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A 533 B materal, in the lower-transition and upper-shelf
regions, respectively, with some success under nonurradi-
aled and wradialed conditions,

The second approach focuses on the development of corre-
lation parameters that relate fracture loughness with g vol-
ume of material loaded above nominal stress threshold
states. Candidste correlauon parameters include, but are
not limited 1o, those based on a critical maximum principal
stress contour methodology . This methodology relates
cleavage -crack initiation 1o the attainment of a critical arey
enclosed within a selected maximum principal stress con-
tour surrounding the crack tip. A correlation between frag-
ture toughness and this numenically determined arca
parameter s provided through applications 1 measured
data. This approach is applied 1o the analysis of existing
fracture toughness data obtained from cowpact-tension
(C1) specimens having a common planform, but with
varying thicknesses,

The fraciure prediction madels described above were
applied 1o addiuonal measured data with the objective of
validating the models in the plane stress-w-plane strain
domain before applying them o positive out-of -plane
strain conditions. Results from these applicauons are sum-
marized in Table ES.2. The RRR model was applied o
fracure-iniuation toughness data generated in the HSST
Program from large-scale wide-plaie experiments and

Table ES.2 Summary of applications of fracture prediction models to measured data in plane

shallow -crack beam tests. Finite-element analyses of these
experiments were porformed using loading conditions mea-
sured in the test. Full-field finue strnn solutions hased on
the plane strain assumpuion were gencraled from models
having a high'y refined crack uip region. Cormlations of
measured and predicied toughness for the WP-1 and -2
senes of wide-plale experiments based on the Q-stress .
parameter indicate that the RKR maodel predicuons fall :
substantially below the toughness values determined from '
analysis of the measured data. Fracture ugh ess predic- |
tons from the RKR model for the shallow -crack beam
specimens were compared with measured toughness values
for four values of critical stress. Again, the RKR model
predictions were below measured values, but not 1o the
exiont observed in the wide-plate specimens.

Inconsisiencies between measured and predicied wugh-
nesses for the wide-plate and shallow-crack beam expeni-
ments could result from one or more factors. One possible “
difficulty may be the presence of three-dimensional (3-1)
effects in the wide -plate specimens due 10 chevroned
notches that cannot be represented in the two-dimensional
(2-D) plane struin models employed in the present analy-
ses. 1 is unclear what modifications may be required 1o the
1-Q methodology to represent these 3-D effects should they
be present. Also, previous applications of the RKR predic -
tion madel 10 measured daa have been confined to small- :
scale laboratory specimens. There may be difficulties with |

stress-to-plane strain domain :
Fracture prediction Test specimen Analysis Analysis :
model configuration objective assessment |
RKR cleavage mitia-  Wide plate Companson of model  No agreement (model :
tion model toughness predic- substantial!  der- |
tons with measured predicts measured :
values values) :
Shallow crack beam Comparison of model  Marginal agreement :
toughness predic- (model underprediots |
tions with measured  measured values) |

values
Thermally shocked cylinder  Comparison of model  (Analyses in progress) :
toughness predic- '
tons with measured '
values :
Criucal area/maximum  CT specimens with 4T Determination of No calibration of ioodel ;
principal stress planform (thicknesses unique critical maxi-  (no unigue critical ',
contour mode! 254,508, and mum principal stress for three speci- :
101.6 mm) stress al initation mens) ;.

MHM ductle initiaton  (No applications 1o existing

model measured data were :
performed in this study) ;
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apphications of this mode! 1 large scale structuses that
have not vet been idemihed

Correlations hased on the stress contour method indicate
that development of the methadology depends on
extablishing “w existence of critical g stress vilues that
correlate fracture toughness behavior over a range of trans-
verse sitain values. Ie analyses designed 1o validate and
cahibrate the maodiel in the plane stress-1o-plane strain
domain, the stress contour method was apphied to fracture
toughness data for A §33 B wieel previously genvrated by
McCabe and Landes for a stady of thickness effects in the
transstion region, Analyses of 3-D finie-clement models of
compact specimens having a common planform of a 4T
specimen and thicknesses ranging from 10.16 o 101.5 mm
were performed in an atilempt 1o estimate critical oy, stress
values 1n he negative wansverse strain domat. The 1csults
were inconc lusive because a critical o, value common ©
three different thicknesses (254, 508, and 101.6 mm) of
the specimens could not be established. However, the data
sel ulilized in these analyses included only one cleavage-
initabion toaghness value for cach spocimen thickness.
Also, the experimental dats were not reported in sullicient
detal 1o permin resolution of substantial differences
between measured and computed curves represent’ - ‘oad
vs load-line displacements for the test specimens. By ase
of these difficulties with the expenimental data, the viability
of the siress contour methadology for correlating fracture
toughness i the plane stress-to-plane strain domain cannot
be Judged on the basis of the above application,

The fracture models employed herein must be considered
unvahidated for predicting the effects of biaxial out-of -
plane stress on cleavage fracure toughness, because appli-
cations o small- and large-specimen fracture data did not
produce consistent results in predicting fracture behavior.
Notwithstanding these general findings, wughness predic-
tons implied by these models for out-of -plane strain
cffocts were provided herein for reforence purposes. Within
the assumptions of the various models and analyses pre-
senied here, tensile transverse strains are predicted 1o pro-
duce a relatively small decrease in effecuve cleavage frac-
ture toughness when compared 1o that of dentical speci-
mens loaded umaxially. Applications of the RKR model
{described in Appendin C) and the stress contour method-

Executive

ology (described i Appendix D) support a reduction of
~O% 10 20% due 1o positive strains. The MKM model
(described m Appendix O) predicied 8 mimimal ducule
toughness deviation. However, hecause the fracture
methodolcgies considered in tas study produced results
that conflict with existing data considered relevant o this
problem, these estimates cannot be applicd with confidence
i addressing questions that affect licensing and regulatory
ssues for RPVs,

Studies currently under way in the HSST Program are
using methodologies described in this report 1o better
understand the substantial differences in measured fracture
toughness from the thermal-shock expeniments and the
shallow-crack beam tests, 1 as clear that several different
competing mechanisms affectng fracture toughness are
present in these experiments. In addition (o the biaxial
stress fi=ld, other factors include shallow -crack effects,
methodds of structural loading, structural and crack geome-
tries, and material properties. A definitive congclusion
regarding biaxial effects requires an understanding of the
{actors affecting toughness that is sulficient 1o permit an
unambiguous separation of the individual contributions,

From \ se stadies. it is apparent that testing of RPV sieels
s required (47 19 determine the mapriiade of out-of-plane
biaxial load 5/, effects on frawr wughness, and (2) o
provide a basis for developm nt of predictive models. The
most desiable program woulo involve suitable tost speci-
mens and loading conditions for which the only variables
are imposed buxial loading components. This course of
action 18 necessary (o support a refined treatment of in-
plane and out-of-plane constraint effects on crack initiation
from shallow cracks under PTS loading conditions. As a
consequence, criteria for a biaxial specimen proposed in
this report would form the basis of a esting program
designed 1o explain differences between theoretical predic -
tons and measured material behavior. Design studies are
currently under way in the HSST Program o develop a set
of geometnic parameters, material and fracture properties,
and loading conditions for the specimen satisfying these
design criteria. Results of the design studies on the biaxial
specimen will be presented in a future roport from the
HSST Program.
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I Introduction

This report describes work undertaken o develop and vali-
date analyucal methods for estimaung the polential impact
ol out-of-plane baxial far-field stresses on crack mnitiation
toughness of shallow inner surface cracks in nuclear reac-
tor pressure vessels (RPVs), Motivation for this study
comes from the observation that, while existing fracture
toughness data are largely obtained under nearly plane
strain conditions in compact test specimens, far-field
stresses that act in @ dirscton parallel o the crack front for
hoth axial and circumferential aws are present in RPVs,
Figure 1 depits a configuration of particular congern in
this study, that s, o shallow circamferential crack in the
weld of a ning-forged RPY experiencing positive steain
paralle! to the crack front due to the hoop component of
biaxial loading. The components of a typical far-field stress
distribution in a RPY wall during a pressurized-thermal-
shock (PTS) transient are shown in Fig. 2 (from Rel. 1).
The thermal, pressure, and residual stresses are all biaxial,
with both in-plane and out-of-plane components. This
biaxral stress distribution occurs both during the normal
operation of an RPV and under postulated PTS conditions.
In Fig. 3* wensile out-of -plane stresses acting paralicl 1o 8
shallow longitudinal crack in an RPV are on the order of
350 MPa in a PTS rransient, These far-field out-of-plane

"W E Pennell, “Aging Impact on the Safety and Operability of Nuglear
Reactor Pressure Vesseh

L 8

stresses have no equivalent in compact specimens used in
convenuonal fracture toughness testing. Any increase in
crack-up constraint resulting from these out-of -plane
biaxial stresses would act in opposition 1o the in-plane
constraind relaxation that has been previously demonstraied
for shaliow cracks.? Consequently, understanding of both
in-plane and out-of-plane crack up constraint effects is
necessary 10 a refined analysis of fracture initiation from
shallow cracks under PTS transient loading.

