracture stress. Results from Fig. C.11
equal to zero, is expected to be at most on the order of 20% indicate that significant perturbation af the near tip stress '

in terms of K for the assumed set of analysis conditions, field from the refe ence plane strain distribution occurs
~Ihe limited range of predicted cleavage toughness under T < 0 conditions. Ruults in Table C.2 indicate that

i deviations is qualitatively consistent with the near tem' toughness deviations under negative T-stress conditions
estimates provided in the first phase of this work. can be significant. i

'
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*Iable C.2 f.stimates of toughness des tation, from a reference plane strain, K. dominant (c, = T = 0) salue, based on the RKR
model and a range of assumed clessage fracture stress. These estimates are obtained based on results from Fig. C.ll for an

irradiation degraded (simulated) mater %I and range of plane straln T.streu conditions.The predicted toughness
desiations are relathely insensithe to the range of assumed critical cleasage stress. T hese results suggest that

toughness deviations under negath e T-stress conditions can be significant

Critical salue of r/(j'c ) Jr/Jssy KT/Kssyo

o /c T/c = -0.45 T/c = -0.38 T/c = -0.3i T/c = -0.45 T/n = -0.38 T/c = -0.31 T/c = -0.45 T/c = -0.38 T/c = 0.31c o o o o o o o o o o

2.5 2.7 3.45 4.20 3.19 2.49 2.05 1.79 1.58 1.43

2.6 2.^5 2.65 3.35 334 2.59 2.05 1.83 1.61 1.43

2.7 1.60 1.95 2.60 3.41 2.80 2.10 1.85 1.67 1.45

2.8 1.35 1.65 1.95 3.07 2.52 2.13 1.75 1.59 1.46

2.9 1.20 1.45 1.65 2.67 2.21 1.94 1.63 1.49 1.39

3.0 1.05 1.20 1.45 238 2.08 1.72 1.54 1.44 131

In Table C3 estimates of toughness deviation, from a ref. ness deviation is, over the range of analysis conditions con.
crence plane stram, SSY (r - T = 0) value, based on the sidered in this study, not very dependent on a quantitativez
RKR model and resuhs from Fig. C.15, are presented for a knowledge of these parameter values.
range of T-stress and transverse strain conditions and a
range of assumed cleavage fracture stress. From Fip.C.11

C.6.2 Ductile Fractureand C.15,it is observed that where T < 0 and c e 0, the T.z

stress effects are primarily responsible for the observed
deviation from the plane strain SSY distributions. The The results presented in Figs. C.8-C.17 pertain to an RPW

observation that T-stress effects dominate o /cr transverse grade material with simulated irradiation effects on the uni-

strain effects is reflected in the toughness estimates in axial stress. strain behavior. 'The material failure curves for

Table C.3. unitradiated A 533 B appropriate to the MilM ductile frac-
ture model for three upper-shelf temperatu.cs of 24,77,
and 177'C are indicated in Fig. C.19.7 in the absence of

Finally, the toughness estimates presented in Tables C.1 to material data under irradiated conditions, these failure

C3 are plotted in Fig. C.18. It is observed that the pre. curves will le adopted for the p esent analysis,

dicted toughness deviations are relatively insensitive to the
range of assumed critical cleavage stress. That is, while use
of the RKR model to provide quantitative cleavage fracture With respect to the prediction of ductile fracture, it is

toughness predictions is limited by the ava lability of mate. observed that the MHM lailure criterioc is exceeded by the

rial parameters relevant to the model, prediction of tough. results indicated in Figs. C.10, C.13, and C.17 for the

Table C.3 Estimates of toughness deviation, from a reference plane strain, K dominant (tz = T = 0)
value, based on the RKR model and a range of assumed cleavage fracture stress.These estimates

are obtained based on results from Fig.C.15 for an irradiation degraded (simulated) material
and a range of T stress and 12 ansverse strain conditions.The predicted toughness deviations

are relatively insensithe to the range of assumed critical cleavage stress.These results
suggest that T stress effects dominate over transverse strain effects with respect to

the predicted toughness deviations

Critical value of r/(J/c ) JeeT SSY Ee*T/KSSY/Jo r

c le = -0.56 e /c = -0.45 e !c = -038 (-0.56) (-0.45) (-0.38) (-0.56) (-0.45) (-0.38)ro zo zo
o /c T/c =-0.45 T/c = -036 T/c =-030 (-0.45) (-0.36) (-030) (-0.45) (-036) (-030)c o o o o

2.5 2.80- 3.40 3.95 3.07 2.53 2.18 1.75 1.59 1.43
2.6 235 2.75 3.25 2.92 2.49 2.11 1.71 1.58 1.45
2.7 1.80 230 2.65 3.03 237 2.06 1.74 1.54 1,43

2.8 1.60 1.85 2.15 2.59 2.24 1,93 1.61 1.50 139
2.9 1.45 1.65 1.80 2.21 1.94 1.78 -1.49 139 133
3.0 135 1.50 1.60 1.85 1.67 1.56 136 1.29 1.25
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magnitude of the elfective plastic strain te exceeding
unitradiated A 5311 Il steel obtained by Tl.a Welding

~25L From Figs. C.9, C.12, and C.lf . It is observed tint Institute (TWI) is discussed in the neat section.

this magnitude of te is exceeded over a distance appmsi-
mately <0,5 J/c for all caws considered. ne elfecuve L,.7 C,omparl50n of ModelI,redlCllonSo

plastic strain distnbunons in these figures are essentially Willi ITI Ihltil'

invariant with respect to the range of transverse strain up to
a distance of 0.5 J/c . This invariance implies that minimalo
ductde toughness deviation due to positive out of plane The TW1 tests are believed to be hud-controlled, uniaxi-

straining is espected. %e obserystion of minimal tough- ally and biaxially loaded fracture tests involving wide plate
ness desiation due to positive out of plane straining under specimens of unirradiated A 53311 material.8 9 The test

ductile fracture conditions is consistent with the near tertn temperatures span the transition region from lower shelf

estimates provideJ in the first phase of this work. (< _130*C), transition (-70 C) to the upper-shelf regime
(+70*C), llowever, no duplicaden of wide. plate tests at a
pnticular combination of test temperature and biulality

As noted previously in the discussion on cleavage fracture- ratio is reported. %e plate thickness varies from 25 to
the results in Figs. C.13 and C.17 indicate that where T < 0 50 mm dependmg on test temperature. For the case of
andt # 0 it is the T-stress effects that are primarily blaxial loading, equal biaxiality is maintained over an area

i

responsible for the observed deviations from the plane of in plane dimensions 500 x 500 min. Various naw

straia K dominant distributions. While T stress effnts are geometrie< have been considered, but the primary flaw
seen to dominate over the transverse strain effects, the geometry is an clongated part through surface flaw cen-
cffective strain distnbutions in Figs. C.13 and C.17 are also trally located with respect to the plate's in-plane dimen-
nearly invariant with respect to the range of T-stress con- sions. The maximum crack depth is ~40% of the plate's

sidered up to a distance of 0.5 J/c . %c deviation from the thickness, and the Raw length is 135 to 150 mm. Detailedo

plane strain K-dominant distribution due to the range of finite-clcment analyses of these biaxial tests have not been
T-stress considered results in <10% elevation in toughness reported,

in terms of J.

Repcrted values of CTOD at fracture for the wide plate
The above resula suggest that the range of posidve out of' specimens,9 as inferred from a double clip-gage arrange-
plane suaining considered in this study, which is assumed meat, under various degrees of # ' ' v are indicated in

to be representative of the degree of positive out of plane Fig C.20, along with small spea. as obtained for

strain encountered during the normal operations of an material characteriration purposes. .r.e targe differences in
,

RPV, is not expected to resuh in significant toughness CTOD at failure in the transition region (-70'C) for the

degradation relative to plane strain ductile fracture and wide plate data are related to the large differences in stable
only on the order of 10% degradation (in terms of K) rela * crack growth prior to cleavage imeture. On the other hand,
tive to plane strain values for ckavage crack initiatica. On the reported differences in CTOD at failure in the lower-
the other hand,'hese results suggest that a greater drgice of shelf region (-160*C) occurred with no pres ious stable
toughness enhancement is associated with the range of crack growth. It is significant to note that values of the
negative out-of plane strain and negative T stress consid nominal remote stress at failure et a given test temperature

cred. For the range of negative transverse strain considered, do not differ by more than 20%, regardless of the biaxiality
the toughness cleavage toughness enhancement can be up ratio considered.
to 20% in terms of K. Recall that the near-crack-tip fields
associated with a short circumferential Raw within an RpV'

appear to exhibit negative T-stress effects. For the range of The analytical predictions presented in this appendix$

negative T-stress cusidered th: toughness enhancement assume either pure cleavage or pure ductile failure, A fail-
can be up to 85% in trtos of K. For the range of combined ure mode that involves significant stable crack growth prior'

negative transverse strain and T stress considered, the to cleavage fracture is not immediately amendable to the*

toughness enhancement can be up to 75% in terms of K. analytical treatment pregnted here, bevertheless, compari.
sons of the TWI experimental results with the analytical
results presented in this section are accomplished in the fol-

It is emphasized that these observations are based on the gov,ing fashion. Under plane strain LEFM conditions and
assumption that the introduction of out-of plane strain - auuming Poisson's ratio = 0.3, the magnitude of the out of-
and/or T. stress does not alter the micromechanics govern- plane stress parallel to the crack front is -60% of thu
ing cleavage or ductile fracture, in addition, the level of - n-plane maximum principal stress along tM crack plane,
toughness degradation or enhancement that can be As a first estimate, the loading conditions curesponding to
achieved is dependent on the loading and geometry condi- k = 1 in Fig. C.20 can be associated with potitive out of- '
tions being considered. Comparisen of present analytical plane strain, while k = 1/2 and k = 0 can be associated with
findings with limited experimental data obtained for an negative out of plane strain.
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material charactertiation purposes (taken from lief,9)

A cursory examination of the l'WI results would suggest While negative out of plane straining is predicted to result
partial agreement with the analy tical findings of the presi. in modest toughness enhancement in the previous section,

ous sections. The TWI results indicate that critical values the predicted level of enhancement is much lower than the
)f C10D under equal biaxial kiading (k = 1) fall within the TWI results in terms of CTOD at failure. A more detai!cd
lower scatter band of the sn.all-specimen data. The experi. examination of the TWI results is undertaken to ascertain
mental observation that positne out-of-plane straining has the apparent discrepancy between analytical predict onsi

no effect on fracture toughness is in agreement with the and the TWI results. SucS an examination reveals a number
analytical 6ndings presented here. of experimental features of the TWI tests that appear to

prevent a more definitive assessment of the reported data
and, therefore, precludes funher comparison of analytica!

As the degree of biaxiality decreases from k = 1/2 to k = 0 predictions with the TW1 data.
(uniaxial loading), the critical values of CTOD for the plate.,

specimens become higher than the k = 1 results and the
small-specimen data. At the test temperature of -70*C, the Specifically, a value cf CTOD at failure of magnitude S =
critical CTOD value for the uniaxially loaded plate speci- 1.5 mm is reported in Fig. C.20 at a test temperature of
men is approximately twice the k = 1 result, while at -90'C for a 25-rtm thick side-grooved specimen.This
- 16(FC the k = 0 result is approximately four times the k = value of CTOD at railure is more than four times the lower
I result. In contrast, the TWI results in terms v K, where bound curve for the 50-mm bend specimens at the same

"

K is calculated based on the failure load, indicate a modest temperature. Similar to the TWI small-specimen results,
lewl of toughness enhancement. experimental data for 11SST plate 13 A made of A 533 B

|
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Micromechanical,

material also indicate that fracture toughness values yield strain, nor is it substantially affected by a modest
obtained hom 4T.Cp sgecimens at -70*C can differ by up value of T stress down to T/c = --0,45 as indicated ino
to a factor of ? in K or a factor of 4 in J or CTOD.10 Fig. C.14(a) and (b). Analytical results to be presented in
(llowever, note that the fracmre toughness in terms of K Apgwndix 0 for a single-edge notch tension (SENT)

,

for the TWI A 533 H materialis approsimately four times approsimation to a biasially loaded wide-plate geometry |
.

that of IISST plate 13A at -70'C.) The flaw length of suggest a similar lack of dependence of the J-CTOD rela- j
i 135 mm employed for the -70*C wide plate specimens tion on out of planc strain '!.at is on the order of the yield I

corresponds roughly to the flaw length of, for exarnple, a strain. !
ST-CT specimen. Consequently, the wide plate results at j
-705C are likely to be still within the scatter band of small. t

specimen data. That is, the relatively short flaw length in in summary, eutmination of the TW1 results teveals a |the TWI tests may nat be sufficient to exclude statistical number of perplexing experimental features that pn: veal a y
variation in fracture toughness. nc statistical scatter in r.mre definitive assessment of the reported data and pre- >

toughness asweiated with the Haw length rnay mask any cludes further comparisnn of analytical predictions with the fout-of. plane strain cffects. TW1 data. The lack of confirmatory experimental data pro- t

vides the motivation for the proposed large scale binxial !
fracture testing program discussed in Appendix 0. {The lower shelf wide plaic results imolve cleavage frac- t

ture with no prior stable crack growth. Analytical results i
such as those to be presented in Appendix 0 suggest that C.8 NUf0f0HCCS |
the TWI plate specimen is associated with some degree of !
negative T-stress. From Table C.1 positive out of plane 1, D. K. M. Shum et al., Martin Marietta Energy |

< train (k = 1)is not expected to result in significant tough- Systems,Inc., Oak Ridge Natl Lab.," Analytical
3

ness degradation, and negmive out of plane strain (k = 0)is Studies of Transverse Strain Effects on Fracture i
expected to result in modest toughness elevation. From Toughness for Circumferentially Oriented Cracks," ' !
Tables C.2 and C.3 and Fig. C.18, negative T stress is USNRC Report NUREO/CR-5592 (ORNL/ !
expected to result in toughness enhancement; as previously TM 11581), April 1991,* }
noted, negative T stress effects tend to dominate over posi- !
tive out of plane strain effects. However, any attempt to '

.

attribute the observed higher CTOD values at failure for 2. AllAQUS Theory Afanual, version 4 8,liibbitt, }

the case of k = 0 to T stress effects needs to be- reconciled Karlson and Sorensen, Inc., Providence, R.I.,1989. !

with the lack of enhanced CTOD values at failure for the I

case of k = 1.
3. J. W. Ilutchinson," Fundamentals of the Phenomeno- f

logical Theory of Nonlinea Fracture Mechanics," i

J. App. AIcch. 50,1012-1051 (1983).t _ |
A perplexing acpect of the TW1 results, when toughness is j
assumed to be represented by the reported CTOD values,is

,

the apparent lack of correlation between the nominal 4. R. M. McMecking," Finite Deformation Analysis of |
remot., stress and CTOD at failure. As indicated earlier, Crack Tip Opening in Elastic-Plastic Materials and !

values of the nominal remote stress at failure at a given test implications for Fracture "J. Attr/'. Phys. Solids 25, !
temperature do not differ by more than 20% regardless of 357-381 (1977).t j
the biaxiality ratio considered. For the case of -160*C, this

J
difference is on the order of 10% between the two cases of I

k = 1 and k = 0. Without commenting on the validity of the 5. N, P. O'Dowd and C, F. Shih," Farm.ly of Crack-T.ip j

TW1 K-estimation scMme, it appears reasonable to assume Fields Charactenzed by a Tn, axiality Parameter. j
that a limited range of nomir'31 remote stress state would Pert 1-Structure of Fields "J. Afech. Phys. Solids 39, j

translate into a limited range of crack tip parameters such 989-1( 15 (1991).t t

as K or J. Exception to this assumption is recognited for j
the case of gross yielding of the remaining net ligament 6. R. C. Ritchie, J, F. Knott, and J. R. Rice,"On the i

ahead of the crack front Oross yielding of the net ligameM Relationship Betwten Critical Tensile Stress and [
for the -160 C tests has not been reported and, based or. Fracture Toughness b Mild Steel,"J. Afech. Phys. I
the analysis results from Appendix 0,is not expected. Solids 21,395-410 (1973).t !

!
!

Analytical results presented in Fig C.4(a) and (b) indit ate 7. R. O. Ritchie, W. L. Server, and R. A. Wullaert,
that the reference SSY J CTOD relation is not substant. ally " Critical Fracture Stress and Fracture Strain Models-
affected by a range of out-of plane strain up to 5/9 the !

:
f
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j Micromechanical

for the Prediction of Lowet and Upper Shelf Tough- Steel," ASAIE Pressure Vessel and Piping Division i
ness in Nuclear Pressure Ve:.sel Steels," Afet. Trans. A Coriference, PVP Vol 213/MPC.Vol 32,113-123, [
10(A),1557-1570 (1979).t 1991,t j

I.
!

8. S. J. Garwood T. G. Davey, and S. L. Cresw ell, 10. D. F. M Cue "A Cornparison of Weibull and Ic {
"Dehavior of A533B Under Biarial Loading et Analges ci . :' Ansition Range Data," paper presented i
+70*C " Int.1. Press. Vess, Piping 36,199-224 at the 23rd National Symposium on Fracture bicchan-

~

(l989).1 les, College Station. Tet,1991.* i

. . * AvadaNs for purchase it:en Nathmal Techtsca11nfmneum Semce.4

9. S. J. Garwood,"The Significance of Diami Loading
,

sp%rieu, y A :2161. i
on the Fracture Perfonnance of a Pressure Vessel tAv=1.Ne in public technk at tibraries. |
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Appendix D

Fracture Analysis of Compact Tension Specimen SHbjected to
Generalized Plane Strain L0ading

B. R. Bass L Keency-Wsiker

D.I lniroductiOH with the model describrd in Ref. 4. The more refined
model was employed in the present study 'o generate im.

The focus of tl.is appendix is on a second approach being pr ved estimates of the crack-tip stress and strain fields

developed to investigate the effect of prescribed transverse corresponding to cleavage initiation conditions. He para-
meter based on the area A R enclosed with, a contow ofC mand in-plane stress states on fracture toughness. The

rd dology employed here is based on a correlation critical maximum pnrcipal stess op3 ahead of th: cracko
tip was used to correlate these local crack tip fields withpocedure constructed by Anderson and Doddsl to remove

the geometry dependence of cleavage fracture toughness applied loading at initiation. 'Results of correlations from

values for single-edge notched bend (SENB) specimens of the improved model are presented for a range of imposed

A 36 stect for a range of crack depths. %is nrocedure uses out of planc strain values.

a hical stress-based criterion for cleavage fracture and
detailed finite element analysis. From Ref.1. dimensional
analysis for small scale yielding (SSY)impSes that the As &scribJ below, the correlations for the IT CT

principal stress ahead of the crack tip can be written as specimen illustrate that development of the methodology
depends on establishing the existence of critical o ; stresap

'2' values that correlate fracture toughness lx havior over a
oM = f -3,r- (D.1) range of transverte strain values. De following sections,

% (0$^, descrite applications of the methodology to fracture tough-
5where n is the 0.2% offset yield strength, op3 s the ness data for A 533 B steel from McCabe and Landes thato i

muimum principal stress at a point, and A is the area en. w cre designed to validate and calibrate the r odel in the

closed by the contour on which o j s a constant.The plane stress to-plane strain domain. Analyses of 3-D finite-ip
strategy employed in Ref. I utilites a fracture criterion de- clement models of compact specimens having a common
pendent upon achieving a critical volume VCR within planform of a 4T specimen and thicknesses ranging from
w hich the principal stress is greater than o 3. For a speci- 10.16 to 101.6 mm were performed in an attempt to esti-p
men subjected to generalized planc-strain (GPS) condi- mate critical o strt:ss values in the negative transversepi
tions. the volume is equal to the specimen thickness B strain domain. These estima:es of a critical u g value arep
times the area within the o i contour on the midplane necessary to provide input to toughness correlations in thep
(VCR * D'ACR). Equation (D.1) is the appropriate normal- positive transverse straia domain and, thereby, to provide
Ization for SSY se?utions w hen using the latter fracture cri- estimates of reductions in fracture toughness asso ited
terion based on volume or aree %is technique was suc- with these strains
cessfully employed by Kecncy Walker et al.2 to correlate
cleavage initiatior toughness data from compact tension
(CT) specimens with data from the large scale WP-1 scrics D.2 Analytical Study of IT Compact
of Heavy Section Steel Technology (llSST) wide-plate Specimens
specimens.3

D.2.1 Analysis Methods

in the following, the technique is u2cd to investigate the
effects of negatite and positive out of plane stram on kcal A 3-D finite-element raodel of a geometry having the

planform of a 1T-CT specimen was generated with the
crack-tip ficids in a model of a IT-CT specimen. Results 6
presented here are an extension of the studies previously

ORMGEN mesh generating program. From symme'ry
conditions, only one-fourth of the specimen is included in

performed on the same specimen and reporte.d in Chap. 7
the finite element model(Fig. D.1). The specimen in Fig.of Shum et al.4 in both cases, analyses were carried out on

a three-dimensional (3 D) finite-c!cment model of a CT
D.1 has a thickness of 1.016 mm and was analyzed with

7
specimen that assumed an incrementa! elasuc plastic con-

the ADINA finite element program taing specialcon-
straints on the nodal displacements to approximate GPS

stitutive formulation and GPS loading conditions. The prc~
conditions. At any planform location in the model, the

sent study utilized a finite element model having substan-
nodes (through the thickness) are constrained to have the

tially greater crack-tip mesh refinement when compared
same in-planc displacements. To model the effects of

D- 1 - NUREG/CR4308
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figure D.1 3 D finite-element model of IT CT specimen subjected to GPS conditions

positive or nega.ive out of-plane strain the nodes on the material nonlinear-only (MNLO) formulation (small strain
'

o'act surface of the specimen are displaced ur iformly in theory) was used to model the strain response to
the direcuon normal to the surface; nodes midway between defarmation. A 2 x 2 x 2 Gauss point rule was employed to
the midthickness symmetry plane and the outer surface are compua the global stiffness matrix. Incremental loading
displaced by half that amount. "The model depicted in was applied to the load pin hole of the model in the fonn of
Fig. D.1 consists of 5033 nodes and 674 20 aoded a :osine function with a resultant maximum load of 35 kN.
isoparametric elements. Collapsed-prism elements (In rest: of IT-CT spumens K51C, K52B. and K54 A '

surround the crack tip to allow for blunting and for a W dcscribed in Ref. 3 and in Table D.2. cleavage initiation |
singularity in the strains at the crack front.The radial was achieved at loads of 29.35.and 50 kN; the specimens i

dimension of the collapsed-prism elements at the crack tip were not side-grooved.) Equilibrium iterations were
'

is r = 0.01524 mm (t/w = 3 > 1&4). Detailed plots of the performed in each load step of the ADINA calculations,
crack tip region are given in Fig. D.2. By comparison, the using a convergence tolerance of I x 10-4 on an energy !

radial dimension of the collapsed prism elements at the norm and I x 104on a Euclidian norm of the |

crack tip in the finite-element model of Ref. 4 was r = 0.11 displacement vector. For each load step of (M calculations,
:nm (t/w = 0.00215), energy release rates were detcrmined along the crack front

using a virtual crack-extension technique developed by
deLorenzi and implemented in the ORV!Rf program.8

The 3 D model of the IT-CT specimen was analyzed using (Ihe ORVIRT program functions as a postprocessar of a
material properties taken frem Ref. 3 for A 533 B steel at conventional finite-element solution obtained from the
-75*C. An incremental clastic-plastic constitutive model ADINA 1 mgram.) ,

(Model 8 in ADINA) was used for these analyses. For all
cases, Young's modulus is E = 206.9 GPa. Poisson's rati,
y = 0.3, and thermal expansion coeflicient ct = 11 x 10-6/ IW MQsb ihst$s

''C. The multilinear true stress-true ; train curves for the

material are given in Fig. D 3. The temperature dependent The 3 D model of the IT-CT specimen depicted in Fig.
yield stress for the multilinear representation in this figure D.1 was analyzed for the kud cases given in Table D.3. In

'

is given by the function each load case, the mechanical loading at the load pin ho!e
and the un form out-of plane sinins were applied

o = 374.866+ 59.894c'4W9W (D.2) simultaneously and monotonically in 35 equal increm:nts iy ,

up to the mnimum/ minimum vales indicated in Table
vhere o ar:d T are in megapascals and degrws Celsius, D.3. The out-oftlane strains were imposed via equivalenty

respectively. The stress-plastic strain modulus li'(T) as a out-of-plane nodal-point displacements. In Table D.3, the
function of temperature is present(d in Table D,1. A norma'ized out-of planc strain for case 1 (rifr = -1.05)o
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Figure D.2 Detail of crack tip region of finite-element model of 1Y CT specimet
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| Figure D.3 h1ultilinear representations of unlastal stress strain behasior ofIISST plate 13 A of A $3311 steel

i

Table D.1 Stress plastic strain modulus 11' for llSST oCRIT and the applied JJ as a function of out of plane
j wide plate material (IISST plate 13A of A $33 Il steel) strain for the GPS model of the IT-CT specimen is shown

in Figs. D.4-D.7 for UCRIT = 1350,1375,1400, and 1425
Plastic seraln Temperature ig. ,3af3cp MPa, terpectively. These results may provide an estimate

(ypgg) of the elevation or reducticm of critical load (or J) requiredinterial inten al
(7) ('C) for achieving a critical arec for cleavage initiation Acg as

i <1 -125.00 < T < -72.78 0345 a function of the out-of plane strain. Comparison of the

-72.78 5 T < 37.78 16.044 + 0.214 T refined mesh results in Fig. D.6 for oCRIT = 140() MPa
37.78 s T < 148.89 21.787 + 0.062 T with the corresponding results in Fig. 7.5 of Ref. 4,

J 148.89 s T < 260.00 -24.407 + 0372 T indicates th t mesh refinement did not substantially alter
the J vs ACR relations expressed as a function of out-of-

1-2 -125.00 < T < 260 00 37.23 pir~ strain.

2-4 -125.00 < T < 260.00 26.579 - 0.00776 T
The J vs ACR correlations depicted in Figs. D.4-0.7

4-8 -125.00 < T < 37.78 11.228 - 0.0599 T exhibit a decreasing sensitivity to the magnitude of or 'f-
37.78 s T < 260.00 8.96 plane strain as the critical principal stress is increased i.om

1350 MPa to o 1425 MPa. If the estimate of
o 3{m=, Gilbert, and Reidp =0 for the cleavage microcrack; 8-12 -125.00 < T < -17.78 -0.0276 - 0.(M03 T 3 ,3, 1

' -17.78 s T < 260.00 0.0689
propagation stress for individual grains of ferrite (oCRrr a
1380 MPa) is employed as the critical value, then the J vs

was selected to yield a computed Jg value equal to the ACR correlations of Fig. D.5 imply a reductico from the
experimentally determined Jg value (1 = 26.3 kJ/m2) plane-strain K1 values [K1 = VEJ /(1- v2)] or<9% to1

reported for specimen K52B in Table D.2 at the initiation achieve a critical area Acg for cleavage initiation for the
; load of 35 kN. case of positive out-of-planc strain given by funu/fo =

0.5. W' . increasing valuce of positive out-of plane strain
4

satisfying funu/Co > 0.5, the J vs ACR relation no longer
The relationship between the area ACR enclosed within the follows the monotonic trend of Figs. D.4-D 7 as a function
critical maximum principal stress contour defined by op3 =

NUREG/CR-6008 D4
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Fracture-

Table D.2 Fracture toughness results for uide plate specimen (WP.1) material
,

(llSST plate 134, A 533 D steel)
,

i

I ""#I"'
: Thickness Jmax Jctem Kc K clean corr ledJJ
j S,pecimen tem e ture a'M.(mmy (% ) (kJ/m ) @tPa 4) @f Pa 4) Kjclease2 2

Stra 4)
:

K33A -150 50.8 0.554 <0.020 9.2 9.2 44.6 44.6 44.2:

K33B -150 50.8 0.555 <0.200 15.8 15.8 58.4 58.4 $7.0'

; K34A -75 50.8 0556 0.071 97.5 97.5 143.6 143.6 102.7

i K34B -18 50.8 0.562 0.366 242.7 242.7 203.8d 224.8 119.9

K35A -150 50.8 0.555 <0.020 10.2 10.1 46.7 46.7 46.2'

; K35B -150 50.8 0.543 (0.020 7.5 7.5 40.2 40.2 40.0
K41B -18 50.8 0.563 0.221 195.9 105.9 202.0 202.0 1845

,

K42B -75 50.8 0.563 <0.020 49.1 49.1 101.9 101.9 84.8*

J K41A -75 50.8 0.557 <0.020 M.3 64.3 116.6 116.6 92.1

j K42A -75 50.8 0.554 <0.020 63.8 63.8 116.2 116.2 91.9

K51C -75 25.4 0.554 <0.020 14.4 14.4 55.2 55.2 50.7

) K52B -75 25.4 0.576 <0.020 26.3 26.3 74.6 74.6 62.5

: K538 -18 25.4 0.562 0.1 % 177.6 177.6 192.3 192.~ 91.5
! K53F -18 25.4 0.572 OM8 64.5 64.5 115.9 115.7 74.0

i K54A -75 25.4 0.573 <t02^ 74.1 74.1 125.2 1201 82.6

K54F -18 25.4 0.568 1.122 124.4 124.4 160.9 160.9 85.2

8J , used to calculate K ; dum Jmat oad used.1 Jc l

I

i

;

Fable D.3 Out of plane strain conditions impowd on GPS
model ofIT CT specimen

d Normalired

1.nad case out-of. plane J at mas load CTOD (5 ) d = 5 /J/ct o
strain * (kJ/m2) at mas load at mas load.