Pennell® has suggesied that rosults from thermal-shock
cylinder experiments® and shallow-crack beam tests? con-
ducted in the Heavy-Sectuon Sieel Technology (HSST)
Program at Oak Ridge National Laboratory (ORNL) pro-
vide insight into the impact of biaxial far-field stress distri-
butions on fracture toughness, The shallow-crack beam
tests? were conducted o generate fracture toughness data
that characterize tne relaxation of crack-up constraint
associaied with shallow-crack geometries. Crack depths
typical of those associated with postulated distributions in
an RPV were utilized in the beam tests. Results from the
shallow-crack testing pu - gram, shown in Fig. 4, irdicate
that the lower bound to the uniaxial shallow-crack beam
fracture data is ~60% greater than that of the deep-crack
data in the lower-transition region. | Analyses? of PTS
transients have shown that crack initiation is most likely 1o

ORNL DWG 89 5089A ETD
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Figure 1 Configuration of circumferential Naw in weld of ring-forged reactor vessel showing positive tensile loop

strains parallel to crack front
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e 276 MPa (40 ksl)
THERMAL STRESS

(BIAXIAL 1:1)
6.4 mm
’{ 1025 In.) +
‘ PRESSURE STRESS
(BIAXIAL 2:1)

34 MPa (5 ksl)

4+ RESIDUAL STRESS
(BIAXIAL)

by 1 MPa (6 ksl
I

e 351 MPa (51 ksi)

TOTAL STRESS
(BIAXIAL)

Figure 2 Components of far-field stress distribution existing in reactor vessel wall during PTS trans: _at

ORNL DWG 91M 3466 ETD

_~CLAD INNER
SURFACE

Figure 3 Vessel wall biaxial far-field stresses daring PTS transient with one component aligned parallel to front of
longitudinal crack
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Figure 4 Comparison of cleavage initiation toughness data from shallow-crack beam tests and from thermal-shock
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experiments

occur at a temperature relative 10 the reference nil-ductility
transiton temperatur. RTnpT) associated with the lower-
transition region of the fracture oughness curve.) The
thermal-shock cxperimoms-‘ also employed shallow cracks
having depths comparable to those in the shallow-crack
beam te-1s, but with a very long crack front. In Fig. 4,
results from these tests show crack initiation toughness
vilues from the thermal-shock experiments that are sub-
stantially lower in magnitude than toughness values that
would have bean inferred from the shallow-crack data. It is
postulated that the biaxial stress field produced by the
thermal-shock loading may have the effect of reducing
(racture toughness well below those values associated with
uniaxial loading of the shallow-crack beams.*

Experimental and analytical studies®-10 were performed at
Bundesanstalt fiir Materialprifung (BRAM), Germany, 10
determine the influence of nominal stress states of higher
multiaxiality than plane strain on fracture toughness of
engineering structures, The program at BAM utilized sev-
eral different test specimens, beginning with a double-T
shaped geometry loaded in uniaxial tension. A biaxial nom-
inal stress state was attained in the 50- by 80-mm cross sec-
tion of the specimen via a transverse bending stress that
develops in conjunction with the uniaxial tension compo-
nent. The ratio of the tensile component 10 the transverse

component of stress along the crack front had a maximum ]
value of 1:0.3 and a mean value of 1:0.15, For comparison |
purposes, single-edge notched (SEN) specimens of the |
same cross section as the double-T speciraens were fabri- :
cated from the same material (a 22 NiMoUr37 steel) and ‘
tested. Aurich et al.® reported that fractire toughness (K) 5
values of the biaxially loaded specimen were ~25% lower
than those of the SEN specimen.

A later study reported by Aurich et al. !9 focused on a L
plate-shaped specimen havirg dimensions 1000 x 1000 x .
140 mm with an approximate semielliptical surface crack '
of depth a = 83 mm and length 2¢ = 480 mm. The plates
were loaded in eight-point bending to produce a biaxial
stress state along portions of the crack tront. Also, <oopact
tension (CT) specimens from the same material as the
plates were tested over the same temperature range as the
plates. Because cleavage toughness values for the biaxially
loaded plates were lower than those for CT specimens,
Aurich et al. !0 asserted that uniaxially loaded specimens
tested under plane strain conditions will not necessarily
give a lower bound toughness. However, fracture in these
specimens evidently initiated at points on the end radius of
the surface crack where the far-field stress components
were oblique (or normal), rather than parallel, to the crack
front.

NUREG/CR-6008 |
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Unpublished data from CNITMASH, Russia, conceming in a spinning-disk facility that utilized ciroular disks with @
tracture toughness under binxial loading conditions were diameter 450 10 600 mm, a thickness of 150 mm, and sur-
reported by M. Brumoysky.* Biaxial loading was produced face cracks of 40-mm maximum depth and 200-mm length.
In these experiments, an estunated 37% reduction in
R e woughness (K¢) was reported for the biaxially loaded spin-
"M Hramoveky, Shods Works. Crechoslovabia, personsl sommunication  DING disks, as compared with data from uniaxially loaded
1o W E. Pennell, Osk Ridge National Laboratory, May 11, 1992 specumens,
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2 Objectives, Scope, and Structure of the Study

This report represents the second in & series that describes
an invesugation of the potential impact of far-field out-of-
plane stresses and strains on fracture initiation toughness,
The specil oujectives of the investigation are embodied in
the following clements:

1. dentfication and evaluation of existing biaxial frac-
ture loughness data,

2. selection of fracture parameters suitable for
characien ing the fracture process,

3. selection of fracture prediction models potentially
capable of incorporating the effects of vut-of -plane
stresses on fracture initation,

4. applications of the fracture prediction models to exist-
ing measured data in the plane stress-1o-plane strain
domain and comparisons between the predicied and
measured results, and

5. apphications of fracture prediction madels from ele-
mant (4) 1 the predicuon of positive out-of-plane
stress and strain effects on fracture initiation tough-
Ness.

Results from investigations devoted 1o each of these ele-
ments are presented in the subsequent sections of this

report,

The scrucity of experimental data (with companion high-
quality analytical interpretation) addressing the effects of
biaxial far-ficld stress distribution on fracture oughness
provides the mouvation for studying these 1ssues from an
ana'ytical perspective. Two different analytical approaches
1o the problem are presented in this report, The first
approach addresses crack initiation by focusing on the
near-crack-tp fields, along the crack plane, within a region
extending a few crack-tip-opening displacements (CTODs)
directly ahead of the crack up. Two-parameter fracture
characterization methods, which incorporate the higher-
order T-stress and Q-stress terms, are used (o provide the
technical basis for addressing the shoncomings of conven-
tional one-parameter methods based on the K and J param-
eters. The near-crack-tip results are then interpreted within
the context of selected micromechanical fracture models
for the prediction of crack initiation, The Ritchie-Knott-
Rice (RKR) model is adopted for the prediction of cleavage
fracture, and the McClintock-Hancock-MacKenzie (MHM)
maodel is adopted for the prediction of ductile fracture,
These two models are chesen because they have been
applied to A 533 grade B class | sieel, in the lower-
transition and upper-shelf regions, respectively, with some
success under nonirradiated and irradiated conditions.
Detailed results for these near-crack-tip fields are obtained
using the boundary-layer method. A boundary-layer
method does not involve explicit consideration of loading
and geometry. Instead, the method incorporates prescribed

in-plane and out-of-plane loading and geometry considera-
(ons in a general manner,

The second approach focuses on the development of corre-
lation parameters that relate fracture oughness with a vols
ume of material loaded above threghold values of nominal
stress states. Candidate correlation parameters include, but
are not limited 1o, those based on a critical maximum prin-
cipal stress contour methodology. This methodology
relates cleavage crack initiation with the attanment of a
critical area enclosed within a selected maximum principal
stress contour surrounding the crack Lp. A correlation
between fracture toughness and this numerically de.ar-
mined arca paramelter 1s obtained through applications o
measured data. In this study, the approach is applied w
analyses of existing fraciure toughness data obtained from
CT specimens having a common planform, but with vary-
ing thickness.

This report is organized 1o provide the reader with a sum-
mary overview of results from each clement of the investi-
gation, as well as overall conclusions and recommended
plans for further development and validation. More
detailed information supporung these results and conclu-
sions is provided in Appendixes A-G of this repon.

Beginning in Chap. 3, licensing issuss that were previous!y
identified in the first phase of this work are outlined as
they pertain 1o crack initiation oughness predictions for
circumferential flaws. A summary of results from the first
report!! in this series is given in Chap, 4. Chapier §
foliows with a brief review of the concept of plane strain
fracture toughness and the relationship between general-
ized plane strain (GPS) and the effects on fmcture tough-
ness of positive straining along a crack front. The assump-
tion of GPS conditions i central (o the application of the
various analytical models pe “ented in this study.

In Chap. 6, candidate fracture prediction models for cleay-
age and ductile moaes of fracture are presented. Resu'ts
from applications of these models (o measured data gener-
ated in the plane stress-to-plane strain domain are given in
Chap. 7. The potential for correlating fracture toughness
with postfracture measurements of thickness reduction
(TR) induced by in-plane loading is evaluated.