(e /c ) (mm)
zz o3

1 -1.05 26.412 0.02732 0.49M

2 -0.5 22.703 0.02512 0 5311
'

3 0.0 22.594 0.02503 0.5317

Plane strain

4 +0.5 22.679 0.02486 0.5262

5 +0.7 24.170

8Maximumhninimum imposed uniform sitains; maximum load of 35 kN amtied at load pin hole; to = c /E;o
o = 4|i0 MPa; E = 206.9 0Pa.o

,
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of the parametn r,/to. This is illustrated in Fig. D.8, w here of. plane strain (Figs. D.16 and D.17), there is relative!y

results for the case rimadr = 0.7 aic givea for a critical little thange in the size or shale of the yielded region,o

ma6 mum principal stress value of op; = 1400 hiPa.This except for the reduced extent of yielding in the crack plane
onset of nonmonotonic behavior in the j vs Acg relanons ahead of the cra;L tip.

coincides with the deseloprnent of a plastic tone at the
back face of the CT specimen, as depicted in Fig. D.9.
With increasing development of this plastic tone in the D.3 Asialytical Study of 4T Compact
ligament, a correlation based on ) vs Acg ceases to be Spec |g11 ens
viable for the IT-CT specimen under conditions
corresponding to rf,ndr > 0.5. 1).3.1 Attalysis Methodso

5Analyses of fracture toughness data for A $33 B sted
F.or the load cases dermed in Table D.3. contour plots are obtained from compact specimens having a common
given in hgs. D.lD-D.13 for selected values of critical planform of a 4T specimen and thicknesses varying from
madmum principal stress and in hgs. D.14-D.17 for the 10.16 to 101.6 mm were carried out to provide critical opi
elIcctive stress function; included in these contours is the values for corretaling toughness in the negative transverse
value (480 hiPa) correspondmg to mitial yield. These strain domain. ' Die 3.D Imite element models of the 4T-

,

results correspond to the madmum loading conditions CT specimens used in these analyses are similar to the IT-
given in Table D.3 for load cases 2-5, respectively. Figures CT model in Fig. D.1, but with planform dimensions
D.14-D.17 illustrate the highly nonsymmetric develop- defining the 4T geometry. The characteristic dimension of
ment of the ciack tip plastic tone in the IT-C'T specimens the elements at the crack tip in Fig. D.18 is 0.44 mm. Four
with resi$ct to positive and negative c t.of planc strains. specimen thicknesses were analyred: (1) hiodel A-101.6
For negative out of planc strain conditions (H, g. D.14),

.
mm,(2) hkxlel B-50.8 mm,(3) hiodel C-25.4 mm, and

there is a substantial increase in enclosed area of the plastic
(4) hiodel D-10 $ mm. hiodels A and B have 5 elements

tone and in the extent of yielding in the crack phtne ahead through the thickness with 8394 nodes and IMO elements,
of the tip, w hen compared with the plane strain condition and hiodels C and D have 4 elements through the thickness
(Hg. D.15). Ilowever, nor increasing values of positive out- with 6932 nodes and 1312 elements. The analyses used an

C mt(mG92 enefTD
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Fi;;ure D.16 Contours of c!Tecthe.-.ressin GPS model Figure D.18 Crack tlp region of 3 D finite element
of IT.CT specimen subjected to applied matel of 4T CT specimen *

pin load of 35 kN and out-of-plane strain
of E,lc = 0.5o

incremental clastic plastic constitutive moil, *vith a 2 x
2 x 2 Ganss point rule, and an MNLO (small strain)
formule. tion. A multilinear stress strain curve was
genermed from the wide-plate data (see Fig. D.3) corres-= = a= ma

j ponJing to a temperature of O'C (yield stress of 434.8
MPa); the curve was then elevated to match the yield stress'

| of 482.6 MPa reported in Ref. 5. Because Young'sn

\_/[_ \
'

used from the wide plate data at O'C. 'The load was applied

? * modulus was not given in Ref. 5, a value of 207.2 GPa was/ \,
N__/

/ incrementally (with equihbrium iterations performed at
exh load step) up to the load w here the calculated applied

k \ \- { j / / I bg\ / K value approximated that of the experimcatal K reported
\

\ -
} /\ in Ref. 5 for cleavage initiation. These values are recorded|

N ia Table D.4i

1

\
_

'~

D,3.2 Analysis Results

Ei' in Fig. D.19, the applied J values generated from the"

b j analyses of the four models are 9 otted as a function of the1
2.54 mm

load normalized by each specimen thickness. Figure D.19

EFFECTIVE STRESS (MPs) indicales that, as the specimen thickness decreases, Be
degree of nonlinearity increases substantially. This is also, ,

. 320 evident from Fig. D.20 where the yielded regions are
* * shown for each model at the time of initiation. All of the

w models have yickled in the crack-tip region at initiation,
Figure D.17 Contuurs of effective stress in GPS model

and Model D is almost completely yielded on the crack
#' "" "# #* "" (" "" #p n oad of 5 k ' and ut-of pl ne t a n specimen width W) from the finite-element ana!ysis of

of c, to = 0.,, sModel D were compared with experimental data in
Fig. D.21 to determine if the structural response could be
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Fracture
Table D.4 Critical areas within masimum principal stress contours for planform

4T specimens with sar3 ng thicknesses1

-

2Spuimen F.sperimental Calculated Critical area ( Acg) Oum ) for masimum principal stress 5 alues of

thickness K salue K $alue

]mm) (h1Padid) (MPaM) 1:00 1250 1300 1350 1375 1400 1425 1450 1475 1500 1530 1600

101.6 151 152 6.57 3.97 2.35 1.31 0.96 046 0.38 0.36 0.22 0.14 0.N 0.04
$0.8 191 192 9.29 5.55 3.36 2.12 1.64 1.27 0.95 0.78 0.58 0.42 0.25 0.09
25.4 2M 221 5 60 4.04 2.88 1.99 1.69 1.28 1.13 0.93 0.69 0.58 0.36 0. '. *

10.16 629 030 3.39 2.45 210 1.39 t At 0.91 0.78 0.$8 0.46 0 42 0.26 0.14
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Fracture
""'""" " "' expected, but Model B begins to diverge at a value of

r/(1/c ) = 3; Models C and D are even more divergent, nen oII -
. nortcali7ed stress is alto plotted as functic.i of disynce (r)

4{ from the crack tip in Fig. D.26. 4,-

/.
-

- .

"
DA Conclusions,,

t
[. If a criterion for cleavage fracture is nlop'ed tha: requires a
ii critical volume of material be stressed to a critical value of
a1 *nnimum principa! stress oCRif, then the predicted
ii:I cimage-inidation load in the IT CT specimen is,

y' dy;endent upon the value of oCRIT and the normalized
ort-of-plane strain ratio c /Co. For values of oCRrr *u

[ J oYo*o N My 130 M"a and tu/to = 0.5, the model predicts a reduction
E

i

i's the K1 value Pt initistion of -9% retrive to plane strain,,

C <;onditiens. The corrdation betwecn driving force (J) and
. tressed volume (ACR)is not viable in the specimen for(;.

Lx. h ob .a .: .Jaa . :.. oh . o. .= e /% > 0.5 due to developing plasticity in the model,n
vatw

Figure D.21 Load vs load.line displacement (both
normalized by W) for Model D, w hlch 8s The methodology was applied to fracture-toughness data

10.16 mm thick, and experimental data fr m compact specimens having a common pbnform of 4T 4

specimens and varying thicknesses to provide estimates of
critical o stress values in the plane stress-to. plane strainreproduced in the model. From the analysis, the model
domain. The results were inconclusive in that a critical o

p
"

yielded and became nonlinear at a lower load than that pg

imps.ed by the experimental data. T . .eproduce the imcar value common to three (thickness of 25.4,50.8, and

part of the load and displacement curve m Fig. D 21, an 101.6 mm) of the specimens could not be established,

artificially high yield stress of 610 MPa (determmed fror' However, it should be noted that the data set in Ref. 5

a parametric study) was required. neluded only one cleavage inW 'on oughness value for
each specimen thickness. A1 interial properties and
load vs load line displacem. from Ref. 5 were riot

The contours of maximum principal stress, ranging from sufficient to permit adequate muling of the structural

,1200 to 1600 MPa, at K valoes corresponding to cleavage
response of the test specimens. Because of these

mitiation are shown m Fig. D.22 for each model. I,1 difficulties with the experimental data, the viabihty o.f the

general, the cantours decrease as the specimen thickness stress contour methodology for correlating fraction

decreases and the amount of plasticity increases, except for toughness in the plane stress t&planc strain domain cannot

Model B where the contows are slightly larger than Model be judged on the basis of the above application. Further

A. The critical area parameter ACR was evaluated at study of this methodology is warranted, based partly on
successful correlations reported 2previously fromI

mittauon for each model over a range of op3 values. From
applications that focussed on in-plane stress effects.Fig. D.23, the correlations for Mauels A and B do not

intersect; Model C intersects hNel A at -1250 MPa and

coincides with Model B b(.wun 1360 and 1400 MPa.,

Model D intersects Model A at about 1340 MPa and Model
B at 1500 MPa. A variation of this correlation is given in
Fig. D.24 where the distance LCR measured frort. the crack
tip to the intersection of the maximum principal stress
contour with the crack plane is plotted as a function of
stress. His correlatico also proved to be inconclusive in
establishing a critical opg parameter, ,

F
The analysis results are compared with the SSY solution in
Fig. D.25 to investigate Qstress effects. It can be observed

that when the opening-mode stress. ncrmalized by the
yield stress, is plourd vs the normalized distance from the

} cre. k tip [r/(J/o )], Model A is close to the SSY solution asc

D-13 NUREG/CR-6008

- _ _ _ _ _ - _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ - _



. _ . . -. _ . ..

'h

i Fracture

4

ons.. owa v: .w no
;

. \ [ /
p

, --- - ~ j /

i
.

- |

MODEL A _ .t _ . , _ . _ - - . - - _

,Y' ,

'\ / ZZi' /
',1 __ 'N;>'

x
~

IN['\x x \- [ MAXIMUM PRINCIPAL
Iy/! N

/

y'
_-( STRESS !!

/ ys .kT\ (MPa)

MODE.L a .( 1600*

1500"
, . _ _ _

N \
1400/ +

/ a 1300/4 / 1200o
/ ,\ .

/.
/1 p-

- '

'
MODEL C

N 'N f /'

\ / /

h/ M i /
MODEL D _ d \

Figure D.22 Contours of maximum principal stress for four 4T CT models at initiation

NUREG/CR-6008 D-14



. . . - _ - . _ . _. - . . - -, ._

.

Fracture
!
*

osmt.DwG 92 43001 ITD

o
,i ;-

o MODEL A (101.6 mm
o -MODEL 0 ( 50.8 mm
a -MODEL C ( 25.4 mm'

9 + -MODEL D (10.16 mm)e-,

o
,n

1

4 N
' E

E- NSi

-

: :. x
,

's

ka

I .d
N-%%m,,-

i o

izsa.o iss.c :6.o iss.o ido.o iss.o it50.0 ids.o ide.o ids.c ido.o
MAXIMUM PRINCIPAL STRESS (MPa)

'

|,' Figure D.23 ACR vs maximum principal stress for four 4T CT models at initiation
!

onNL DWG 92 -3002 Em

e o
A,

i o -MODEL A (101.6 mm)
|- o -MODEL B ( $0.8 mm

a -MODEL C ( 25.4 m
| + -MODEL D . (10.16 m

i

-

i 5' \\ \j u

"
.: -

4 s
r s

-

%

;
,
O_

i20c.c ido.o 1350.o isc.o ide.o ido.o isso.o ide.o ido.o

| MAXIMUM PRINCIPAL STRESS (MPa)

Figure D.24 LCR vs maximum principal stress for four 4T CT models at initiation

a

5

f

D 15 NUREG/CR-6008 -'

i



Fracture
OANLOWG 61 +3003 ETD

8
;- o -MODEL A (101.6 mm)

o-MODELB ( 50.8 mm
o 6 - MODEL C ( 25.4 mm
M 9_ + - MODEL D (10.16 mm
@", * -SMALL SCALE YlELD SOLUTION
e \
M \

ahf f-
e \
E8 } \\

rr %

~

we N

\ N > ~wa s-

j N n*%,2
ott

5
.. N"'%Ea

*

faW ,

s
" Ks

d 'b, , , , , , . r .

0.0 1.0 2.0 1.0 4.0 5.0 6.0 7.u B.0 9.0 10.0

t I (J/c )o
' Figure D.25 Comparison of normallied stress vs normalized distance from crack tip for 4T CT models and SSY

solution

ORNLOWG 92 +3004 ETD

o
;,

| o -MODEL. A (101.6 mm)
a 0 -MODEL B 50.8 mm

,d .1 A -MODEL C 25.4 mu
y + -MODEL D 10.16 m

e1'
e

hM
og
a r

W \swhu
~ 'N Sg*~u-xa %m s

k A "N

Ii ";
ura
o' EW%o %
2
59. .
**

E,] 'o..

9
' ' -

r , , , ,

O r) 5.0 10.0 15.0 20.0 25.0 30 0
- r (mm)

Figure D 26 Normalized stress vs distance from crack-tip for 4T CT models

NUREG/CR.6008 D-16



_ . _ _ .. _ _ _ _ _ _ . _ _ . . _ _ _ _ _ _ __ __ _ _

,

.

,

;

Fracture
4

! D.5 ReferenetS 6. B. R. Bass and J, w. Bryson, Union Carbide Corp.
! Nuclear Div., Oak Ridge Natl. Lab., " Applications of

! 1. T. L. Anderson and R. IL Dodds Jr., Mechames and Energy Release Rate Techniques to Part.Through

[ Materials Center, Texas A&M University, College Cracks in Plates and Cylinders, Volume 1, ORMGEN-
3D: A Finite Element Mesh Generator for

i Station, Texas," Specimen Size Requirements for
| Fracture Toughness Testing in the Transition Region," 3-Dimensional Crack Geometries," USNRC Report

Report MM-6586-90-5, May 1990.* NUREG/CR 2997/V1(ORNI/rM-8527), December
i
| 1982.
;

. 2. J, Keency-Walker, B. R. Bass, and J. D. Landes,
! Martin Marietta Energy Systems,Inc., Oak Ridge 7. K. J. Bathe, Massachusetts Institute of Technology,

"ADINA-A Finite Element Program for Automatic
! Natl. Lab.,"An Investigation of Crack-Tip Stress-

Dynamic Incremental Nonlinear Analysis, Reput
! Field Criteria for Predicting Cleavage-Crack 82448-1,1975, revised 1978.,

,

} Initiation," USNRC Report NUREG/CR-5651
'

(ORN1/rM 11692), September 1991.*

? 8. H. G. DeLorenzi, General Electric Company,"On the

! 3. D. J. Naus et al., Martin Marietta Energy Systems, Energy Release Rate and the J Integral for 3-D Crack

! Inc., Oak Ridge Natl. Lab.," Crack-Arrest Behavior in Configurations " TIS Report 80CRD 113,1980.

i SEN Wide Plates of Quenched and Tempered A 533
Grade B Steel Tested Under Nonisothermal 9. B. R. Bass and J. W. Bryson, Union Carbide Corp.,

Conditions," USNRC Report,NUREG/CR 4930 Nuclear Div., Oak Ridge Natl. lab.," Applications ofi

(ORNL-6388), August 1987. Energy Release Rate Techniques to Part Through
! Cracks in Plates and Cylinders, Volume 2, ORVIRT:

| 4. D. K. M. Shum et al., Martin Marietta Energy A Finite Element Program for Energy Release Rate
i Systems,Inc., Oak Ridge Natl. Lab. " Analytical Calculations for 2-D and 3-D Crack Models," USNRC

| Studies of Transverse Strain Effects on Fracture Report NUREG/CR-2997/V2 (ORNI/rM-8527),

| Toughness for Circumferentially Oriented Cracks," February 1983.*

j USNRC Report NUREG/CR 5592 (ORNL/rM-
11581), February 1991.* 10. G. T. Hahn, A. Gilbert, and C. N. Reid, "Model for,

j Crack Propagation in Steel,"1. Iron Steellnst.

; 5. D. E. McCabe and J. D. Landes, Westinghouse R&D (London) 202,677-684 (August 1964).t

Center,"The Effect of Specimen han View Size and
Material Thickness on the Transition Temperature * Avail.5le for purchase frorn National Technical Infonnadan Service,

Behavior of A533B Steel," Res Springfield,VA 22161.
REVEM.R2, November 1980. earch Report 80-1D3
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Appendix E

Three Dimensional Finite Element Analysis ofIT-CT Specimens 4

J. Kecney Walker

x$

E.1 Introduction E.2 Analysis Methods

This appendix describes analyses of a compact tension Two dimensional (2 D) plane strain, and fully three-
(CT) specimen that were performed for the investigation dimensional (3-D) finite-element models w,re employed to
described in Appendix F conceming correlations between . generate the displacements, stresses, and strains for the IT.
rocasured thickness reduction and fracture toughness for CT specimens. The num;rical analysis techniques utilized
large- and small-scale specimens. rasults from these both small- and large-strain formulations and the clastic-
analyse, were also considered in selecting input conditions plastic constitutive model representation for A 533 B steel
for the silver model calculations described in Appendix D. described in Appendix D.