In Chap. B, results from this study concerning the effects of
applied transverse strains on fracture Wughness are sum-
marized. The motivation and scope of a proposed large-
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scale biaxial testing program are presented. Finally, con-
clusions from this study and recommendations (o future
work are summarized in Chap. 9.
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Plane

For the purpose of this discussion, 8 stae of GPS is said w©
exist when uy and up wre again dependent only on (v, x3),
while the nonzero out-of plane displacemaent component uy
15 defined by the relation

(GETSE ST i

where €3 18 @ scalar sugh that the out-6f-plane strain com-
ponent is uniform and has a magnitide equal 10 £3

As indicated carlier, one of the motivations for this study is
10 explore the unknown effects of posiive Bansverse
straining on fracture toughness of a circumferential crack
inan RPYV. Figure 2 indicates the components of far-field
stress distribution present in the vessel wall during a PTS
transient, with the thermal stress identfiod as the primary
contributor 1 out-of-plane effects. The limiting case is that
of o fully circumferential crack. Under axisymmetnic load-
Ing (pressure is always axisymmetric; thermal-shock can
be avisymmetnic or nonaxisymmetric ), the crack-up fields
for the fully circumferential situation represent the
“Cleanest” and simplest deviation from conventional two-
dimensional (2-D) plane strain constraint. While the fully
circumferential case may appear “artificial” 10 some at first
glance, it must be noted that the fully circumiferential case
i an fact the circumferential flaw geometry of interest in
current probabilistic fracture assessment of RPVs unider
PTS conditions. Consequently, the fully circumferential
case has immediate applicauon and, fortuitously, is also the
simplest to examine from the perspective of departure from
plane strain constraint, Note that while the discussion has
thus far focused on transverse strain and circumferential
flaws, the effects of positive transverse stress in relation 1o
axial flaws can be considered in a similar fashion.

NUREG/CR-6008
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As ane atempts maore “realism” in modeling the circum-
forenual crack sitwanon, one can contemplate crcumienen.
tia! Maws with large aspect ratios. With reference 1o Fag 1,
assume that 3D effects are confined 1 portions of the
crack front that intersect with the inner surface of the
vessel. For large-aspect-ratio ciroumferential faws, it
appears reasonatile o expect that the crack-up fields would
also be essentially 2-D GPS in nature over a substantial
portion of the crack front. In the Limit as one cottemplates
@ “thumb-na!” innes-surlface circumferental flaw, the 2-D

“ewpoin! hreaks down, and the situation is inherently 3-D

Cndture. The genceal applicability of 2-D (GPS) or 3.D

as.amptions i an KRPY analysis, which involves a
combination of vanables such as vessel and Maw geometry
and loading condition’ cannot be determined in an a prion
faskion. As an example, current guidelines on KPY
pressureemperature limits use @ 6-40-1 flaw as the
reference Naw shape, and it is unclear under what
conditions 8 6-10- 1 flaw would be considered 2-D or 3-D in
nature,

Finally, in this study, it will prove conveniont 10 regard
maoderate departure from plane stran constraint in labora.
lory-size specimens as characterized by a state of GPS. In
these situations, the magnitude of the out-of-plane strain
induced by the in-plane loading is negative. Similarly, it
will also prove conven’' nt lo consider positive out-of-plane
straining in the vicinity of part-circumferential Mlaws in a
pressure vessel 10 be characterized by a state of GPS. This
idealization becomes mare meaningful as the »atio of a cir-
cumferental Haw's depth to its circumierential dimension
decreases. The magnitude of the prescribed out-of-plane
straun in these situations is ther positive, Use of GPS in
either context is thus necessarily approximate, and more
precise descnptions of the crack front strain state will be
employed as the need anises.
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6 Fracture Prediction Models

6.1 Micromechanical Models for
Cleavage and Ductile Fracture

The RKR model® is adopied for the prediction of ¢leavage
fracture, and the MH*4 model ™31 is adopied for the pre-
dicuon of ducule fracture. These two models are chosen
because they have been applied W A 533 B matenial, in the
lower-transition and upper-shelf regions, respectively, with
some success under nonirradiated and irradiated condi-
tons. *4 3 Successful application of the RKR model 1o the
analysis of fracture in the lower-shell and in the ductile o
briitle transition region for & German RPY -grade sieel is
also noted 5 On the other hand, some recent investigations
appear 10 cast doubt on the applicability of the RKR model
10 A SO8 Class 3, another RPV -grade steel, in the lower-
shelf and transition regions 1

A key ssimpn.fying feature of these predictive fracture mod-
Ol 15 that they are “one-dimensional” in nature. That is, the
atunment of a critical condition for fracture is phrased in
terms of stress and strn guantities evaluated directly
ahcad of a 2-D crack front along the crack plane. Another
key simplifying feature is that the statistical natwr  of frac-
ture, which is panticularly evident under cleavage failure
conditons, is not considered. Those models are also phe-
nomenological in nature because they describe the condi-
nons necessary for crack initiation in continuum terms
without providing an ¢xplanation for the underlying
micromec hanical process for fracture.

The RKR and the MHM fracture models hypothesize that
crack initiation can be expressed in terms of the atainment
of critical values of global stress and si7ain measures
determined from a continuum elastic-plastic fracture analy-
sis. The RKR model hypothesizes that cleavage fracture
under Mode | condivons is governed by the attainment of &
temperature-independent critical level of opening-mode
stress over @ minimum physical distance ahead of the crack
front. The minimum physical distance necessary for cleay-
age fracture 1s often identificd with the distance from the
onginal crack front to cleavage initiation sites, It has been
suggested in Ref. 35 that both the sicep gradient and the
scatier in fracture toughness that are characteristic of the
ransition region can be attributed to the experimentally
observed scatter in cleavage initiation sites, thereby provid-
ing further justification for using the RKR madel for exam-
ning cleavage fracture. However, available data suggest
that both the nature and jocation of the cleavage initation
sites vary considerably for wominally identical RPV -grade
materials 3338 Consequentt; , a proper consideration of the
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micromechanics of fracture is un intogral clement in the
application of this fraciure model,

The MHM maodel hypothesizes that ducule fracture is
governed by the anginment of & critical level of Mises
elfechive plastic strain €, subject 1o an assoxciated critical
level of stress state expressed in wrms of the hydrostatic o
effective stross rauo /o, Similan 10 the RKR model, the
MHM maodel also requires that tis cnitical condition be
achieved over a minimum physical distance ahead of the
crack front. The minimum physical distance necessary for
ductile fracture is less well defined. This minimum distance
has been identified with the minimum size of a region that
could accommodate the micromechanical processes of
voud nucleation, coalescrnce, and growth that are
associated with ductile fracture or plastic-flow localization.

The common reguirement of a minimum physical distance
over which the failure criverion is met for both the RKR
and the MHM models is a consequence of the observation
that @ critical value of stress or strain measure can usually
be achieved ahead of a crack front, even for infiniesimal
load levels. This observation is a consequence of the sell-
similar nature of crack-tip fields with respect 1o a given
combination of leading and nondimensional distance ahead
of the crack front. The self-similar nature of the crack-tip
figlds is observed for both LEFM and EPFM fields under
one-parameter (K, 1) or two-parameter (K-T, J-Q) domi-
nance conditions. In addition, this self-similarity is
observed under small-strain (sharp crack) as well as large-
stramn (finite initial root radiug) assumptions. Additional
discussion concerning these models is given in

Appendix B.

6.2 Stress Contour Correlation Model

A second approach is employed 1o invesugate the effect of
prescribed transverse and in-plane stress states on fracture
toughness. The methodalogy employed here is based on a
correlation procedure constructed by Anderson and
Dodds?7 10 remove the geometry dependence of cleavage
fracture toughness values for single-edge-notched bend
(SENBE) specimens of A 3¢ swel for a range of crack
depths. This procedure utilizes a local stress-based criterion
for cleavage fracture and detailed finite-clement analysis.
From Rel. 37, dimensional analysis for small-scale yielding
(SSY) implies that the principal stress ahead of the crack
tp can be writien as
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where a, is the 0.2% offset yield strength derived from &
uniaxial stress-strain curve, Gy, is the maximum principal
stress @t a point, and A is the area enclosed by the contour
an which 05, is a constant. The strategy employed in

Ref. 37 nmlrr.u a fracture criterion dependent upon achiev-
ing a criical volume Ve within which the principal stress
18 >0, For a specimen subjected to GPS conditions, the
volume is essentially egual « the specimen thickness B
times the area within the @, contour on the midplane
(Ver = B s Acg). Equation (2) is the appropriate norimal-
izaton for SSY solutions when using the laer fracture
crierton based on valume or area. This tlechnigue was suc-
cossfully employed by Keeney-Walker et al 3 1o correlate
Cleavage iniiavon toughness daw trom CT specimens with
data from the large-scale WP-1 senies of HSST wide-plate
specimens *¥ Additionsl discussion concerning this model
uppears in Appendix D.

6.3 Correlation Between Induced TR
and Fracture Toughness

1t has been proposed recently that posiracture measure-
ments of TR induced by in-plane loading can be correlated
with fracture toughness. 40 An assessment was performed
in this study to determine whether a TR mode! could be
used to verify the previously described analytical models in
the negative out-of-plane strain domain. The TR correla-
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ton examined herein was onginally formulated for plate-
type fracture specimens for which the loading is “in-plane”
in nature, and which results in Mode | or opening-mode
separation of the crack faces under the applied load. % For
the specified “n-plane” loading conditions, the transverse
displacement along the crack front must necessanly be
negative, and “TR" is identified with this type of transverse
displacement. The premise of the TR correlation is simply
that TR can be used as an approximate measure of the
CTOD under the prescribed in-plane loading conditions.