The material properties and fracture toughness data used in The 2-D finite-element model of the IT-CT configuration
these analyses were taken from the same plate of A 533 B used in the nonlinear clastic plastic analyses consists of
steel (HSST plate 13A) described in Appendix D and in 1738 nodes and 538 8-noded isoparametric elements as
Ref.1. The following sections summarize the finite- shown in Fig. E.1. Collapsed-prism elements surround the
element models of IT-CT specimens analyzed in this crack tip to albw for blunting and for a 1/r singularity in
study, as well as results of the calculations. the strains at the crack front. The radial dimension of the

collapsed prism elements at the crack tip is r = 0.015 mm.i
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Figure E.1 2-D finite element model for IT-CT specimens
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Analysis

The 3 D finite-element model of the IT-CT specimen (Fig. performed, the first of which was based on an MNLO
2E.2) was generated with the ORMGEN mesh generating formulation with a multilin a true stress-true strain curve,

program by projecting the planform of a 2-D mesh for the and the other on an updattu Lagrangian (UL)(large-strain
specimen through the thickness, using five elements in the theory) fonnulation with a bilinear engineering stress-
thickness direction. De 3-D model of the IT-CT specimen strain curve. In all analyses, the load was applied
consists of 8572 nodes,1675 20-ncded isoparametric brick incrementally to the load pin hole in the form of a cosine
elements, with collapsed prism elements at the crack front. distribution function, up to the load w here crack initiation
The radial dimension of the collapsed-prism elements at took place for each IT-CT test. Iterations were perfonned
the crack tip is r = 0.11 mm. One fourth of the specimen is in each load step to establish global equilibrium within a
modeled due to symmetry. spe4 '.fied tolerance. The 2-D analysis was carried out using

the Oak Ridge National Laboratory (ORNL) modified
3ADINA 4 fracture mechaabs ncogram, while the 3 D

The finite-element analyses employed an incremental analyses used the ADINA/OR IRT ,5,6 fracture relysis3

3clastic-plastic constitutive model(Model 8 in ADINA ), system,
with a 2 x 2 x 2 Gauss point ruta to compute the global |
stiffness matrix. A 2-D plane strain analysis was performed |
using the IT-CT specimen model of Fig. E.1 and the E.3 Analysis Results and Evaluations '

multilinear true stress-true strain curve from Fig. D.3. of Transverse Strain
assuming a uniform temperature of-75'C. A material-
nonlinear-only (MNLO) formulation (small-strain theory) The analysis results are reported in Table E.1, which
was used in this analysis. Two separate 3-D analyses were neludes experimental data as well as calculated valuu of J
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Figure E.2 3-D finite-element model for IT-CT specimens
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Analysis

Table E.1 Experimental and calculated fracture toughness and COD
results for IT CT specimens at -75*C

! COD (mm) J (kJ/m2)
Load at

! fracture 2D '

3-D 3D 3-D 3-
Specimen (kN) Exp, plane Exp, plane,

; MNLO UL MNLO ULstrain strain4

'

- K51C 29 0.21 0.26 030 0.28 14.4 14.8 16.9 15.7 ,

! K52B 35 031 032 037 0.35 263 22.6 25.5 23,7
*

K54A 50 0.58 0.51 0.75 0.62 74.1 63.5 83.6 673
--

' ,

'

and crack-opening displacement (COD). The load vs COD In Fig. E.5(c)-(c), the transverse displacement for the UL
curves and applied J vs COD curves are plotted in Figs, analysis is plotted through the thickness for the initiation

*

E3 ar.d E.4 and compared with experimental data. When loads of 29,35, and 50 kN at increasing distances from the
i the calculated J-values from Fig. E.4 are ccnnpared with crack tip. As expected, the transverse displxement

the experimental data hom Table D.2 (Specimens KSIC, increases with load at the same distance from the crack tip;
! K52B, and K54 A), the differences range between 9 and for the same load, transverse displacement decreases with -

10E The experimental data .re anticipated to fall between increasing radial distance. This is also seen in Fig. E.6,
,

the 2-D planc-strain analysis and the 3 D analysis; where transverse strain is plotted vs ligament dista.cc at
however, this is true only for the specimen that failed at 50 the center plane of the specimen. The values of percent

i kN (see Fig. E3). The test records indicate that none of transverse strain for the analyses are reported in Table E.2.
these three specimens were valid KIC tests based on the where strain is evaluated from the transverse displacement

| ASTM E399 criteria. In Fig. E.4, the scatter in toughness is (displacement / specimen width).
typical of this material at temperatures in the lower-'

transition region.
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Table E.2 Calculated transverse strain for IT CT
specimens at -75'C

l

Percentage of strain
Load Distance from

UL (from transverse 'h1NLO8
(kN) crack tip

(mm)
displacement)

h1NLO

29 0.119 0.15 _0.16 0.05
2.934 0.08- 0.08 0.01

35 0.218 0.21 0.22 0.08
1.382 0.16 0.18 0.07

50 'O.622 0.48 0.62 0.42'

0.762 0.46 0.61 0.42

8 Unloaded (load :: 0.0 kN) from each imtiatim load.
-

To provide information regarding what may be a "posttest" E.4 Conclusions
condition in the CT specimen, the 3-D analysis (MN10
formulation) wa.s restarted at each initiation load (29,35, Elastic-plastic 2. and 3 D finite element analyses were
and 50 kN) and unloaded to zero load in three separate performed using data generated from testing of IT-CT
analyses. The transverse displacement for the specimens in specimens of A 533 B steel. Transverse displacement
a ioaded and unloaded condition is compared in Figs. through the thickncss of the specimen at various distances
E.7(aMc) and E.8(aHe).The percent transverse strain for ahead of the crack tip were determined for the three
these analyses, reported in Table 3.2, decreases by 31% to measured fracture loads corresponding to specimens
88% for the unloaded cond; tion. K51C, K52B, and K54A in Table D.2. Residual transverses
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displacements in the unloaded condition for each of these 3. K. H. Bathe, Massachusetts Institute of Technology,
cases were also determined. In Appendix F, these "ADINA-A Finite Element Prograni for Automatic
numericto predictions for tra:.sverse displacements, Dynamic Incremental Nonlinear Analysis," Report
summarized in Figs. E.5-E.3, are compared with 824481,1975, revised 1978.*
postfracture thickness reduction (TR) measurements
recorded at selected points on the CT specimens. Results
from these comparisons are use6 to address questions 4. B. R. Bass et al.," Applications of ADINA to

concerning to what extent postfracture TR measurements Visc plastic-Dynamic Fractere hkenanics Analysis,"

of test specimens can be related to the amount of TR just Comp. Struct. 32(3/4),815-824 (1989).t

prior to crack initiation and to the amount of residual TR
subsequent to crack initiation. 5. H. G. DeLorenzi, General Electric Ccmpany,"On the

Energy Release Rate and the J-Integral for 3-D Crack

E.5 References Con 0gurations," TIS Repon 80CRDH3,1980f

'

l. D. J. Naus et al., Martin Marietta Energy Systems, 6. B. R. Bass and J. W. Bryson, Union Carbide Corp.
Inc., Oak Ridge Natt. Lab.," Crack-Arrest Behavior in Nuclear Div., Oak Ridge Natl. Lab.," Applications of
SEN Wide Plates of Quenched and Tempered A 533 Energy Release Rate Techniques to Part Through
Grade B Steel Tested Under Nonisothermal Cracks in Plates and Cylinders, Vol. 2, ORVIRT: A
Conditions," USNRr' Report NUREG/CR-4930 Finite Element Program for Energy Release Rate
(ORNL-6338), August 1987.* Calculations for 2-D and 3.D Crack Models," USb7C

Report NUREG/CR-2997, Vol. 2 (ORNL/FM.
"

2. B. R. Bass and J. W. Bryson, Union Carbide Corp.
'

Nuclear Div., Oak Ridge Natl. Lab.," Applications of
Energy Relear.e4 Rate Techniques to Pan-Through ,Available f r purchase from National Technical information Servio.

Cracks in Plates and Cylinders, Volume 1, ORMGEN- tA a eikubbe ical tibraries.
- 3D: A Finite Element Mesh Generator for 3-

,

Dimensional Crack Geometries," USNRC Report
NUREGER-2997, Vol.1 (ORNL/TM-8527/V 1),
December 1982.*
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Appendix F

Correlation Between Induced Thickness Reduction
and Fracture Toughness

D. K. M. Shum

F.1 Introduction experimental evidence in support of this correlation is
reviewed. In particular, recent attempts to use the proposed

The development of various analytical methods to estima'e correlation to examine crack initiation, arrest, and

the potential decrease in crack-i itiation toughness, from a reinitiation resuhs from large-scale fracture experiments

reference plane strain value, due to positive straining along are analyzed. Second, the general validity of the proposal

the crack front of a circumferential Daw in a reactor is further examined by apolying the correlation to newly

pressure vessel (RPV) has been detailed in previous obtairici postfracture TR measurements of a select group

appendixes. Validation and modification of thess analytical of compact (CT) specimens f or which the associated crack-

methods rely upon the availability of experimental data on initiation-toughness data are available, nird, general

both the magnitude of the prescribed transverse strain observations conceming correlation] between induced TR

2 (positive or negative) along a crack front and the associated measurements and fracture toughness are notat Finally,

j fracture toughness at crack initiation. llowever, there have the utility of a correlation based on induced TR for

been very few experiments performed to date in which estimating the effects of prescribed transverse

ooth the transverse strain and the in plane loading have dispbcement on fracture toughness is discussed.

; been independently prescribed test vari Ales. The two
exceptions known to the authors are uniaxially and'

F.2 F,orniillation of TR Correlation
.

biaxially loaded fracture experimerns involving (1) large-
i scale surface-cracked plate specimensU and (2) miniature

three-point-bend (TPB) sprimens.* The large-scale The TR correlatica to be examined was originally,

surface 4 racked plate experiments have been reviewed in fomulated for plate 'ype fracture specimens for which theI

y Appendix C. Insufficient information in the open literature loading is in-plane in nature and which .esults in Mode 1,

! concerning various experimental and nalytical aspects of or opening-mode, sepacation of the crack faces urdet the .

: the miniature TpB experiments prevents an informed applied load.3 For the siecified in plane loading conditiens

evaluation of the reported results, the transverse displacen'ent alog the crac c front must

; necessanly be negative, and the term thick iess reduction is
identified with this type of transverse disp'acemcnt.

On the other hand, it has recently been proposed that.

; f. :ture-toughness results obtained from plate-type fracture
j st. % ens, in which only the in plane loadmg is The premise of the TR wrrelation i3 simply that TR can be

pies ribed, can be correlated with postfracture used as an approximate mea're of .he crack-tip-opening -,

i measurements of thickness reduction (TR) indeed along displacement (CTOD) under tue prescribed in-plane

the crack front by the in-plane loading.3 4 De question loading conditions. This premise does not imply that TR

arose as to whether the proposed correlation and influences toupmess in any way but mercly that TR,like

I. supporting data between induced TR and fracture CTOD, is a consequence of in-plane loading and
i toughness can be used to verify the various analytical constraint. It is important to note that the appropriate

models developed m this report in the negative prescribed location ahead of the crack front at which TR measurement -s

transverse strain regime. should be taken is not specified in the formulation.

.

The objective of this appendix is to evaluate the proposal The starting point of the TR correlation is a CTOD vs J-'

that postfracture measurements of TR induced by in-nlane integral relation of the form
;

loading can be correlated with fracture toughness. ine
scope of work carried out in this study is as fc: lows. First, CTOD = J / o i , (F,1)r
formulation of the proposed corr.lation is presented, and

where the flow properties of the n.aterial are specified via
the parameter o , which is the average value of then

! 'M. P. Manahan. "P ine-Strain Fracture Toughness Deterrninadon Using uniaxial yield and ultimate stress in tension. By equating
Stress Fic!d Modified MuYature Specirnens." The Pennsvlvania State the numerical value of TR with CTOD, a correlation
tiriversity, My 1990.'

.
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Conelation
between TR and toughness follows by substituting TR for demonstrated to hold at some yet-to-be-determined

CTOD in Eq. (F.1), resulting in the relation distance aheaa of the crack front, for a relatively constant
value of the factor m under nominally constant loading and

TR = J / og . (F.2) constraint conditions. would demonstrate the merits of the
proposed TR correlation for the determination of ,

Equation (F.2) is the form ef the correlation originally toughness.

proposed in Ref. 3. Adjustment of Eq. (F.2) for effects
related to dynamic crack initiation is accomplished by !
applying a correction factor to on to account for rate F.3 Experimenital Evidence in Support
effects. of TR Correlation j

Experimental data cited in Ref. 3 in support of the TR
While not explicitly stated in the original formulation, use ccrrelation include CTOD and TR measurements obtained
of Eq. (F 2) appears to imply the limitation that the TR for an air-cooled 'nild steel plate in the form of single- '

correlation is not suitable for plane s:raintike conditions. edge-notch-bend (SENB) specimens,5 for which a near
First, this limitation is deduced based on the observation equality between CTOD and TR values close to the notch i

that the supporting data cited (to be discussed shortly) for root was observed. The location ahead of the notc.. root at
the correlation are for plate-type fracture specimens with which TR values were obtained was not speciNd. i
stress-free sides, Waile the extent of plasticity in those
tests wm reported, the usual implication associated ,

with plate-type specimens is that a plane stresslike stress Unpublished TR measurements for a high strength
state exists along the crack front. Second, this limitation is aluminum alloy tested ii. the form of center-cracked plate
deduced based on the observation that while a counterps' (CCP) specimens were also mentioned in Ref. 3, for which I

'

to Eq. (F.1) is known to exist in :he idealized limit of plane a near equality between measured TR values anJ CTOD
strain, TR in that idealized limit is by definition zero. values inferred from calculated stress intensity factors K

was reported. The location ahead of the sharp crack front in
"

in reality, of course, testing of a conventional fracture ,

specimen with stress-free sides in a Mode I manner always
Iresults in negative straining along at least a portion of the Unpublished experimental data for TR measurement , and

crack front, even for a very thick specimen with a lons CTOD values inferred from fracture surface topogaphy for
crack front. Recognition of this apparent limit, tion to the A 710 steel was also ci;ed in Ref. 3, where again a near
TR correlation is believed to be essential toward a proper equality was reported between TR measurements and the

'

^

understandmg oi the applicability cf the correlation, a topographic estimates of CTOD.
point that will be further elaborated upon later m this
appendix.