The starting point of the TR correlation is a CTOD vs
J-imegral relation of the form

CTOD = Jjay; (&)

where the flow properties ol the material are specilied via
the parameter oy, which is the average value of the uniax-
il yield and ultimate stress in tension, A correlation
between TR and wughness follows by substituting TR for
CTOD in Eq. (3). For the present purpose, this correlation
is generalized to take the form

TR = J/(may) , )

where m should be regarded as an empirical adjustment
factor. The extent 1o which Eq. (4) can be demonstrated 10
hold at some distance ahead of the crack front would
demonstrate the merits of the proposed TR correlation for
the determination of toughness.
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7 Validation Experiences with J-Q Methodology and
Fracture Prediction Models

7.1 Comparison of Unirradiated
A £33 B J(Q) Toughness Loci
from Shallow-Flaw and WP-1
Testing Programs

Detailed postiest 2-D plane strain analysis rosults for two
specimen geometries are presented in this section. The
primary objectives of these analyses are 10 evaluate the
utility of the weently proposed two-parameter J-Q congept
1o characterize the crack-up Nields up 1o the onset of crack
initiaton in specimens with different Naw depths and to
provide a framework for interpreting and ordering the ob-
served toughness differences between the deep- and shal-
low-flaw geometries. Specifically, dewiled 2-D finie-
strain, fimte<lement analyses were performed for

1. seven specimens from the series-1 HSST wide-plate
experiments, and

2. six specimens from the production phase of the HSST
shallow-flaw fracture toughness testing program, (Three
of the specimens are deep-flaw specimens with nominal
crack depth to specimen width ratio a/W = 0.5, while
the remaining three are shallow-flaw speciens with
nominal /W = 0.1,)

The ORNL wide-plate serics-1 (WP-1) tests**4! provide a
sel of crack-initiation data against which comparison can
be made with the deep- and shallow-Naw data obtained in
the shallow-flaw? study, The WP-1 specimens were of
SEN geometry and fabricated from A 533 grade B class 1
steel plate (HSST-13A). The WP-1 specimens were 1 m
wide, ~10.8 m loug, and 0.1 10 0,15 m (4 1o 6 in.) thick.
Each side of the specimeis was side-grooved 1o a depth
equal to 12.5% ol the specimen thic'.ness, and in most
cases the crack front was cut into a truncated chevron
configuration,

The shallow-crack beam tests?® were performed 1o produce
fracture toughness data that would quanufy the relaxation
of crack-Lip constraint associated with shallow-giack
geometries. Beam specimens were fabricated from A 533
grade B class 1 steel plate (HSST 13B and WP-CE), with
dimensions that varied from 40.6- 1 86-cm (16- 10 34-in.)
length, 10.2-0m (4-n.) depth, and thicknesses of 5, 10, and
15cm (2,4, and 6 in.). Sharp cracks of depths 1 and § ¢m
(04 and 2.0 in.) (WW = 0.1 and 0.5) were installed in the
beams, which were then tested in three-point bead loading
al temperatures corresponding 1o the lower-shelf and the
lower-gransition region of the plate material.
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Finule-element analyses of the wide-plate and shallow-
crack beam experiments were performed using loading
conditions measured in the test. Full-field finite-strain
solutions based on plane strain assumptions wore
generated from models having a highly refined crack-tip
region and a crack-up profile with an initial root radius, As
described in Appendixes B and C, the finiie initial root
radius, which is much smalier than the outer dimensions of
*he mesh, facilitates numerical convergence of the solution,
The full-field mesn and crack-tip profile used in analyses
of the wide-plate specimens are depicted in Fig. B.1.

Crack initigtion for the WP-1 specimens occurred over a
narrow temperature range that envelops the test tempera-
ture of the deep- and shallow-flaw specimens. Current un-
derstanding of the J.Q approach would suggest that the
Jo(Q) toughness loct from the WP-1 and the deep- and
shallow-flaw specimens should be very similar. Insicad,
recent reanalysis of the ORNL WP-1 tests using the (2-D)
1-Q approach indicates a very different J(Q) toughness lo-
cus for the WP-1 1esis as compered 1o the deep- and shal-
low-flaw locus. A comparison of the WP-1 and the deep-
and shallow-flaw J.(Q) ' “hness loci is presented in Fig.
5. Toughness values are expressed in terms of K, and they
are further normalized by the plate 13-A small-specimen
characierization toughness Kie. In Fig. &, the WP-1 results
based on two sets of analysis assumptions are presented.
The open-square symbols correspond 1o analysis results
based on 2-D plane strain assumptions. The filled-square
symbols correspond to analysis results based on an ap-
proximate correction of the same 2-D plane strain results 1o
account for the inherently 3-D nature of the WP-1 crack
fronts,

When the wide-plate and shallow-crack beam results are
evaluaied separately, cach set of crack-initiation loughness
data appears to support a J-Q interpretation. That is, higher
toughness values correspond to more negative Q-stresses,
which imply a decrease in triaxiality and crack-tip con-
straint, Collectively, however, results in Fig. § indicate that
the WP-1 1.(Q) tcughness locus is much steeper than that
for the deep- and siillow -faw specimens. The presence of
3D effects in Jhe WP-1 5 ecimens is hypothesized 10 pro-
vide at least a partial explanation for the observed differ-
ences between the two J(Q) wughness loci. (Tests were
performed ¢ o three different thicknesses of the shallow-
crack beams, and no 3-D effects were detected in the
toughness data.)
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7.2.2 Large-Scale Specimen Toughness Data

Results from apphication of the RKR prediction mode! 1o
the WP-1 series of experiments we given in Fig. 6,
Correlations of measured and predicted wughness .. the
experiments based on (the Q-stress paraieter are expressed
in terms of K-factors normalized by SSY values corre.

sponding 1o inutial conditions. For the WP-1 series (Fig, 6),

toughness predictions are given for three values of the critl-

cal Stress rato, Og/a, = 2.2, 2.6, and 3.4, where 0, = 465
MPa Results for the WP.2 series of experiments are given
i Appendix B. For both series of experiments, the RKR-
maodel predictions (all substantially below the toughness
values determined from (he measured data. Fracture tough-
ness predictions from the RKR model for the shallow-
crack beam specimens are compared with measured tough-
ness values in Fig. 7. Predictuons are given for four values
of the ¢ritical stress ratio, 0g/0, = 2.7, 3.0, 2.4, and 4.0,
Again, the RKR maodel predictions fall below measared
values, but not to the extent indicated for the wide-plate
wpecimens. Note that these results were oblained based on
2-D plane strain assumptions, which were the basis for de-
velopment of the J-Q methodology. 1t has not been estab-
lished 10 what extent these differences are due 1o problems

LA . - v

SR e T

Validation
associsted with representing 3-D stress states in the wide
plates by a 2-D model or 10 problems with the RKR pre-
diction model. As discussed previously, applications of the
RKR prediction model 10 measure daa have been confined
1o small-scale laboratory specimens. There may be diffi-
cultes with applications of the model o large-scale struc-
tures subjected 10 nominal 3-D stress states that have not
yet been identified.

7.2.3 Stress Contour Correlation
Methodology

The development of the critical maximum principal stress
contour methodology described in Sect. 6 depends on es-
tablishing the existence of a critical oy, stress value 0.
correlates fracture toughness behavior over a range of
transverse strain values. In analyses designed 1o validate
and calibrate the mode! in the plane stress-lo-plane strain
domain, the stress contour method was applied 1o fracture
toughness data for A 533 B sieel previously generated by
McCabe and Land %2 for a study of thickness effects in
the transition region. Analyses of 3-D finite-element mod-
els of compact specimens having a common planform of a
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Figure 6  Correlation of measured and predicted toughness for WP-1 wide-plate series based on Q-stress parameter
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parameter

4T specimen and thicknesses ranging from 10,16 10 101.6
mm were performed in an atiempt 1o estimate a crivcal o,
stress value in the negative transverse strain domain. This
estimate of a critical oy, value 1s necessary 1o provide in-
put 10 toughness correlations in the positive transverse
strain domain and, thereby, Lo provide estimates of reduc-
tions in fracture toughness associaled with these strains.
Four specimen thicknesses were analyzed: (1) Model A -
101.6 mm; (2) Mode! B - S0.8 mm; (3) Model C - 254
mm; and (4) Madel D - 10,16 mm, The analyses used an
incremental elastic-plastic constitutive model, and a small
strain formulation, A multilinear stress-strain curve was
generated from wide-plate dat corresponding to a tem-
perature of 0°C (yield siress of 434.8 MPa); the curve was
then elevated to the yield stress of 482.6 MPa reported in
Ref. 42,

The load vs load-line displacements (normalized by speci-
men width W) from the finite-clement analysis of Model D
were compared with experimental data®? in Fig. 8 10 de-
termine if the structural response could be reproduced in
the model, From the analysis, the model yielded and be-
came nonlinear at a lower load than that implied by the ex-
perimental data. To reproduce the linear part of the

NUREG/CR-6008

load/displacement curve in Fig. 8, an artificwally high yield
stress of 610 MPa (determined from a parametric study)
was required.

The critical area parameter Acg was evaluated at iniuation
for each model over a range of 6y, values corresponding to
cleavage initiation. From Fig. 9, the correlations for
Maodels A and B do not intersect: Model C intersects
Model A at ~1250 MPa and coincides with Mode] B be-
tween 1360 and 1400 MPa. Model D i vtersects Model A at
~1340 MPa and Model B at 1500 MPa. This correlauon
proved 1o be unsuccessful in establishing a critical Oy
parameter. It should be noted that the data set utilized in
these analyses included only one ¢leavage i*itiation tough-
ness value for cach specimen thickness, Also, the experi-
mental data were not reported in sufficient detail to permit
resolution of substantial differences between measured and
computed curves representing load vs load-line displace-
ments for the test specimens. Because of these difficulties
with the experimental data, the viability of the stress con-
tour methodology for correlating fracture toughness in the
plane stress-10-plane strain domain cannot be judged on the
basis of the above application.
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The analysis results are compared with the S8Y solution in
Fig. 10 w investigate Q-stress effects. It can be observed
that when the opening-mode stress, normalized by the
yield stress, is ploted vs the normalized distance from the
crack up [/(J/ag)], Model A is close 1o the $5Y solution as
expecied, but Model B begins to diverge at a value of
t/(/ag) = 3; Models C and D are even more divergent.
Additional details concerning these analyses are given in
Appendix D,

7.2.4 Status Assessment of Fracture
Prediction Models

In Sect. 7.2.2, fracture toughness predictions from the RKR
maodel for the large-scale HEST wide-plate specimens were
shown 1o be substantially below values determined from
analysis of measured data from two different maierials
employed in the series of tests. Some possible reasons for
the discrepancies were noted in the discussion of these re-
sults, Similarly, attempis described in Sect. 7.2.3 1o cali-
brate the fracture correlation model hased on a criucal arca
AR within a contour of critical maximum principal stress,
based on a very limited sct of measured data, were unsuce
cessful. In the latter case, the experimental data were not
reported in sulficient detail to permit adequate modeling of
the load vs load-line displacement curves of the test speci-

-
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mens. The general finding is that applications of these frac-

ture models o existing small- and large-scale fracture test

results did not produce consistent results in predicting frac-

ture behavior. Thus. the effects of biasial out-of -plane
stresses on fraciure toughness cannot be predicted here on
the basis of validated models.

Toughress esumates from these models in the positive
wransverse strain domain are given in Appendixes C and D
of this report, However, capabilives of these models for
predicting out-of -plane stress and strain effects on fracture
toughness remain unvahidated, wnd confidence cannot be
placed in applications of these resulis (o questions that
anse from licensing and regulatory issues. Estimaies are
given herein o provide a reference for woughmess predic-
tions implied by a specific interpretation of these models,
as outlined in the previous secuons,

7.3 Correlation Between Induced TR
and Fracture Toughness

7.3.1 Wide Plates

It has been reported that postfracture TR measurements
have been successfully correlated with cleavage crack
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iniliation, arrest, and reinitalion aghness values for the
ORNLNIST wide-plate specimens. 2043 In the wide-plate
studies, postiracture thickness-averaged transverse strain
contours for each of the wide-plate specimens are reported,
along with pecimen thickness, lemperature-dependent ma-
terial properties, and the wemperatu  distributions ahead of
the crack front for each of the specimens. Based on this
information and the proposed TR correlation, crack-arrest
and reinitiation toughness values have been calculated and
reported in Ref. 40 for WP-2 series and in Ref. 43 for
WP-1, WP-CE, and WP-2 senics of experiments. The re-
sults employ temperature as the independent variable such
that the comparison 1§ made across a lemperature range,
whereas Eq. (3) 18 formulated for isothermal conditions, It
is thought that validation of the TR correlation for the
wide-plate tests can be better accomplished by presenting
TR-toughness results at a fixed temperature with woughness
expressed in werms of J-integral values. By fixing the test
temperature, the emperature dependence of various con-
straint effects in the wide-plate tests is eliminated. For the
WP-1 series of tests, at least one crack-arrest event oc-
curred in each specimen within a relatively narrow tem-

Valicd ‘on
perature range of §1 10 62°C. The associated crack-tip
locations also tall within a narrow range betwoen 49 and
56 cm. Consequently, 1t is possible 1 evaluate the TR
carrelaton for the WP 1 specimens with six data points ob-
tined #* asentially wie same temperature and crack length.

The results of such a comparison are presented in Fig. 11,
along with three straight lines that correspond to the pre-
dicted relauonship between TR and ) as indicated by Eq.
(4). The experimental data and finite-clement results used
10 generate Fig. 11 are presented in Appendix F. The pre-
dicted TR-) relations are for WP-1 material at 60°C with
an associated yield stress @y = 412 MPa. T1.2 three straight
lines are based on three values of the empirical adjustment
factor, m. If values of TR are identical 10 values of CTOD,
then the straight line denoted as m = 1 corresponds (o the
limiting, nonhardening, plane stress CTOD vs J relation.
Similarly, the line denoted as m = 2 corresponds 10 the
plane strain relation for a Ramberg-Osgood material with a
hardening exponent of 10, In Ref. 43, validation of the TR
correlaton for the wide-plate tests was performed based on

ORNL-OWG 82 -2018 ETD
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Figure 11 Comparison of measured and predicted crack-arrest toughness values based on Eq. (4) for six of WP-1

specimens

19

NUREG/CR-6008

E,







T e e A e e e o

as indicative of plane strain constraint conditions. Results
shown in Fig. 12 indicaie that aside .rom the 12T speci-
mens, it does not appear that a correlation of the type sug-
gested by Eq. (4) applies  the 1T and 2T specimens.
Magnitudes of the transveise strain for the various speci-
mens are as follows: 04% 10 1.6% for the 12-CT, 0.2% 10
1% for the 1T-CT, and 0.1% 10 0.4% for the 2T-CT speci-
inens. For the 1727 specimens, the TR correlation appears
10 be validated for both large and small values of induced
TR, provided one assumes an adjustment factor less than
that suggested in Ref. 43,

In view of the apparent lack of correlation between the
measured TR and toughness values for the CT specimens,
analyses were performed for a 3-D finite element model of
a 1T- CT specimen in an auempt 1o gain further insights,
Specifically, the question concemns 0 what extent post-
fracture TR measurcment. 0 be related to the amount of
TR just before crack init . .+ »=~ 3 the amoun’ of resid-
ual TR afier crack mitiat 2 s of these finile-element
analyses are described in Appendix E,

The load histories for three of the 1T-CT specimens con-
sidered in Fig. 12 were examined. The finite-clement
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analyses predict substanually lower values of residual TR
than those determined exper-memally for iwo specimens,
while the prediction for the third specimen ‘s nearly
identical to the corresponding experimental measurement.
1t is thought that this observation can be understood by
recognizing that the experimental postfracture TR
measurements represent the total plastic contribution from
crack-initiation and crack-propagation effects. In contrast,
the finite-clemen: results represent in situ predictions of
TR values due to the application of maximum load and
subsequent unloading. Consequently, it would appear that
the contribution 1o TR resulting from shear-lip fosmation
due 10 crack propagation may at times overwhelm the
contribution due to crack initiation,

The wtility of & correlation based on induced TR toward
determination of the effects of prescribed transverse dis-
placement on fracture toughness may be limited. That is,
eve~ if the validity of a correlation between induced TR
and uguness such as Eq. (4) can be established, it does
not follow that this correlation can be used (o determine
toughness as a function of TR, nor that this correlation can
be extrapolated into the positive straining regime, whether
the positive stra,aing is induced or prescribed.
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8 Development and Validation Plans

8.1 Motivation for Biaxial Testing
Program

In the previous sections, analysis methadologies for est-
mating the potential impact of biaxial far-ficld stresses on
crack-initiation touchness of inner surface cracks in RPVs
were,, sented. A modified boundary-layer approach that
focuses on the near stress/strain fields directly ahead of the
crack tip was introduced. This approach, combined with
K-T or J-Q dual-parameter fracture characterization
methodology, was employed to examine fracture initiauon
within the context of the RKR and MHM micromechanical
fr ure models. A fracwure correlation parameter based on
a stress contour method was used to relate cleavage crack
initiation (o the atainment of a critical area enclosed
within a selected maximum principal stress contour ahead
of the crack tip. Studies were also performed (o determine
whether a correlation between fracture toughness and TR
induced by in-plane loading can be used to verify the ana-
Iytical models of this report in the negative transverse
strain regime.

The RKR and MHM fracture predicuon models dewcribed
above have been validated previously for small-scale frac-
ture specimens under nearly plane stoain constraint condi-
tions. In this study, the RKR model was applied 1o fracture
initiation toughness data generated in the HSST Program
from large-scale wide-plate experiments and shallow-crack
beam tests. Correlations of measured and predicted tough-
ness for the WP-1 and -2 senes of wide-plate experiments
based on the Q-stress parameter indicate that the RKR
model predictions fall substantially below the toughness
values determined from analysis of the measured data.
Fracture toaghness predictions from the RKR maodel for
the shallow-crack beam specimens were compared with
measured toughness values for four values of critical
stress. Again, the RKR model predictions were below
measured values, but not to the extent observed in the
wide-plate specimens. Possible reasons for the discrep-
ancies were noted in the discussion of these results, The
stress contour methodology was applied to fracture tough-
ness data for A 533 grade B class | steel to establish the
exisience of a critical op, stress value that correlates frac-
wire toughness behavior over a range of transverse strain
values. The results were unsuccessful because a critical
Op, value common (o three different thicknesses of the
spe-imens could not be established.