Finally,it has been reported that postfracture TR
*

measurements have been successfully correlated with
For the present purpose of evaluating the general merits of cleavage-crack initiatbn, arrest, and reinitiation toughness i

a corre'ation of the type indicated in Eq. (F.2), this values for a numur of fracture specimens commonly
correlauon is generalized to take the fo m referred to as the Oak R;dge National Laboratory / National ,

Institute of Standards and Technology (OkNUNIST)
TR = J/( m c ) , A Wide-Plate (WP) specimens.3 4 Application of they

proposed correlation tc these specimens has been detailed
where the factor m should be regarded as an empirical in Refs. 3 and 4, thus permitting a critical evaluati .,n of the

'

adjustment factor.Usc of this empirical factc m proposed correlation. His evaluation is prescoted in the
',formalizes the ad hoc adjustments assumed in the ncxt section.

formulatio i of Eq. (F.2) in the following fashion. The
requirement that the numerical value of TR be nearly
identical to CTOD is relaxed. Indeed, Eq. (F.3) merely F.4 TR Correlation with Crack-Arrest
requirm that the relationship between TR and CTOD b Toughness for 3.1NL/NIST WP
lix; in nature. The need to provide a quantitative ;

,

adjustment for rate effects and flow properties in Eq. (F.2) Specimens |

is no longer present. In addition, Eq. (F.3) formalizes
considerations of constraint effects associated with the TR The WP specimens were large-scale, single-edge-notched-

correlation under plane strain to-plane stresslike tension (SENT) crack arrest sp cimens he primary
conditions. The extent to which Eq. (F.3) can be objective of these WP tests is the determination of crack-

'
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arrest toughnese values for three RPV grade materials that along with specimen thicknesses, temperatme dependent
simulate unirradiated and irradiated material behavior.st o material properties, and the temperature distributions ahead
Eight specimens were prepared from IiSST plate 13A of of the crack front for each of the specimens. The transverse
A 533 grade B class I steel (WP-1 series), two specimens strain contours are produced based on postfracture TR
were prepared from a second heat of A 533 grade a class 1 measurements taken along the surfaces of the two broken
steel (WP-CE series), and six specimens were prepared halves of the WP specimens with a deep-throat
from a 21/4 Cr-1 Mo steel simuhting low-upper-shelf micrometer. The resolution of the micrometer is 10.025
behavior due to neutron irradiation (WP-2 series). The WP mm. The WP specimens are machined to a dimensional
speciroens w ere 1 m wide,-10.8 m long, and 0.1 to 0.15 m tolerance of 0.13 to 0.25 mm (10.005 to 10.01 in.),
thick. Each side of the specimen was side-grooved to a Based on the above information and the proposed TR
depth equal to 12.5% of the specimen's thickness. In all corre tion, crack arrest and reinitiation toughrass values
cases except WP-1.1, WP-1.2. WP-2.3, and WP-2.6, the have been calculated and ieported in Ref. 3 for WP-2 series
crack front wes further cut irco a truncated chevron and in Ref. 4 for WT-1, WP-CE, and WP-2 series of
configuration. The initial crack depth was -0.2 m, and experiments. - *

there was a positive linear temperature gradient in tra
direction of crack extension. All of the WP speciro .
experienced at least one crack-arrest and reinitiato a avent The results from Ref. 4 will be taken as r:presentative of
durir.g test. Fr::cture toughness values in terms of i se toughness predictions based on the 'IK correlations for WP
stress-intensity factor K were determined from J integral specimens. In Figs. F.1 and F.2 the crack arrest and re-
values using the conventional planc stress convarsion initiation toughness vaines are piotted based on Eq. (F.2)
fortnula. The J-integral values were determined using the (solid and dotted lines) for the WP-1, WP-CE, and WP-2
fine-element method assuming linear clastic fracture series of expetiments, along with finite-element
mechanics (LEFM) conditions. calculations based on the load-time and crack position-time o

history of the specimens (filled and open symbols).6-10
The reference nil ductility temperature RTNDT or thef

In the WP studies postfracture thickness-average transverse three series of specimens are -23'C for WP-1,-34 C for
strain contours for each of the WP specimens are reported. WP-CE, and 60 C for WP-2.3
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Figure F.1 Crack arrest and reinitiation toughness predictions (solids rond dotted lines) based on VR correlation

Eq. (F.2) for WP-1 and WP-CE series of experiments (taken from Ref. 4), along with finite-element
calculations based on the load time and crack position-time history of specimens (filled and open
symbols).The references nil-ductility temperature RTNDT s-2TC for WP-1 and -34 C for WP-CEi
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Figure l'.2 C4-arr .,i and reinitiation toughness predictions (solids and dotted lines) based on TR correlatkin

Eq. (F.2) for WP.2 series of experiments (taken from Ref. 4), along with finite-element calc @h's based
on load-time and crack position time history of specimens (filled and open symbols). Refc ?.m nil.

iNDT s -40'C for WP 2ductility temperature RT

I
The proposed TR correlation is reported to be validated for with six date points obtained at essentially the same '

the WP specimens on the basis of an apparent agreement temperature and crack length.
between toughness calculations based on the TR
correlation and the finite-element method indicated in Figs.
F.1 and F.2. However, note that except for the WP-2 series The motivation for preser, ting toughness values in terms of
of tests, validation was based on comparison of TR J integral values is as follows. If Fq. (F.3) provides an
calculations with either one or two finite-element appropriate description of the correlation between TR and
calculations per WP test. Furthermore, the results in Figs, toughness, then experimental values of TR and toughness

'
F.1 and F.2 employ temperature as the independent expressed in terms of J shoald result in an essentially linear
variable such that the comparison is made across a relationship under isothermal conditions. That is, while
temperature range, whereas Eq. (F.2) is formulated for varying degrees of constraint,in terms of temperature
isothermal conditions. dependence of flow properties, rate effects on flow

properties, ad plane-strain. or plane-stresslike conditions,
would be manifested ia terms of different values of the

It is believed that validation of the TR correlation for the slope at different temperatures, the underlying relationship
WP tests can be better accomplished by presenting TR. tetween TR and J would still be linear in nature at a given
toughness results at a fixed temperature with toughness temperature.
expressed in terms of J-integral values. He motivation for
presenting the TR calculations for a fixed temperature is
that by fixing the test temperature of interest, the The results of such a comparison are ; resented in Fig. F.3,
temperature tapendence of various constraint effects in the along with three straight lines that correspc.id to the

,

|
WP tests is eliminated. For the WP.1 series of tests, at least predicted relationship between TR and J as indicated by
one crack-arrest event occurred in each specimen within a Eq. (F.3). The experimental data and finite-element
relatively narrow temperature range of 53 to 62*C. ne resultsU used to generate Fig. F.3 are presented in Table
associated crack-tip locations also fall within a narrow F.1 The predicted TR-J relations are for WP-1 material at
range between 49 and 56 cm. Consequently, it is possible 60 C with an associated yield stress o = 412 MPa. They
to evaluate the TR correlation for the WP-1 specimens three straight lines are based on three values of the
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Figure F.3 Comparison of measured and predicted crack arrest toughness values based on Eq. (F.3) for six of WP 1
specimens. Crack arrest for these six specimens occurred at essentially same temperature and crack| '

! length. Three straight lines correspond to predicted relationship between TR and J based on three values *

of ernpirical adjustment factor m. The m = 1 line is taken as indicative oflowest constralot conditions,
while m = 2 line is taken as indicative of plane strain constraint conditions. (See Table F.1 for details)

i

I

|

Table F.1 Experimentaldata relevant to TR measurements for six of the WP 1 spechw ens,along with the ORNL
finite-element results on crack. arrest toughness. Crack arrest for these six specimens occurred at

| essentially the same temperature and crack length
'

1

Crack .tip Transverse Crack arrest Crack arrest
relative Crack tip Crack.tlp Specimen strain from Thickness toughness toughnessWP temperature location thickness reductiontemperature strain from ORNL from ORNLtests

T - RTNDT ( C) (cm) (mm) (MSI
,

contours analysis K analysis J = K2/E
(*C) Ez(%) SIPa6) S1N/m)

>

%Pl.2A 85 62 55.5 101.8 1.86 1.89 .384 0.713
WPl.3 77 54 48.5 - 99.5 1.25 1.24 215 0.223
WPl.4B 83 52.7 52.7 101.4 1.75 1.71 331 0.530 ,

WPl.5 A - 79 56 52.1 101.7 0.7'. 0.76 225 0.253
WPl.6A 77 54 49.3 101.8 1.50 1.53 279 0.376

| WPl.7A 84 61 52.8 152.4 0.99 1.51 351 0.595

i

I
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empirical adjustment factor m. If values of TR are indeed Attention will again be focused on the %T-1 series of tests.
i identical to values of C70D, then the straight line denoted The aforemendoned lxk of measurable TR values at

as m = 1 corresponds to the limiting nonhardening, plane initiation is observed for WP 1.2 to 1.7 tests. Resolution
] stress CTOD vs J relation.' Similativ, the line denoted as of die TR micrometer and the %T specimen thickness

m = 2 corresponds to the planc strain relation for a tolerances reported previously suggest that the micrometer,

} Ramberg-Osgood material with a hardening exponent of is capable of providing measurements of overall transverse
4

10. In Ref. 4 validation of the the TR correlation for the strain on the order of the yield strain. Consequently, the
WP tests was performed based on a value of og adjusted absence of measurable values of 1R at crack initiation

: for rate effects by an elevation of 138 MPa. In the context implies that a state of nearly plane strain conditions existed
of Eq. (F.2), the value of on at 60^C for WP 1 material is along the crack front at initiation. As indicated in Table
~500 MPa, so that the adjustment corresponds to m = 1.55. F.1, the magnitude of the transverse strain associated with

the first crack arrest location is on the order of 1 to 2%, or,

! $ to 10 times the yield strain. Perhaps crack initiation in the
; In this study the m = 1 line will be taken as ind cative of WP tests occurred under condidons outside the range of
' the lowest construint condition possible in the WP-1 tests, applicability of the TR correlation as discussed earlier.
; while the m = 2 line is taken as indicative of the constraint However, the apparent lack of correlation betwecn TR and

conditions associated with an RPV grade material (without crack-arrest toughness values shown in Fig. F.3 may not be-

rate effects and irradiation adjustments of the uniaxial yield amendable to a similar explanation.3

j stress).

F,5 Postfracture TR Measurements for
When comparison of TR predictions and the WP-1 resuits Compact Specimens,

are cast in the fann shown in Fig. F.3, the validity of the
; proposed TR correlation for the WP-1 tests is not readily

Postfracture TR measurements from three sizes of compact
; apparent. This interpretation is based on the cbservation

(CT) spec mens have been obtained for the purpose of
that the existence of n TR correlation myolves not only a correlating with the associated crack initiation fracture,

linear rek:tionship between TR and toughness, but also that
toughness values. 'ihese specimens are standard CT.

this linear relatiorahip needs to be anchored at the origin of
spec mens (1/2T, IT, and 2T) with a crack length to-width

.

th plot in Fig. F.3. In addition, the TR-J data need to be t
ratio a/W of 0.5. 'niese specimens were also taken from

the right of the m = 1 line due to the assumption of
, IISST plate 13A. Some of these specimens were tested a,

mmtmum constramt associated with the static, plane stress.
, number of years ago to provide small specimen fracture

|
c ndition,

toughness characterization in support of the ORNUNIST
Wide-Plate studies.6,7 The remainder were tested in a,

F.4.1 TR Correlation with Crack Initiation subsequent effort to characterize the statistical nature of the
>

- Toughness for ORNUNIST WP fracture t ughness measurements.ll in the follow mg
.

discussion a total of 17 specimens that were tested at a
j Specimens

lower-shelf temperature of-75'C are considered.

While much attention has been focused on the application,

of the TR correlation to crack arrest and reinitiation Various 4T-CT specimens were also tested as pa" of the
,

toughness values obtained in the WP series of testsM WP characterization effort. These specimens were -
application of this correlation to the WP crack-initiation machined to a larger dimensional tolerance than the

4

toughness values has been largely ignored. Presumably, smaller CT specimens. These specimens have a nominal,

this lack of interest is a consequence of the observation that
crack front dimension of 0.1 m (4 in.) that closely

i of the !6 WP specimens examined in Ref. 4,11 of them resembles that of the WP specimens. TR measuren,ents
experienced no measurable postfracture TR in the have been obtained for five of these 4T-CT specimens.

; neighborhood of the fatigue crack front where the crack- TJnfortunately, the magnitudes of these TR measurements
! initiation event took place. As explained in Ref. 4, the are within the specimens' dimensional tolerances so that a

lower asymptotes in Figs. F.1 and F.2 associated with all meaningful interpretation of the TR rid to :ghness results
the WP specimens are determined using an approximate is not possible. In the following discussion only the
analytical procedure and are not based on the TR ' fracture toughness data, not the TR data, for these 4T-CT

,

; correlatioa for obvious reasons. While not explicitly stated, specimens are included.
it would appear that the upper asymptotes in these figures
are also determined independently of the TR correlation.

*C F. Shih," Table of IIutchinson-IUce-Rosengren Singuhr Field
Quantities," Brown liniversity Report MRL E-147, June 1981
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Correidion
| F.5.1 Fracture Toughness Data values of Kyc for each specimen size are indicated. It is
j observed that the average toughness values are relatively

| All CT specimens considered in this section failed in an specimen size independent at -75 C.
! unstable cleavage manner. The majority of these toughness
! results could not be identified as valid Kicor Jge values.6,7

The critical values of the J. integral correspond to the value F.5.2 TR MeasurernentsI

of J at maximum load. The cridcal values of the stress-
via the The broken halves of each of the CT specimens consideredintensity factor Kje, are derived from Jci y

relation in this study were archived subsequent to the WP test
program, and they have been retrieved for the present

| g2IC = E J'k' 'E' ' (F~4)
purp se of providing TR measurements. Recall that the
proposed TR correlation does not provide guidance on an

Distribution of Kyc values for all the CT specimens appropriate measurement location. However, the
! considered are shown in Fig. F.4. Within each specimen identification of CTOD with TR, and the forms of Eqs.
I

size the toughnese values are arranged in an ascending (F.2) and (F.3), imply that the measurement location

order. The IT-CT specimen with the lowest value of Ky in should reflect the response of the specimen material

Fig. F.4 failed after an initial pop-in event; the indicated without explicit contributions from the geometry of the

Kyc value is based on maximum load. In Fig. F.5 average SP*#85' "-

values of Kyc for each specimen size are indicated. While
the variation in toughness values within each specimen size
is substantial, the observed scatter is typical of A 533 E in In this study, postfracture TR measurements have been

the lower-transition temperature range. In Fig. F.5, average taken along the specimen surfaces at two locations ahead

ORNL-DWG 92 -3016 ETD
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Figure F.5 Average values of Kje for each CT specimen size. In contrast to Fig. F.4, the average toughness values
are relatisely specimen size-independent at -75 C

of the fatigue crack front using a microscope-micrometer D6tributions of the t 'ocations based on diese twoo
setup as schematically indicated in Fig. F.6. De definitions adopted in this study are indicated in Fig. F.7
measurement location is denoted as t . The two choices of for the 17 specimens (excluding 4T-CT). The specimens *

o
t are (1) a distance of 5 J/c ahead of the crack front, within each specimen size are again arranged in ascendingo o

where J is equal to Jcie,,,ge and c is the uniaxial yield order of toughness. Association of toughness and t valueso o
stress in tension at the test temperature, r ad (2) a location for each specimen indicated in Figs. F.4 and F.7 can thus
denoted as t that appears to have the most TR based on be straightforwardly accomplished. (This format forma
visual examination of the specimen using the microscope, presenting results related to individual specimens is

employed in all subsequent plas.) Measurement locations
denoted as to = 5 J/c necessarily follow an ascendingo

The first measurement location corresponds to a constant order within each specimen size because the toughness

nomialized distance, with respect to the applied load, values are so ordered. On the other hand, there does not

ahead of the crack front. It is believed that this distance is appear to be an obvmus ordering of t = t locationso mn
sufficiently close to the crack tip to provide indications of within or among the specimen sizes.
near-crack-tip behavior. The second measurement location
is chosen to give some indication of the maxi.num TR
value and its location within a specimen. ne present At TR measurement location t , negative transverseo
definition of t is necessarily approximate because there displacement associated with the two free surfaces is takenmu
is no attempt to explicitly establi.eh the variation of'IR and is arbitrarily denoted as da and dt2, as iw!icated it,
ahead of the crack front. Fig. F.6. For each specimen the broken halves are talwlled

high or low based on comparison of total TR = idtl+dt21
for the two halves of a given specimen. A given specimen

NUREG/CR-6008 F-8
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Conclation l
t

oRNtewa n -soie no Distributions of TR measurements averaged from both j
' halves of the specimens at the two t locations are : io
indicated in Fig. F.10. It is seen that TR values generally i

dtl + dt2 increase with increasing toughness within each specirnen |
size Recall that the measurement location t = tmui8 i, o
chosen for each specimen because it appears to correspond- .j

I I I
to maximum thickness reduction. Results from Fig. F.10

'

I I I
indicate that the t = tmax locations thus chosen do in facto

I I I correspond to TR values that are larger than those for t = |o
3 I I 5 J/o for almost all cases considered. Exception is notedo :I I I for orse IT specimen for which TR values from t = t

5o max
l are slightly lower than the value obtained from the t = 5 }o

J/c location. While the TR values show marked variation io
i within each specimen size, the average values for each :!