Notwiths, wmding these general findings, toughness predic-
vions implied by these models for out-of-plane strain ef-
tects were provided herein for reference purposes. Within

NUREG/CR-6008

22

the assumptions of the various models and analyses pre-
sented here, ensile transverse strains are predicied 1o pro-
duce a relatvely small decrease in effective cleavage frac-
ture toughness when compared with that of identical
specimens loaded uniaxially. Applications of the RKR
mode! (described in Appendix C) and the stress contour
methodology (described in Appendix D) support a reduc-
uon in cleavage wughness of ~9% 1o 20% due to positive
strains. The MKM model (described in Appendix C) pre-
dicted minimal ductile toughness deviation. However, be-
cause the fracture methodologies considered in this study
have not heen successfully validated using fracture data
that involve out-of-plane straining, uncertainties remain
with these estimates such that they cannot be applied with
confidence in addressing questions that affect licensing and
regulatory issues for RPVs,

Experimental evidence was compiled from three different
testing programs that suggest a significant decrease in frac-
ture toughness du2 10 out-of-plane biaxial ... >ss effects.
Figure 13 depicts the reduction in fracture oughness {(in
percent of K¢) expressed as a function of biaxiality ratio
(out-of-plane stress/normal stress) inferred from the testing
programs described in Chap. 1. Estimates of reduced
toughness for the thermally shocked, shallow-crack cylin-
ders (equibiaxial locding) are as high as 40%, when com-
pared to the shallow-crack beams (uniaxial loading). It is
noted that detailed finite-clement analyses employing the
methodologies described in this report have not been per-
formed o provide updated interpretations of these biaxial
test results,

Studies currently under way in the HSST Program are us-
ing methodologies described in this report 10 better under-
stard the substantia’ differences in measured fracture
toughness from the thermal-shock experiments and the
shallow-crack heam tests. It is clear that several different
competing mechanisms affecting fracture toughness are
presented in these two experiments. In addition (o *he biax-
ial stress field, other factors include shallow-crack effects,
methods of structural loading, structural and crack ge-
ometries, and material properties. A definitive conclusion
regarding biaxial effects requires an understanding of these
factors affecting toughness that is sufficient to permit an
unambiguous separation of the individual contnibutions.

From these studies, it is apparent that testing of RPV steels
is required (1) to determine the magnitude of out-of-plane
biaxial loading effects on fracture toughness, and (2) 1o
provide a basis for development of predictive models. The
most desirable program would involve suitable test
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A preliminary set of parameters was selected 1o initigwe the
design process and 10 meet these cight criteria, Criterion 2
may be sauisfied by requiring a normalized crack depth,
&/W, varying between 0.3 and 0.6 10 minimize any shal-
low-crack effects. Additionally, w eliminate influence of
metallurgical gradients, west specimens should be cut such
that the majority of the crack-tip region is located in the
center region of the source plate. To satsfy criterion 3, all
analyses presented here are based on a yield strength level
of 620 MPa. This strength level is both prototypic of ira-
diated A 533 grade B class 1 steel and is attainable in unir-
radiated A 533 B through heat treatment.

A geometry based on a double-tension specimen and the
material characterization of HSST Plate 13A was assumed
for these .+ dies.* Examination of [PTS studies? raveals
that many . .k initiations occur within a temperature
aange of T~ RTnpr from -25°C 10 0°C, Testing at a tem-
perature above RTnpt would likely violate criterion 1, To
ensure crack initiation and to satisfy criteria 4 and &, the
test temperature has been tentatively setat T - RTypT =
~25°C. The initiation fracture oughness at this temperature
is taken 10 be 72.5 MPasy/m . Further evidence that T -
RTNDT = -25°C is a suitable temperature is provided by
data from shallow-crack toughncss tests.
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An essential test requirement is that the crack-driving force
be sufficient o initiate the crack. However, scatter of the
toughness data in the transition region often exceeds a fac-
tor of 2 (Ref. 39). In addition, some increase in toughness
may be present in the biaxial specimens, because SEN
tension specimens generally are less constrained than CT
or SENB specimens. The loss of constraint for tension

loading should be minor if linear clastic conditions are met.

Also, the long flaw length dictated in criterion 5 provides
more opportunities for crack initiauon and should 1end to
bring about a lower initiation value. Based partly on the
WP-1 series of wide-plate experiments,” a load ratio of
K1/Kic = 2.5 is assumed to be a requirement for these tests,
sausfying part of criterion 8. This ratio implies that, at T -
RTNDT = ~25°C, K| must exceed 181 MPasvim .

Design studies are currently under way in the HSST
Program to develop a set of geometric parameicrs, material
and fractme properties, and loading conditions for the
specimen sausfying the above design criteria. Detailed
near-crack-up field analyses for one of several previously
studied specunen geometries are presented in Appendix G
to illustrate an application of the fracture methodology
described in Chaps. 5 and 6 10 the design process.



9 Summary and Conclusions

This report describes work that was undertaken W develop
analytical methods for estimating the potential impact of
biaxial far-field stresses on crack-initiation ughness of
inner surface cracks in nuclear RPVs, A concern exists that
the hiaxial stress distnbution ¢ould have an adverse impact
on material fracture toughness under PTS loading condi-
tons due 1 an increase in crack-up constraint conditions,
This report is the second in a series investigaung the poten-
tal impact of far-ficld out-of-plane stresses and strains on
fracture initiation toughness. The specific objectives of the
investigation are embodied in the following elements: (1)
identification and evaluation of existing biaxial fracture
toughness data, (2) selection of fracture parameters suitable
for characterizing the fracture process, (3) selection of frac-
ture prediction models potentially capable of simalating
the effects of out-of-plane suresses on fracture initiation
toughness, (4) applications of the fracture prediction mod-
els w existng measured data in the plane stress-to-plane
strain domain and compansons between the predicted and
measured results, and (5) applications of fracture predic-
tion medels in element (4) to the prediction of positive out-
of-plane stress and strain effects on fracture initiation
toughness.

Two difterent analytical approaches to the problem were
presented in the report. The first utilizes two-parameter
fracture characterization methods, which incorporate the
higher-order T-stress and Q-stress terms, Lo provide the
technical basis for addressing the shartcomings of conven-
tional one-parameter methods. The near-crack-tip fields are
interpreted within the context of the RKR model for pre-
diction of cleavage fracture, and the MHM model for duc-
tile fracture. The second approach focuses on the develop-
ment of a stress contour correlation parameter that relates
fracture toughness with a volume of matenial loaded above
nominal stress threshold states. The stress contour method
correlates cleavage crack initiation with the attzinment of a
critical area enclosed within a selected maximum principal
stress contour surrounding the crack up.

These fracture models were applied to existing measured
data with the objective of validating the models in the
plane stress-1o-plane strain domain before applying them to
positive out-of-plane strain conditions. The general finding
was that applications of these two fracture models to small-
and large-specimen fracture data did not produce consistent
results in predicting fracture behavior. Notwithstanding
these findings, toughness predictions implied by these
models for out-of -plane strain effects were provided for
reference purpores. Because the fracture methodologies
considered in this study predict fracture behavior that con-
flicts with come of the existing data considered relevant to
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the problem, these estimates cannot be applied with confi-
dence in addressing questions that affect licensing and
regulatory issues for RPVs.

Limited experimental evidence from three testing programs
implied a substantial decrease in fracture toughness from
out-of-plane biaxial stress effects, with estimates of reduc-
tion in K¢ as high as 40% for equibiaxial loading condi-
tions. Proposed in this report are criteria for a biaxiai
specimen that would form the basis of a testing program
designed 1o provide data to explain differences between
theoretical predictions and measured material behavior.
Testing of RPV steels is required to (1) determine the
magnitude of out-of-plane biaxial loading effect on fracture
toughness, and (2) provide a basis for development of nre-
dictive models. This course of action is necessary (o sup-
port a refined treatment of in-plane and out-of-plane con-
straint effects on crack initiation from shallow cracks under
PTS loading conditions, Any increase in crack-tip con-
straint resulting from out-of-plane stresses would act in
opposition w the in-plane grack-tup constraint relaxation
that has been previously demonstrated for shallow cracks.

Recommendations for additional work necessary to pro-
vide validated estimates of out-of-plane stress and strain
eifects on crack initiation toughness include the following:

1. formulation of an experimental program 1o determine
the effects of far-field biaxial vs uniaxial loading con-
ditions on the iniuation toughness of shallow cracks in
RPV steels;

2. determination of the applicability of two-parameter
fracture analysis approaches (e.g., J-Q) to inherently
3-D stress states in the vicinity of the crack tp;

3. performance of detailed finite-element analyses that can
provide accurate descriptions of the 3-D near-tip stress
and strain fields associated with the generation of exisi-
ing fracture data from the wide-plate experiments,
thermal-shock experiments, and shallow-crack beam
tests;

4. resolution of the observed differences between the two
Je(Q) oughness loci for the wide-plate and the shal-
low-crack beam data;

§. resolution of the observed differences between fracture
toughness from measured data and from predictions
provided by the RKR mouel for the wide-plate tests and
the shallow-crack beam tests;

6. resolution of the observed differences in measured frac-
ture toughness from the uniaxiality loaded shallow-
crack beam tests and the biaxially loaded thermal-shock
experimen’s;
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Appendix A

Two-Parameter Fraciure Methods [nvolving
T-Stress and Q-Stress

D. K. M. Shum

A.l Introduction

A growing consensus within the fracture-mechanics com-
munity is that two-parameter methods, which incorporate
the higher-order term T-stress and Q-stress, may provide
the technical basis for addressing the shortcomings of con-
ventional one-parameter fracture correlation methods.
These shoricomings include apparent size effects on frac-
ture toughness and the limited success associated with the
transferubility of small-specimen toughness data to large-
scale structural applications. In this appendix the motiva-
tions and fundamentals of two-parameter methods involv-
ing the higher-order term T-stress and Q-stress are briefly
reviewed. In this report two-parameter methods have been
applied to the prediction of crack initiation in Appendix C
and 1o the analysis of the proposed biaxial fracture speci-
men in Appendix G.

A.2 Current Status of One-Parameter
Methods

Application of linear-elastic and clastic-plastic fracture
mechanics (LEFM and EPFM) theories (o the analysis of
RPVs has traditionally been focused on the evaluation of
the J-integral associated with a particular flaw geometry
under specified loading conditions. Under LEFM condi-
tions, well-known relations exist between J and the stress-
intensity factor K for both plane strain and plane stress
conditions. From theoretical consideratiuns it is known that
in cases for which J is an appropriate correlation parameter,
the crack-tip-opening displacement (CTOD) can also be
used in an interchangeable fashion. Thus, the parameters
K, I, and CTOD form the basis of conventional one-
parameter fracture correlation methods, |2

Fundamental o the development of one-parameter methods
is the understanding that restrictions in terms of geometry,
loading conditions, and material properties exist to limit
their general applicability. This understanding forms part
of the morivation behind the establishment of various stan-
dardized small-specimen testiig methods from which
experimental data are obtained for structural applications.
Research efforts have been devoled toward the determina-
tion of wsung conditions that would ensure that small-
specimen test results are obtained within the domain
appropriate to the application of the one-parameter

theories. 35 These efforts include detailed finiteclement
calculations of the crack-tip fields in various small-scale
specimens and rather precise definitions of “valid” test
conditions with respect to the dewermination of plane strain
fracture toughness. Consideration of three-dimensional
(3-D) effects in small-scale specimens is similarly phrased
in terms of "nearness” (o plane strain or plane stress
“constraint” conditions describable by one-parameter
theories.

In contrast to the research efforts focused on small-scale
specimens, it is significant o note that the appropriateness
of using one-parameter approaches in structural applica-
tions has generally been taken for granted. There have been
very limited auempts o determine accurately the crack-tup
fields in structural appiications and to assess the utility of
conventional one-parameter concepts in light of the struc-
tural application. Existing analysis methods postulate that
one-parameter methods provide sufficient information for
correlating or determining the fracture response of an engi-
neering structure such as an RPV, This assumption has
resulted in the acceptance of fracture data obtained from
small-scale fracture specimens as generally appropriate in
evaluating the fracture behavior of an RPV, Constraint
effects, or possible deviation of RPV fracture responses
from those of small-scale fracture specimens, are consid-
ered only in the context of attempts to characterize this
deviation as a phenomenon betweer: plane strain to plane
stresslike crack front conditions within one-parameter
theories,

A.3 Motivation for Two-Parameter
Fracture Mechanics Approaches

Apparently potential deviation of RPV constraint from that
of small-scale specimens under nominally plane strain
coaditions may be the manifestation of a more general
phenomenon in which the cause of deviation is “in-plane”
in nature. More to the point, it has been analytically
demonstrated that, for a wide range of flaw geometries
under nominally plane strain conditions, substantial varia-
tion in con ‘raint can still result due to in-plane effects 5-8
This type i deviation can also occur under conditions of
plane stress. These in-plane effects have been referred to as
T-stress or Q-stress effects, and the parameters T and Q,
along with K and 1, have been proposed as the basis of
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emerging tvo-parameter fracture meinods. Two example
apphications for which one-parameter methods may not
uniguely characterize fracture are briefly described in the
following sections.

A.L1 Shallow-Flaw Fracture Toughness

Current attempts to deterining “shallow-flaw" fracture
toughness, from both theoretical and experimental stand-
points, in part grow out of the recognition that one-parame-
ter methods are inadequate in this instance. Available
cxperimental data suggest that, for some matenals, initia-
tion of shallow flaws may occur under conditions o}
“enhanced” shallow-flaw wughness; magnitude of K or J
necessary 10 initiate a shaltow flaw can be, on average, up
10 & few times larger than the conventiona! small-specimen
toughne s value. 910 This size effect can take the form of
crack k:ngth to remaining ligament ratio effect, the &/W
offect, for a specimen of fixed plane form. An example of a
shallow flaw in this context is one with a ratio of a/W =
0.1, Allernately, this size effect can take the form of a
scaling effect for a given specimen type where all length
dhnensions of a specimen are fixed in their ratos to one
another. An apparent increase in fracture toughness would
then occur as the absolute dimension of the specimen is
decreased.

An issue in the experimental determination of shaliow-flaw
{racture toughness is whether this shallow-flaw effect is
dependent on the absolute crack size or the relative crack
size, Limited analytica! studies suggest that it might be
necessary 1o consider a two-parameter description of the
near-crack-up fields that incorporates the effects of the
higher-order term (T- or Q-stress, where appropriate) in an
approximate description of the full-field solution associated
with a shallow-flaw geometry, It is recognized that for
some combination of flaw size and material behavior the
near-crack-up fields are not amendable 1o even a two-
parameter characterization,

In view of the potential tughness enhance..ient due to
shallow-flaw effzcts, an example siructural application is
given next for which two-parameter methods may be appli-
cable. The structural application (s in the area of proba-
bilistic fracture mechanics safety assessment of an RPV
subject 10 a hypothetical pressurized-thermal-shock (PTS)
transient. !

A.3.2 Safety Assessment Under PTS
Conditions

The prediction of vessel failurs probability 1s dependent on
a large number of parameters such as vesse! geometry,
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loading conditions, and material properties.!! A particu-
larly significant analysis variable is the assumed initial
flaw size distribution, Current probabilistc fracture
mechanics analysis procedures assume an initial flaw popu-
lation that is predominantly comprised of short flaw i of
lengths <13 mm (.5 in.), relative to typical wall thick-
nesses on the ceder of 200 mm (8 in) for an RPV. In the
terminology of small-specimen testing, this corresponds o
an &/W ratio of ~0.06. Analysis results suggest that when
the loading conditions simulate the occurrence of a small-
break loss-of<coolant accident (SBLOCA), the population
of flaw sizes most susceptible to initiation that lead directly
10 failure are those that congregate near the inner surface of
an RPV and are of a depth <13 mm, However, the majority
of vessel failure scenarios are due to the arrest and -~ "nitia-
tion of initially shaliow flaws that lead to ultimate v¢
failure.

Prediction of the probability of vessel failure is based in
part on the use of the ASME lower-bound Kj. and Ki4
curves 1o represent the toughness of the RPV material 12
The ASME lower-bound curves are based primarily on
small-specimen data that were generated under essentially
one-parame @r dominant conditions. For the type of
shallow flaws considered in the above example, the exis-
tence of K- or J-dominant, one-parameter crack-up fields
would be dependent on the elastic-plastic behavior of tue
vessel material. Based on available expenmental and ana-
lytical results, shallow-flaw effects cannot be ruled out.
Currently, the petential benefits of enhanced shallow-flaw
toughness that would act o prevent initiation of shallow
flaws that (1) lead directly to vessel failure and (2) lead
eventually 1o vessel failure are not considerad. A refined
treatment of RPV safety assessment is likely to involve
improved understanding of two-parameler effects from
both analytical and experimental perspectives.

A.4 Definition of T-Stress

Within the context of LEFM, the asymptotic two-dimen-
sional (2-D) near-crack-up fields, as a function of position
relative to the crack tip, can be expressed in the form »f an
infinite series. Let (r.8) denote the position of a material
point relative te the crack tp in polar coordinates, The
infinite series denoting the Mode 1 stress components then
takes the form

K
B 7-2-,‘;; &(0) + T8, 8 +... ., (AD

where &;;(8) are functions depe: ent on the anguiar coor-
dinate 8 only. These infinite series are commonly referred
to as the Irwin-Williams series.!>-14 The first terms in
these series become unbounded as the crack tip is
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approached. The stress<intensity factor K is the amplitude
of the first 1erm in these series, and its value is
undetermmed from the asymplotic expansion.

The T-stress erm is merely the next ugher-order term in
the series expansion for the opering-mode stress compo-
nent. The T-stress term describes a stress field that is inde-
pendent of position relative o the crack front and repre-
sents & uniform stress field parallel o the plane of the
idealized 2-D crack. Within the context of 3-D LEFM, the
Irwin-Williams asymptotic expansion concept can be gen-
eralized, resulting in three T-stresslike terms. ! 516

A.5 Definition of Q-Stress

Within the context of EPFM, the counterpart to the lrwin-
Williams series in 2-D is the HRR solution for deforma-
ten-theory matenal, for which the uniaxial stress-strain
relation is of the Ramberg-Osgood form.!7:1¥ The infinite
series denoting the Mode 1 stress components have the
form

1

{ o
|t |24 3(0) + ... , (AD)

O = O | e
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where &;,(8) are again functions dependent on the angular
coordinate 8 only. In the HRR solution, the first terms are
also singular with an amplitude undetermined from the
asymptotic analysis. In this case the undetermined anpli-
tude corresponds to the value of the J-integral. Since the
J-antegral is path-independent for all deformation-theory
material, its value cun be evaluated from locations remote
from the crack front. It is the path-independence of the
J-integral, and its identificaton with the amplitude of the
HRR field, that forms the basis of conventional one-
parameter EPFM theory.