U . specimen size appear to be much more uniform as -
)!indicated in Fig. F.11.

l0 !
|

7- - F.5.3 Correlation Between TR and Crack- 1
------------

Initiation Toughncas

Data shown in Fig. F.4 and Figs. F.7 to F.10 indicate'that
significant variability in measured quantities, both in terms
of t ,TR, and toughness values, exists within a F ven !io
specimen size and among the specimen sizes. The scatter 1

associated with the toughness values is typical of that |
associated with A 533 B in the lower-transition f

temperature range, However, it is emphasized that the -

validity of Eq. (F.3) requires that the proposed TR *

. correlation be insensitive to scatter in toughness values. !

| That is, while scatter in toughness values is to be expected, |
Figure F.6 Schematic ladicating the location (to) along _ the proposal that TR is related to CTOD in a relatively j

a specimen's surface from which .
-

.-. constant manner is by its nature not subject to scatter, q
postfracture TR measurement is taken, j
Two choices of (to) are as follows: (1) a 1
dist ance of 5 J/c ahead of the crack front, in Fig. F.12 the average values of TR are plotted at the two jo _

w he re J is equal to Jeleavage and o is _ measurement locations to for each specimen against the re- |o
raiaxial yield stress in tension at test - ported toughness values based on results from Fig. F.4.

{
temperature, and (2) location denoted as The toughness values are reported in terms of their J.inte. _|

tmy, that appears to have most TR based - gral values for reasons indicated earlier in the discussion j

on visual examination of spee8 men using ' on WP results. In Fig. F.12 three straight lines are drawn j
microscope for three values of the empirical adjustment factor m that '!

corresponds to the predicted relationship between TR and ;

J, as indicated by Eq. (F.3) and discussed previously. Rate j

half may therefore be labeled high with respect to t = 5 adjustment of the type employed in Ref. 4 corresponds to |o
J/a and low with respect to t = t m= on y stress o = 500 MPa and flow: l,o o max- y

. stress o = 598 MPa at -75'C, and a rate-adjusted flow .n .

stress elevation of 138 MPa. *Ihe m = 1 line will be taken ;

Distributions of transverse displacement values associated - as indicative of the lowest constraint conditions, while the - I

-.with the two sides of the specimens are shown in Figs. F.8 '- m = 2 line is taken as indicative of plane strain constraint j
and F.9 for the two definitions of t . Agreements between conditions.

,

;jo
-values at dtl and dt2 at a given location of t for each --

io
specimen are perhaps indicative of the test conditions in :

terms of material homogeneity, the degree of symmetry of. Results shown in Fig. F.12 indicate that aside fmm the j
load application, and of unstable crack growth subsequent _ 1/2T specimens, it does not appear that a correlation of the '

,

to crack initiation. type suggested by Eq. (F.3) applies to the IT and 2T ;j
i

~;
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specimens. Again, this interpretation is based upm the Finite-element calculadons of the transverse displacement
observation that the existence of a TR contlation involves distribution across these specimens at P arepresentedmas
not only a linear relationship between TR and J, but also in Fig. E.7(a)-(c). In these figures the negative transverse
that this linear relationship nct to te anchc;cd at the displacement results indicated on the venical asis corre-
origin of the plot in Fig. F.12. In addition, the R J data spond ta those experienced by one-half of the specimen,
need to be to the right of the m = 1 line due to the with the origin of the horizontal axis denoting the midplane
assumption of minimum constraitt associated with the of the specimen. W values are thus obtained by doubling
static, plate c.ress condition. De magnitudes of the the displacement values indicated in these figures, with
transverse nrain for the various specimens are 0.4 M s.6% proper accounting for the negative sign of the finite ele-
for the 1/2-CT ,0.2 to 1% for the IT CT, and 0.110 0.45 ment results. nese TR values are presented in Table F.2.
for the 2T-CT specimens. For the 1/2T spo. Unens, the TR
correlation appears to te validated for both large and small
values of induced thickness reduction if an adjustment Transverse displacement distributions for the three IT-CT
factor less than that suggested in Ref. 4 is assumed. specimens after unloading from peak load to zero applied

load are presented in Fig. E.8 (a)-(c); the associated TR
values are presented in Table F.2. Note that while theseF.5A Numerical Predictions ofin-P, u TR residual TR values may be indicative of the effects due to
removal of the applied Lmd, they do not account for the TR

Recall that the TR cntrelation in Eq. (F.2) is premised toon contributions due to unstable crack initiation and propaga-
TR being an approximate measum of CIOD at failure, tion, especially tensile necking t.nhear lips. Comparisons
where both quantitles must necessanly te in situ prefrac- of the results presented in Table F.2 indicate that the nu-
ture values, ne gent.alitation of this correlation in the - merically determined residual TR values are on the order
form of Eq. (F.3) still requires a constant relationship be- of one third thdr rneasured values at P for K51C andmaxtween TR and CTOD. In view of the apparent lack of cor- K52B and that they are nearly identical for specimen
relation Ntween the measured TR and toughness values g34A,
for the CT specimens, analyses were puformed for a three-
dimensional (3.D) finite-element model of a IT-CT speci-3

men in an attempt to gain further insights. Specifically, the The fir..; Observation is that the finite-element results indi-
question to be addressed concerns to what extent postirac- cate t'.at the distribution of TR is a decreasing function of

,

ture TR measurements can be rela %1 to the amount of TR distance from the crack front. Based on elementary crack-
just before crack initiation and to se umount of residual tip-field considerations, one would indeed anticipate this to
TR subsequent to crack initiation. be the case. On the other hand, the experimental data pre-

sented in Table F.2 suggest an opposite trend for two of the
three specimens (K52B and K54A). Furthermore, the re.

Details of these finite element analyses have teen de- sults presented in Fig. F.7 suggest no definite trends with
scribed in Appendix E of this report. Specifically, the load respect to the two measurement locations.
histories for three of the IT CT specimens considered in
Fig. F.12 were examined.These specimens failed at values
of *he maximum applied load Pmax qual to 29,35, and The second obsersation is that the finite element analysese

50 r.N, respectively. Relevant experimental data on these predict substantidy lower values of residual TR than those
three specimens are presented in Table F.2 to facilitate the determined experimentally for K51C and K52D, w hile the
following discussion. finite element prediction for K54A is nearly identical to

Tame F.2 Experimental data relevant to TR measurements for three IT CT specimens, along with finite element
calculations of TR at maximum fracture load and after unloading from peak load to zero applied load

'
-

From 3 D model -

From W. measurements P = Pmas After unloading

Specimen Pmn Jcim age to = 5 J!o, to = tmas AurageH AverageH
i

TR at 5 J/o. TR at ima TRat5J/co TR at tmnat 5 m at tmas (mm) (mm) (mm) (mm)
{

No. (kN) (kN/m) (mm) (mm)
(mm) (mm)

K51C 29 14.4 0.12 0.084 0.M0 ODt4 0.041 0.013
K52B 35 26.3 0.22 0.48 0.080 0.ON 0.056 0.M6 0.020 0.019
K54A 50 74.3 0.62 0.25 0.124 0.117 0.157 0.R7

_
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! Correlation
i the corresponding experimental measurement. It is be- ity requirements, the magnitude of the TR or transverse
!

licved that this observadon can be understood by recognir- displacement, as opposed to transverse main, may be ap.
, ing that the experimental postfracer TR measurements preciabir.. This comment is based on the observation that ,

| represent the total contribution trom crack initiation and displacement is the product between strain and specimen
j crack propagation effects. On the other hand, the finite- thickness integrated along the crack front. It is not possible

element results represent in situ predictions of TR values to establish, a priori, the relative contribution to this prod-;

; due to the application of maximum load and subsequent uct from the interior of the specimen (small strain but large
j unloading. Consequently,it would 7 pear that o e contribu- thickness) as compared to the two surface layer regions
i tion to TR resulting from shear lip formation due te crack (large strain but small thickness), it is unclear to what de-
{ propagation may at times overwhelm the contribution due gree the proposed TR correlation is sensitive to the relative'

to crack initiation. contribution to TR frorn the interior and surface layer re-
} gions. Perhaps this uncertainty is related to the varying
! degree of success in applying the proposed TR correlation
i The third observation is that the numerically determined to the CT and WP specimens and to the experimental data
| TR values at maximum load are similar to measured post- cited in Ref. 3.
! fracture values. Ilowever, it is not possible to conclude
| whether the numerically detennined TR values at mari.
j mum load are either consistently higher or lower than mea- The third observation concerns the effects of higher-order
! sured values. Clearly, the amount of TR at fracture can be T or Q stress on the proposed TR correlation. To the ex-
! correlated with the applied fracture load or alternately with tent that the proposed correlation is premised upon the J.
| the tracture toughness. However, the apparent lack of cor- CTOD relation associated with a given material, the effects
i relation between TR and J for the IT-CT, as indicated in of T. or Q stress on this correlaM are expected to be di-
i Fig. F.12, appears to rule out the premise hat the amount rectly related to the effects of n or Q stress on t'a J-
! of TR prior to crack initiation can be correlated with frac- CTOD relation.'
i tin to.a;hness in the manner described by Eq. (F.3), at

| least for some of the IT CT specimens.

| Thefourth observation is that while the proposed correhi
'

F.6 General Observatlons on tion implies a nearly constant relation between the degret
; of induced In and 1 in a manner similar to the nearly con.
L Correlation lletween Induced TR stant relation toween CTOD and 1, this implication of
i and Fracture Toughness S "5t*"#Y d ** " ' ' "l'"dic"h* ' """ "'Y b5'"'d
i scatter in fracture toughness values. Recall that while the

; The first observation concerns the functional form of the
magnitude of fracture toughness at the lower shelf and

; proposed TR correlation as indicated in Eq. (F.3), in view transition temperature range is known to show a large de-

of the apparent nonlinear nature of the results when TR is grm of variability under nominally identical testing con-,

.

ditions, the relation between critical values of fracture
plotted aghst the J-integral in Figs. F.3 and F.12, it might'

be tempt ng to suggest a nonlinear relationship betwx.i TR toughness and the independently measurable CTOD isi:

| and CTOD and to incorporate this nonlinearity into ul fairly constant. Similarly.on the basis of Eq. (F.3), the re-

; (F.3). However, if a nonlinear TR-CTOD relationship is lation between critical values of tough". css and TR, should

| adopted, the empuical factor m would no longer be an
onc exist, would be fairly constas.

; empirical constant but a noodimensional function involv-

| ing some nondimensional load parameter. The problem F.7 IndHeed VS PrcScribed Transverse
! with this proposal is that there does not appear to be any *

theoretical basis for such a dependence on load that is in S NIU
,

addition to the contribution via J/c that has already beeni o
$ assumed in Eq. (F.3). The dependence on material parame. The utility of a correlation based on induced TR toward
;

ters would appear as a constant at a given test temperature determination of the effects of prescribed transverse dis-

| and strain rate. This dependence has already leen implic- placement on fracture toughness is limited. That is, even if
itly assumed in the definition of the factor m in Eq. (F.3). the validity of a corrdation between induced TR and:

j toughness [such as Eq. (F.3)] can be established. it does
;

not follow that this correlation can be used to determine
i The second observation concerns the uncertainty related to toughness as a function of TR, nor that this correlation can

the practical limitations associated with use of Eq. (F.3).
As indicated in Sect. F.2, the proposed TR correlation is

j.
strictly not applicable naar plane strainlike conditions. .N. P. Ohd and C. F. Shih " Family of Crack-Tip Field:

However, it should be recognized that evan for sufficiently Charaderized by a Triasialuy Parameter Pan II-Fracture.
.

a
Appn ume subrniued for publication int Aru4 rAv saur,

thick test specimens that satisfy standard planc strain valid-
Ausuu 1991.
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he extrapolated into the positive straining regime, w hether distribution of critical conditions necessary to initiate frac-
the positive straining is induced or prescribed. He tough- ture. As specimen site is increased, a specimen will sample
ness data presented in Fig. F.13 will now te used to a larger volume of material and exhibit lower fracture

toughness.12 ndeed, such an explanatioa is compatible iemphasize this idea. I
with both the observation that the minimum toughness is |

om owa n -m tro lower for the 1/2T than the 2T specimens and that the re- )

serse is true for the average toughness value. I00 -
, 3 4

While it may te possible to establish a conclation that re-*

lates the variation in toughness, both among specimen'

sites and within a given specimen size, with the magnitude
I

300
~ ' -

of the induced transverse strain experimental results of the i
'

type indicated in Fig. F.13 simply give no information on
the role of prescribed transverse strain on toughness. He !

*
effects of prescribed transverse strain ou fracture toughness |>

can, however, be evaluated in the following manner, I

Fracture toughness tests neco to be performed for a suitable !
l!! number of specimens under nominally identical in plane i

f 200 -
*

-.
conditions but various degrees of presenbed out-of-planc [

3 Straining. ne influence of transverse strain on toughness j
.

l' can be established, based on the extent that the prescribed '|8

$ transverse strain influences the scatter in toughness data,

-~~~T~~~~~H~ such as that indicated in Fig. F.13.
o Valid Kg = 151 rnPa Uli,

100
-

A $33 CrB CL 1
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Appendix G

Detailed Crack-Tip Analysis of Proposed 1.arge Scale
Illaxial Fracture Specimen

D. K. M. Shum

G.1 Introduction G.2 Correspondence lletween 3 D and
2 D Generalized Plane Strain

This appendix describes the application of the analytical DeScrip||on of Illaxlal SpcCIntenfracture prediction tr.ethods discussed in Appendix B to
predict the fracture response of a candidate large-scale bi-

.

axial fracture specimen. The candidate large-scale biaxial As discussed in Chaps. 3 and $, quantitative determm.ation

fracture specimen is schematically illustrated in Fig. G.I. f crack tip stress and stram fields under generalized

The plaic spccimen is 76 mm (3 in.) thick, with planar plane-strain (GPS) conditions is a necessary first step

dimens ons measuring 1220 by 1220 mm (48 by 48 in.). mward c>tituating the potential decrease m fracture tough.

The proposed flaw geometry is an elongated elliptical sur- ness, from a reference plane stram value, due to positive

face flaw with a length of 813 mm (32 in.) and a maximum straining along the crack front. The methodology dernon.

flaw depth of 19 mm (0.75 in.). strated in Appendixes A and B can,in principle, be applied
s a three dimensional (3 D)model of the proposed biaxialo
fracture specimen. However, the computational efforts as-onm owan m no
sociated with an elastic plastic analysis of the near-crack-
tip fields r /a 3 D crxk front, involving elements with"
minimum dimensions on the order of the crack tip-opening-

displacemern (CTOD),is extremely prohibitive,

m

Fortunately, the experimental requirement of an cloogated
flaw geometry to ensure near uniformity of transverse

1220 mm 19 mm strain is expected to result in crack tip fields with varia.
tions along the crack front that are much ! css severe than

j their variation in directions perper.dicular to :he crack
front. That is, along the central portions of the crack front,t

813 mm the crack t!p fiehls are expected to le essentially 2 D in na-
ture in a marmer characteristic of a state of GPS. The valid-
ity of the GPS assumption, and the extent along the 3 D
crack front over which this assumption is approximately

P valid, are examined by comparing the distribution of the
stress intensity factor K along the 3 D crack front with the
associated 2 D fracture problem assuming linear clastic
material response.

1220 mm

G.2.1 Comparison of 3-D and 2 D Results% :

76 mm

Figure G 1 S d.ematie of candidate large-scale blaxial The 3 D finite-element model of the proposed biaxial -

frccture specimen The plate specimen is specimen !s show in Fig. G 2(a) and (b). From symmetry

76.mm (3 in.) thick with planar c nsiderations orm one-quarter of the sprimen is

timensions measuring 1220 by 1220.nm m deled. The loading condition considered is unlaxlal

t 48 by 48 in.). The flaw geometry is an loadmg m, the direction perpendicular to the crack plane.

elongated elliptical surface flaw with This loading condition is imposed in the finite-element

length of 813 mm (32 in.) and a maximum model as a uniform load of 6.89 MPa (1 ksi) applied along

flaw depth of 19 mm (0.75 in.) the remote edge of the specimen. In a linear-elastic
analysis the imposition of transverse stram along the crack
front would not affect the value of the stress-intensity fac-
tor K; hence, transverse loading is not considered. The fi-
nite-element program ABAQUSI s used to examine thisi
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rigure G.2 (a) 3 D finite-element of candidate blastal specimen. From syinmetry considerations only one quarter of I

the specimen is modeled. (b) Crack tip region of 3 D finite-element model of candidate blaxlal specimen. ;

J Integral values are evalusted along two semicircular contours shown here

.

3 D linear-clastic problem. ne 3 D K values are obtained uniform remote tensile load is available in the literature.
based on the J integral values evaluated along the two Specifically, for the SEN geometry indicated in Fig. O.3
semicircular contours shown in Fig. G.2(b). Path indepen- subject to uniform remote tensile load of 6.89 MPa (1 ksi),
dence of the calculated J integral values is observed. the K value is reported to be 2.535 MPa.Vni (2.307

ksi.Vif[) with an error of 0.5%.2

The 2 D GPS geometry associated with the central portion
of the biaxial specimen is a single-edge-nc*ch (SEN) The distribution of K values along the 3 D crack front is
geometry as schematically ilhistrated in Fig. G.3. The shown in Fig. G.4. De crack front location is expressed in
crack length to wimen width ratio is a/W = 0.25. The terms of the associated surface location in Fig. G.4, x = 0
linear clastic K value for the SEN geometry subject to a mm corresponds to the deepest part of the 3 D flaw, and x !

| NUREG)CR-6008 G2
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Detailed
orn-om ra -me no crack tir regio . indicated in Fig. G.5(a) and (h). The outer

extent of the crack up mesh is rectangular with dimensbns
19 by 38 mm (0.75 by 15 in.). Within this rectangular re.

'

gion reside 32 rings of elements placed concenuicallya

about the crack tip.The crack tip in its unloaded state is a
semicircular notch with an approximate radius of 6 x 10-5

mm as indicated in Fig. G.5(c). The unloaded notch radius
is -1/300,000 of the shorter dimension of the rectangular
crack tip mesh indicated in Fig. G.5(M. The high degree of
refinement is necessary to obtain an accurate determinabon

19 nun of the crack tip fields within a distance of a few CTODs
ahead of the blunting notch tip. He similarity of the pre-= =

sent crack-tip mesh with the modified botmdary layer

p 1220 mm (MBL), finite element mesh presented in Appendix B is
noted.

The material model considered it, this smdy is one that
simulates the uniaxial stress strain responsc m tension of a
reactor pressure vessel (RPV) gn.de material subject to
irradiation effects. Dis material model was employed in
the MBL analyses in Appendix C. ne clastic portion of
the true stress-true strain curve is characterized by a yield
strain of magnitude to = c fE = 1/311, where E isoy

Young's modulus, o = 623 MPa (90.3 ksi) denotes theo
y

_~ _
yield stress, and Poisson's ratio is 0.3. He uniaxial true

76 mm stress-true plastic strain curve in tension is bilinear. The
plastic portion of the uniaxial stress-strain curve becomes

Figure G.3 Schematic of the 2 D SI'N geometry nonhardening at a normalind stress level of o/c = 1.3o
associated with central, GPS portion of with an associaTd true plastic strain of 0.075.
blaxlal sf,ecimen

The finite-strain, clastic-plastic, GPS nature of the present
= 406 mm corresponds to the intersection of the crack front problem is exe. mined using the finite-element code
with the specimen's free surface. nc K values are ex. ABAQUS.I De analyses assume a rate-independent J2
pressed as the ratio of the 3 D K values to the associated 2- (isotropic hardening) incremental plasticity theory as im-
D value. As indicated in Fig. G 4, the K value at thc center plemented in AB AQUS. The finite element mesh in
plane of the biaxial specimen is -84% of the SEN value. Fig. G.5(a)is made up of 963 GPS elements and 3032
However, the feature of tw 3-D K values that is relevant to nodes. These elements behave as conventional 8 node
the present discussion is s at, along the central 406 mm isoparametric elements except for an extra degree-of frec-
(16 in.) portion of the crack front, the 3 D K values are dom that allows for uniform straining in a direction per-
within 88.5% of the center plane value. De results in Fig. pendicular to the plane of the mesh.1 The integration order
G.4 suggest that the near-crack tip fields along a sub- of the elements is 2 by 2.J integral values are determined
stantial central pcstion of the 3 D crack front can indeed be from up to 32 paths surrounding the crack tip to ensure
adequately determined via a 2 D, GPS, SEN approxi- pathindependence, A measureof therefinementof the
mation. mesh indicated in Fig. G.5(a) is that the clastically deter-

mined K value using this mesh is within 99.5% of the

G.3 Detailed 2 D Finite Element Model
closed form value reported previously. Convergence re-
quirements of the elastic plastic, finite-element values to
be presenteo are specified by means of limiting the maxi-

Based on the findings of the previous section, the fracture mum value of thnesidue.1 nodal force per unit thickness at
response of the candidate large-scale biaxial fracture any node. Specifically, the maximum value is required to
rpecimen is examined via the associated GPS SEN geome- be <0.1% of the product between the yield stress and the
try illustrated schematically in ig. G.3. Le detailed 2-D smallest elemer,t dimension in the fimte-element mesh.r

,

finite-element model for one half of the SEN geometry is
shown in Fig. G 5(a}-(c). A umque feature of the finite-
element mesh indicated in Fig. G.5(a) is the highly refined

G-3 NUREG/CR 6008
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Figure G.5 (a) Detailed 2 D finite-element model for one half of SEN geometry. A unique feature of finite element i

mesh is highly relined crack tip region indicated in (a) and (b). (b) Finite-element model of crack.tip
| region for SEN geometry. Outer extent of crack tip mesh is rectangular with dimensions 19 by 38 mm
I (0.75 byl.5 in.). Within this rectangular region are 32 rings of elements placed concentrically about the
l

" crack tip."(c) Finite element model of crack tip for SEN geometry. Crack tip in its unloaded state is
semicircular notch with approximate radius of 6 x 10-5 mm. Unloaded notch radius is -1/300,00 of
shorter dimension of rectangular crack tip mesh indicated in (b). liigh degree of refinement is necessary
to obtain accurate determination of crack-tip fields within distance of few CTODs ahead of blunting
notch tip

The in plane loading cond6,ns correspond to a distributed For the case of GPS, the magnitude of the prescribed
tensile load applied at the top edge of the SEN geometry. transverse strain increases monotonically and concurrently

'
This distributed load increases monotonically from zero up with the in-planc distributed tensile load from zero to a

maximum magnitude of tz/c = 0.56.The degree of out-of-to a maximum value 207 MPa (30 ksi) . He maximum dis- o
tributed tensile load of 207 MPa corresponds to an inte- plane straining is considered to be severe with respect to

| grated load of 19.2 MN. Two types of transverse loading the normal operations of an RPV. Rese loading conditions
are considered. The prescribed transverse strain considered simulate a load controlled biaxial test,in a manner similar
is either tz = 0 (plane strain) or positive out-of-plane strain. to the displacement boundary conditions considered in
Consideration of these two cases of out of plane straining Appendix C. He maximum transverse load can be esti-
allows the isolation of the effects of out-of-plane straining mated from linear clasticity based on the magnitude of the
on crack initiation in the proposed biaxial specunen, prescribed transverse strab *nd the in-plane distributed

tensile load. ne maximum aamverse load is -38 MN. He

G-5 NUREG/CR-6008
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Detailed j
axial and transverse loading parameters are within the an- nant small-scale yielding (SSY) distributions for this ma-
ticipated capacity of the bianial test fixture, terial, obtained using the boundary layer approwh de.

,

'
;

scribed in Appendises B and C are also presented in Figs.
!

G.633.8. The plane strain SSY distributions are assumed
GA Detailed 2 D Finite Eleinent to represent the crack tip fields associated with a standard

Rc5 tilts ASTM fracture specimen, such as the compact (CT) or the |
three-point bend (TPD) specimen, witnin the loading and !

The plan strain (tr = 0) opening-mode stress distnbution geometry regime considered valid within the specifintions {
directly ahead of the blunting notch is presented in Fig. G.6 f the testing standard.

,

;

at Iwo stages of the uniaxially applied load up to the
maximum value of 19.2 MN. The distarre ahead of the
blunting notch is normalized by the parameter J/o , where In Figs. G.40.11 results analogous to those presented ino
J is the valua of the J integral corresponding to the applied Figs. G.6-0.8, except now for the case of GPS loading up

to c,/r = 0 56, are presented. The parameter values indi-loading conditions. In Fig. G.7 the distribution of effective o

plastic strain te directly ahead of the blunting notch is indi- cated in these figures correspond to the magnitudes of the

cated. In Fig. G.8 the distribution of effective plastic strain applied out-of plane strain and in plane distributed load,

and the associated stress state, as characteriicd by the ratio respectively, in Figs. G.124s.14 the plane stram and GPS r

of hydrostatic stress to effective stress o /o , directly resu ts are indicated for the case of maximum in plane jrn e
ahead of the blunting notch is presented. Note that te is not and, he ph, ouWane -

1 dmg of magriirade e,/c = 0.56. SimPar to the findingsa unique function of o /c as indicated by the ePiows in om e
the figure. As will be discussed shortly, it is that ;ortion of in Appendix C, resvits m Figs. G.9-0.14 indicate that the

,

the c distribution that decreases with irrreasing value of 'Ifects of tranmm en on Me cracWelds increasee .
,

o /o that is relevant to the ductile failure rnodel to be with either increasing distance from the crack tip or in- frn c crem n magsue oMe appHed transvem sdn.
{presented. In addition, the reference plane strain K-domi-
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Figure G.6 Plane strain (e = 0) opening mode stress distribution directly ahead of blunting notch SEN geometry at
.

r |
two stages of untaxially app!ied load to maximum value of 19.2 MN, Material model considered is one '

that simulates unlaxlal stress strain response in tension of RPV grade material subject to irradiation
.'effects with c = 623 MPa. Distribution identified as SSY is reference plane strain h-Jominanto

distribution for this material obtained using boundary l; : r approach described in Appendix C
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in Fig. G.15(a) and (b) ti e J C' LOD relations, band on the Attention will be focused first on the prediction of cleav-
two definitions of CTOD discussed in Appendix C, are age fracture. For i.implicity, the present application of the
presented for the SEN geometry under plane strain anJ RKR model fee fractate prediction involves tracking the
GPS conditions. The terminus of these curves corte ponds loading history of a material point located at a critical dis-
to maxinmm in plane and cut-of. plane loading. The SSY tance ahead of the blunting crack tip. Crack iriitiation is as-

,

reladons are aim indicated in these figures. sumed to be a connyucnce of the elening mode stress I

component associated with that material point reaching a .|
caitictl stress les el. Limited exrerimer. tai data for HSST ~!

G.5 Analytical Predictions of' Crack plate 02 (A 533 B) suggest that the crincahleavage stress
'

Initiation Under GPS Conditions i$ on the order of 1700:01800 MPa as discussed in
AppenJis D. The corresponding critical distance to

A simplified view is adopted here when the biaxial speci. cleavage initiation sites that test fit small specimen data is *

men, as characterized by the present material model,i; ex- taken to be on the order of 50 to 100 m. A mare sophis- t

pected to fait either in a cleavage or in a ductile manner in ticated trea; ment of cleavage fracture in the spirit of the (
response to the loading conditions. In addition, a deles- RKR model would involve treating loth the critical dis- ;

ministic rather than statistical approach is adopted for sim. Lance parameter and the critied failure stress as statistical
variables.plicity. In the following discussion the Ritchie Knott. Rice

(RRR) mode 13 is adopted for the pr : inion of cleavage
fracture, and (5e McClintockJIancock-MacKentie (MilM)

d s adopted for the prediction of ductile fracture, ne variation of J mtegal values with axial load up to amodel i
As discussed in Apper, dix B, these two mrxiels are chosen maximum value of 19.2 MN it presented in Fig. G.16 for'

because they have been applied to A $33 B material,in the both the plane strain and OPS conditions. As expected, the

lower transition and upper shelf regions, respet tively. with application of transverse strain does not influence the

some success under nonirradiated and irradiated condi- magnitude of J for a given value of the axial load.

tions. Variation of the opening-mode stn ss con.ponent with the
axial load, where the magnitude of the axial load is er-
pressed via J. integral values, is presented in Fig. G.17 for

,

Within the cor. text of the stated assumptions, it is po'sible the case of GPS conditions. In Fig. G.17 the variations are

to analytically predict whether the biaxial specimen would presented at two locations ahead of the crack tip corte-

fail la cither a cleavage or ductile manner. Accordingly, sponding to r = 45 and 143 pm. These two locations span

sample calculations to predict the failura mode are pre. the range of cridcal distances to cleavage-initiation sites

sented based on the GPS results. Iloweve:, the prediction discussed previously, Also indicated in this figure are the

of failure mode should not le viewed as definitive, due to corresp nding variation for the blaxial specinen, assuming

both the simplicity of the failure models adopted and the plaa strain conditions, and the vanation corresponding to

uncertainty regarding various critical materia) parameters, the reference plane strain SSY cotidition.

as will be evident shortly. Instead, the primary focus in the
following sections is to determine the magnitude of tough.
ness deviation from the reference plane strain, SSY condi. Attention will be focused on the GPS variations for the
tion that can be exFcted under GPS conditions, assuming moment. From Fig. G.17, it is observed that an assumed

alternately that the failure mechanism is cleavage or duedle critical cleavage stress of 1744 MPa (alo = 2.8) is ex-c o
in nature. cceded at location r = 45 m for loading exceeding J = 8

LN/m. This same level of opening-mode stress is reached
I at location r = 143 pm at maximum in plane and out of-

G.5.1 Sample Calculations Illustreting plane loading corresponding to J = 27.9 LN/m. For an as-
Analytical Prediction of Fallure Mode sumed critical cleavage stress of magnitude <1744 MPa,

the critical cleavage stress is maintained over a distance

The GPS. finite-element results for the biaxial specimen > 143 pm. Berefore, within the range of critical distances
presented in Figs. G.9-0.1I will now be taken as input to associated with sma|l-specimen toughness data the critical -
the two predictive fracture models; As will be eviden, condition for cleavage fractitre is satisfied within the nn-

shortly, however, the predicted failure mode for the biaxial ticipated capacity of the proposed biaxial test frame.

specimen under GPS conditions applies equally well to the Consequently, cleavage fracture is tpossible failure mode

case assuming the biaxia! specimen to be under plane for the flaw embedded in the Naxial specimen, as modeled

- strain conditions and to the case of a typicallaboratory size by the SEN geometry, ut or prior to the attainment of -

|_ small specimen as characterized by the reference plane maximum in-plane and out-of plane loads.
s. ain, SSY condition.'

L
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Predic.i n of ductile Iailure is based on the ductile failure either planc strain or GPS conditions,is consistently belowo
data presented in Fig. C.19 in Appendix C. From Ref. 6. that associated with the SSY condition at either value of
the minimum sire of a region necessary to acommodate the critical distance parameter r = 45 or 143 pm. In Table
ductile fracture or plastic-flow hicalization. as determined 0.1 estimates of toughnen deviation are presented for a
from best fit to small-specimen toughness data,is on the range of assumed cleavage fracture stress. These toughress
order of 300 to 350 pm. It is observed that the MHM fail- estimates are plotted in Fig. G.lS.
ure criterion (see Fig. C.19) is exceeded by the results indi-
cated in Fig. G.11 for magnitude of the cifcctive plastic
strain r 2 25E From Fig. G.10 it is observed that, even Results in Tabk G.1 and Fig. G.18 indicate that the biaxiale

under maximum in plane and out of plane loading. this specimen, as modeled by the SEN geometry. is expected to
magmtude of r is exceeded only over a distance r s; 0.5 exhibit a small amount of toughness enhancement relativee
J/o0. A distance of 0.5 J/o corresponds ap; roximately to to the smalla pacimen value. With regard to transverseo
22 pm based on a calculated J integral value of 27.9 LN/m straining, minimal toughness deviation due to positive out-
at maximum load. Because the calculated distance of of plate straining is expected for the assumed set of
22 um is much smaller than the reported minimum size analpis conditions. Therefore,it is anticipated that the
necessary to accomrnalate ductile failme. ductile failure is proposed biaxial test specimen would fail at essentially the
not expected to be the failure mode upon reaching the same level of axial load under uniasial or biaxial loading
rnaximum in.planc and out of q tane loads. condition.

Consequently, cleavage crack initiation is anticipated for G.5.3 T. Stress Effects
the proposed biaxial specimen configuration. Ilowever,it
is emphasized that this prediction is dependent on the Resula from Figs. G.12-0.14, along with the toughness-

strcss strain curve of the biasial specimen material, along deviation predictions presented in Fig. G.18, suggest that

with the validity of the various critical material parameters the fracture response of the proposed biaxial specimen can
assumed in this prediction. be readily understood within the context of the two param.

eter approaches discussed in Appendixes A-C. That is, the
gradual deviation of the near tip ficids of the proposed bl.

G.5.2 Analytical Prediction of Fracture axial specimen from the SSY distributions with increasing
Tougliness Assuming Cleavage Failure in-plane and out-of plane loading can, to a goN coproxi-

Mode rnation, be correlated with increasing negative T stress ;

values. In Figs. C.11-C.l? in Appendix C, the MBL distri.

Estimates of the potential toughness deviation relative to a butions for the bianial specimen mateG1 are presented.

reference plane strau., SS Y condition for the biaxial , analyses am puformed for the indicated muu,- i

specimen follows the approach illustrated previously. From mmn values omstreu and, whue approMate, posWve
uansvupain esunpath ween th M and k

,

Fig. G.17. it is obsers ed that the magnitude of the opening-
mode stress component for the SEN geometry, assuming biaxlal full-field distributions are noted.

4

j Table G.1 Estimaies of toughness des tation from a reference plane strain.SSY (eg = T = 0) value, based on
; the RKR model and a range of assumtd cleavage fracture stress.The critical material distance
| parameter is taken to be 45 and 143 pm.These estimates are obtained based on results from
i Fig. G.18 for the SEN geometry with out of plane loading up to e/c = 0.56 ando*

m plane loading up to 19.2 MN. Magnitude of the yleid stress a = 623 MPao,

!

-

r = 45 m: r = 143 pme c

; J at r Jps Kps Jops Kaps J nt r Jps . Kps Japs Kapse c

adoo SSY PS GPS Jssy Kssy Jssy Kssy SSY PS GPS Jssy Kssy Jssf Kssy:
_

2.3 2.2 2.2 2.2 1 1 1 1 -7.0 8 7.4 1.14 1.07 1.06 1.03
! 2.4 2.6 2.8 3.1 1.08 1.N 1 19 1.09 8.4 10.2 9.0 1.21 1.10 1.07 1.N'

2.5 3.2 3.6 3.6 1.13 1.06 1.13 1M 10.4 13.3 10.8 1.28 1.13 1.N 1.02
2.6 4.1 4.8 4.4 1.17 - 1.08 1.07 1. . 13.0 17.8 14.0 1.37 1.17 1.08 1.N

,

2.7 5.2 6.1 5.4 1.17 1.08 LN 1.02 16.5 24.6 19.8 1.49 1.22 1.20 1.10
2.8 6.8 8.2 7.5 1.21 1.10 1.10 1.05
2.9 8.8 10.7 10.5 1.22 1.10 1.19 1.09

'

.

'
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l'igure G.18 Estimates of toeghness deslation, from reference plane strain K dominant (c, = T = 0) value, based on
RKR model and range of assumed cleavage fracture stress. Critical material distance parameter is

.

| taken alternathely to be 45 pm and 143 pm.These estimates are obtained based on results from
i

Fig. G.17 for SEN geometry with out-of plane loading up to c /c = 0.56 and in plane loading up tozo
19.2 MN.These results suggest that the biaxial specimen, as modeled by the SEN geomdry,is expected
to exhibit n smallamount of toughness enhancement relative to small specimen value. With regard to

.

trans)erse straining, minimal toughness desiation due to positise out of plane stralning is expected for,

anumed set of analysh conditions

j G.6 Comparison of Analytical cussed in Appendix C. The J CTOD rclations under SSY
k Predictions Will! Avallable conditions a,e also included in these figures. These results
4

Experiniental Data suggest that the J-CTOD relation is not very sensitive to'

I
the range of positive out of plane loading considered in

Comparisons of analytical predictions of crack initiation this study ar.d do not reficct the sensitivity ;eported in the
TWI studies.

under GPS conditions with limited large scale biaxial ex-;

1 perimental data have been presented in Appendix C, As
. discussed in Appendix C, a perplexing aspect of The C.7 Liinitations on Applbleility of'

Wdding institute (TWI) resultsU s the apparent lack of Fracttire Prediction Modelsi

correlation hetween the twinal re: note stress and CTOD
at failure. Large variations m CTOD at failure, as a conse-
quence of uniaxial and blaxial loading, are reported it the Analytical predictions of crack initiation, such as those

TWI studies even though the nominal remote stress state at presented in Appendix C and in this appemiix, involve in-4

failure is nearly constant, terpretation of detailed resuhs of the near crack tip licids
in the context of a postubted fracture model. The accuracy

,

of the near-crack tip results, assuming the applicability of

The J-CTOD relations for the present biaxial geometry up continuum theory, appears more than adequate. As dis-

to the maximum axialload are presented in Fig. G.15(a) cussed in Appendix B, utility of these continuum results

and rb) for both plane strain and GPS conditions. The tw requires that the size of the annular region characterized by

definitions of CTOD ernployed m these figures are dis- the near tip parameters such as K, J T, or Q be sufficiently
large, in comparison to relevant microstructural parameters

,

(;-15
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such as the gram sue, to ensure that a contmuum, homo- Thus, the corresponc ng critical material location is located
geneous description using these paramettrs is phpically well within the plastic zone and insik the region of finite
meaningful. strain.

llow e v, 'he fracture models cor 'cred in this repvt are C 7.3 lhamples of Questionable
phenoms. alogical in nature, and t ... .r cally determined Interpretations
material parameters are needed to render it ne models
complete. The uncertainty comcrmng predwtion of crask Application of a phenomenological f ailure model without
iniuation is, in large measure, related to the uncertinty due consideradon of its underlying premises can, at times,
concerning the general valiJJty of de proposed fratture lead m paradoucal or erroneous observadons. Extra cau-
matel, in cases where the fra;ture mc&lis reasonaNy tion must te apphed w hen invoking a given model in a
sound. the uncertainty n related ta values of the critical regime for w hich confirmatory data are not available. Two
material parameters associated w nh the fracture rmxiel. related inamples will now be given to emphasire this

om.t. Iloth of these examples involve a quesdonable inter-
pretation of the distribution of hydrostatic to cifectiveG.7.1 1. imitations on Cleavage Fracture stress ratio ahead of the crack tip for the purpose of ductile

l'rediction failure prediction. The fracture problem considered is the
SEN geometry in dus appendix at maximum in-plane

lhe vahdity of th .KR approach for the prediction of loading. The stress ratio distribution is indicated in
cleavage fracture of hpV grade materials has received Fig. G.19
hmited acceptance based on loth theoretical considerationsa

and supporting expenmental data. As demonstrated in
Appendiscs Il and C and in this appendix, the underlying in the first example, the hypothesis that ductile failure caa
uncertamty associated wit a quastitative prediction ci be somew hat related to the maximum value of the hydre-
cleavage toughness using the RKR model resides wnh static to effective stress ratio distribution is examined.
(1) the magnitude of the critical cleas age stress and (2) the From Fig. G.19 it is seen that the maximum value of this
range of minirnum distances over w hich this critical ratio is substantially higher for the oositive ouvof plane
cleavage stress needs a be maintained. wrain SEN geometry than either the corresponding planc

strain or SSY value. In Fig. G.20 the variation of this st. css

G.7.2 Limitations on Ductile Fracture ratio for only the GPS SEN geomet y, as a function of the
tramverse strain, is indicated, it is seen that the maximum

1*rodictions value of this stress ratio assoctated with positive out of-
plane t. train increases with deercating value of the out-of-

The general validity of the MilM model for the prediction pbtne strain and in planc loading (recall that the in-plane
e

of ductile failure of RPV-grade materials has not been and out-of-plane loadmgs are applied concurrently). A dis-
similarly estabbshed, due * the newer number of investi- continuity is implied by these results with the paradcx,if
gations focusing on this model. Extra caution must thus be one adopts the proposed hypothesis, that toughness devia

(

cpplied w hen invoking this model, guided in part by the tion is highest for infinitesimal trading.
following observation. The MHM model was developed to
descriM matenal failure conditions in which plastic strain-
ing is an integral part of the failure process. Therefore, ex- An explanation for the observed paradox is as follows.
pression of the MHM failure writerion in terms of effective From the defmitions of effective and hydrostatic stress, and
phtstic strain is self explanatory. At the same time, the denoting Poisson't ratio as v. this stress ratio under linear-
associated stress measure, namely the hydrostatic to effec- elastic fracture mechanics (LEFM) K-dominant in-plane
tive stress ratio,is chosen based on analytical investiga- conditions takes the form
tions that indicate that the growth rate of voids is sensitive
to this stress measure.'O 2(1+v] I [c r

a 42n r to ) )]/cm o
(G.1)
.

-=
. .

IT21- E 'Consequently, interpretation of near crack-tip results based l-

3 on the MilM model is, at most, meaningful only within the | . [2 n c, jJ/co_os

numerically calculated plastic zone surroundmg the crack
tip. This has been the approach adopted m this work. In From Eq. (G.1) it is observed that this ratio becomes un-

this study, the MHM ductile failure criterion has been de- bounded at ren.e distance ahead of the crack tip for any

termined to be exceeded at a near-tip location that experi- p he v k iof me out-of plane strain. However, this

ences a level of effective plastic strain in excess of 25%. singularity is not physically meaningful. This singularity |
results from extending the definition of effective stress,

NUREGA. -6008 G-16
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originally formulated as an mvariant stress measure in - 2A, On the other hand, the magnitude of this stress ratio !

pla.iticity theory. into an elastic stress analysis. The singu- at the clastic-plastic loundary for the positive out-of plane I

lar nature of Eq. (G.1)is demonstrated in Fig. G.21 for Strain SEN proisiem, w hich is located at a distance of -2.5 !
parameter values r = 1/311, v = 0.3, and three values of J/c ,is -2.3. At this location the stress ratio for the case of Iy o
positive out-of plane strain,in the case of the clastic- plane strain is ~2.1. !
plastic distnbutions mdicated in Figs. G.19 and G.20, evi- '

dently the onset of plasticity resuhs in a maximum in the
distributions ot.tside of the plastic zone. Use of the M}iM At this point it is unclear how. in accordance with the ;
model in previous secuons involves plastic strains on the stated hypothesis, one would estimate the toughness devia- !

order of 25% at a location well within tM finite-strain re- tbn due to positive out-of plane strain in a manner consis- !

gne Within the finite-strain region, the distribution of the tent with w hat is known about ductile failure. !! may be !
stress ratio is evidently not af fec*.ed by the mathematical tempting to take the ratio of the stress measure at the clas- !
singularity outside of the plastic yone, tic plastic boundary under plane strain and GPS conditions

{as indicative of toughness deviation. Ilow:ver, adoption of r

this viewpoint does not readily offer a method to quantify !

In the second example, an alternate hypothesis that ductile the magnitude of the toughness deviation. More impor-
failure can te related somewhat to the distribution of the tantly, the distribution of stress ratio for the GPS SEN
stress ratio indicated in Fig. G.19 in the neighborhood of problem,in the neighborhood of the clastic-plastic bound- '

the clastic plastic boundary ahead of the crack tip is exam- ary, appears to be strongly influenced by the singular na- !

ined. 'The magnitude of this stress ratio for the plane strain ture of this distribution in the clastic region. 'Ihe apparent i

SEN problem is -1.6 at the clastic plastic boundarf, which paradox discussed in the first example strongly discourages ;

is located at a distance of ~12 J/c . At the same location use of this stress ratio in the vicinity of the clastic plastico
the stress ratio for the case of positive out-of-plane strain is boundary as a faihtte criterion, r

!

!
.
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Figure G.21 Distribution of stress ratio o /O under K dominant in plane conditions with out of plane loading pp to |m c
e /c = 036, along with reference SSY distribution, based on LEFM assumptbes. Singular nature of jz o

distributions under poslihe out of plane loading results from extending definition of effecthe stress, j
originally formulated as an invariant stress measure in plasticity theory,into an elastic stress analysis ;

|

| I
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st. AestaAct Pressunzed-thermai sfio~ck Wib) Ioading produces biaxial stress llelds in a teactor pressure vessel (RPV) wall
with one of the pnncipal stresses aligned parallel to postulated surface cracks in either longitudinal or
circumferential welds, ne limited quantity of existing biaxial test data suggests a significant decrease of
fracture toughness under out of plane ti.e. parallel to the crack front) biaxial loading conditions when
compared with toughness value:; obtained under uniaxial conditions. Any increase in crack tip constraint
resulting from these out-of plane biaxial stresses would act in opposition to the in-plane constraint telaxation
that has been previously demonstrated for shallow cracks. Consequently, understanding of both in plane and
out-of plane crack tip constramt effects is necessary to a refined analysis of fracture initiation from shallow
cracks under PTS transient loading. This report is the second in a senes investigating the potential impact of
far ticld out of plane stresses and strains on tracture initiation toughness. Selected fracture prediction models,
previously validated for small scale fracture specimens under nearly plane strain conditions were applied to
additional large-scale data with the objeenve of vahdating models in the plane stress-to-plane strain domain
before applying them to positive out-of plane strain conditions. De gener-' finding was that applications of
the models resulted in predictions of tracture behavior that conflicted with existing expenmental data
considered relevant to the problem. Because of the contlicting results,it is apparent that testint :f RPV steels
is required t 1) to determine the magnituce of out-of plane biaxial loading etfects on fracture toughness and (2)
to provide a basis for development of predictive models. This course of action is necessary to suppon a refined
treatment of in plane and out of plane constraint c!fects in f*TS analysis. Proposed in this report are entena
for a biaual specimen that would form the basis of a testing program designed to provide data to explain
differences between theoretical predictions and measured matenal behavior Results of design studies on the
biacal spectmen will be presented in a f uture report from the Heavy Section Steel Technology Procram,
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