In & manner somewhat analogous to T-stress, the Q-stress
term” plays the role of a higher-order term in the HRR
expansion in the sense that the Mode [ stress components
in these series are assumed to take the form

1

J )-—- A
O = O | = | N1 &..(0) 4 S+
: . [“ooeoln' J i+ Qe

forBl< n/2 . (A3)

Unlike the T-stress term, the Q-stress term is not an ana-
iytic consequence of the asymptotic expansion. Instead, use
of the Q-stress term in the context of Eq. (A.3) follows

sl sasatsiacid sl oo ol

e

Two-Pu ometer

frowmn the following numerical observation. Detailed finite-
element analyses performed for power-law Mardening
materials indicate that the near-<crack-tip solutions appear
ic be consistent witi the assumed expansion indicated in
Eqg. (A.3).7 This assumed form generally applies only to
the forward sectors symmetric about the crack plane ahead
of the crack up, extending approximately 90° 10 either side
of the crack plane. Consequently, the utility of a Q-stress
description of the near-crack-up fields requires that the
physical micromechanisms of fracture be confined within
the forward sectors. The Q-stress term is readily under-
stood as a state of 2-D hydrostatic stress superinposed on
the HRR solution. Under condiuons for which the T-stress
can be defined, the Q-stress is related to the T-stress.
Figure A.1 (from Ref. 7) illustrates this relationship for two
values of the exporeni in the definition of a power-law
hardening material. The methodoiogy for extending the
Q-stress concept into 3-D fructure analysis is still an open
1ssue.
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Figure A.1 Relationship between Q-stress and

T-stress for two power-law hardening
materials
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Due to the numerical nature of its definition, determination
of the Q-stress term is not without ambiguity. In its original
development, the Q-stress term was defined as the differ-
ence between the full-field stress solution (to be explained
shortly) of a given problem and the reference HRR stress
solution along the crack plane. Tue stross solutions are
obtained using finite-strain theory. It is observed that the
Q-stress parameter thus determined s nearly constant over
a distance up 10 5 J/o,, ahead of the original crack tip for
the various stress components. Definition of the Q-stress
term is made more precise by identifying Q-stress as the
difference between the opening-mode stress component of
the full-field and reference solutions at a distance of 2 J/o,,
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ahead of the crack front, A limitation with this approach is
that HRR solutions are available only for cases of idealized
pure power-law material models.

A more recent approach'? is 1 define a second form for
the Q family of fields using the Q = U solution as the refer-
ence solution;

. "
o * (O‘J)ng ¥ Qooaq for ,0! L (A4)

.

Here, the Q = 0 solution is the small-scale yielding (S5Y)
solution (1o be explamed). The Q-stress term is then
defined as the difference between the opening-mode stress
component of the full-field distribution and the
corresponding quantity in the associated SSY problem at a
distance of 2 /o, ahead of the crack front using finite-
strain theory. This approach has the advantage that it
admits a more general representation of 4 material's stress-
strain behavior,

Shih" has presented an interpretation of the two-parameter
J-Q theory that spans the range of stress states extending
from linear-elastic through elastic-plastic conditions, In
this interpretation, J is a measure of the deformation that
scales the size of the process zone, while Q scales the n-
axiality level ahead of the crack tip. For essentially LEFM
conditions, the deformation fields and triaxiality are tughtly
coupled, so that the imposition of ensile or compressive
out-of-plane stresses can affect triaxiality. Under condi-
tions of substantial plastic deformation, however, the
deformation fields and stress triax 1ty are independent
parameters, with triaxiality being affecied only by the
imposition of a state of pure hydrostatic stress

A.6 Full-Field and Modified-
Boundary-Layer Solutions

The concepts of modified-boundary-layer (MBL) and full-
field solutions provide the basis for understanding the rela-
tionship between conventional one-parameter fracture cor-
relation methods and the (wo-parameter methods discussed
previously. In addition, these concepts provide the frame-
work for understanding the relationship between T-stress
and Q-stress, and the conditions under which T-stress
and/or Q-stress can be rigorously applied to the analysis of
a fracture problem, Furthermore, these concepis can be
used to gage the merits of various T-stress and Q-stress
estimation schemes. In the following discussion, these con-
cepts are first illustrated in the context of conventional one-

*C. F. Shih, “J-Q Fracture Methodology,” presented at the Workshop on
Constisint Effects in Fracture, sponsored by U.S. Muclesr Regulatory
Commission, Rockville, Md., March 3, 1992,
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parameter methods. Extension of these concepts in the
context of two-parameter methods would then be self-evi-
dent

A.6.1 Full-Field Solutions

Implicit o the application of one-parameter fracture
methods 10 engineering structures containing finite-length
flaws is the assumption concerning the existence of either a
K- or J-annulus surrounding the crack-tip region. This
assumption is equivalent to the idea that an annular region
surrounding the crack tip can be located for which the
totality of the influence of geometry, material behavior,
and loading conditions can be adequately expressed in
terms of an applied K or J value that characterizes the
magnitude of the near-crack-iip fields acting upon this
region. In addition, the size of the annular region needs
be sufficiently large, in comparison o relevant
microstructural parameters such as the grain size, 10 ensure
that a continuum, homogeneous deseription using the
parameter K or J is physically meaningful. These
fundamental assumptions form the basis of transferability
of fracture toughness data obtained in small-scale fracture
specimens Lo large-scale structural applications.

Inherent 1o these assumptions is the fact that limitations
exist regarding the utility of these one-parameter
approaches, For a given apolication, the full-field solutions
are defined to be the stress and strain distributions within
the structure obtained by explicitly considering the influ-
ence of the finite geometry of the structure *nd the flaw,
Only 10 the exten. that the full-field soluue:  m the neigh-
borhood of the crack tip can be adequately approximated
by an asymptotic one-term description of the crack-tip
ficlds would the use of one-parameter concepts be mean-
ingful. In general, however, the validity of this approxima-
tion is often not quantitatively verified due to the pro-
hibitive numerical requirements associated with modeling
both the near-crack-tip region and the global behavior of
the structure, inswead, the path-independenc~ f the J-iute-
gral is used to determine its value in a generally rough
model of the structure, without verifying the existence of
the assumed K- or J-annulus.

A.6.2 MBL Solutions

The numerical difficulties associated with a quantitative
determination of both the near-crack-tip and the global
stress and strain fields are resolved via the concept of a
boundary-layer analysis.?0 In a boundary-layer analysis,
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
wholly accounted for via the imposition of a “remote”
K-field on the associated fracture problem of a “semifinite”
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Appendix B

Fracture Model Development

D. K. M. Shum

The development of predictive fracture madels 1s comple-
mentary to the gathering of experimental fracture data.
Validation of proposed fracture models within an accepted
data base provides the necessary means for understanding
the causes of fracture behavior in small-scale fracture
specimens and, by extension, 1o structural applications.
More importantly, validated fracture models can then, in
turn, 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
appropriate testing matrix by identifying the relevant test
parameters. The focus of the present investigation, namely
determining the effects of transverse strain on crack initia-
ton is a good example of the role that predictive fracture
maxdels can play . reactor pressure vessel (RPV) safety
evaluation,

B.1 Candidate Fracture Toughness
Prediction Models

In the following discussion, the Ritchie-anott-Rice (RKR)
made!! is adopted for the prediction of cleavage fracture,
and the McClintock-Hancock-MacKenzie (MHM)
model?3 is adopted for the prediction of ductile fracture.
These two models are chosen because they have been
applied to A 533 B material with some success in the
lower-transition and upper-shelf regions, respectively,
under nonirradiated and irradiated conditions. 4~ Success-
ful application of the RKR model to the analysis of fracture
in the lower-shelf and in the ductile-to-brittle transition
region for 20MnMoNi55, an RPV-grade steel, is also
noted.” On the other hand, some recent investigations
appear o cast doubt on the applicability of the RKR model
to A 508 Class 3, another RPV-grade steel, in the lower-
shelf and transition regions.®

A key simplifying feature of these predictive fracture
maodels is that they are one-dimensional (1-D) in nature,
That is, the attainment of a critical condition for fracture is
phrased in terms of stress and strain quantities evaluated
directly ahead of a two-dimensional (2-D) crack front along
the crack plane. Another key simplifying feature is that the
statistical nature of fracture, which is particularly evident
under cleavage failure conditions, is not considered. These
maodels are also phenomenological in nature because they
describe the conditions necessary for crack initiation in
continuum tenns, without providing an explanation for the
underlying micromechanical process for fracture. Fracture

B-1

models that incorporate, 1o varying degrees of sophistica-
tion, statistical and micromechanical aspects of cleavage
and ductile failure are available in the lierature 9-16
However, in view of the limited validation of fracture
models with respect o RPV-grade materials, adoption of
the simple RKR and MHM models in the present study is
deemed justified,

With reference to the objective of this study (namely,
determining the potes.uial toughness deviation due to trans-
verse straining), it is noted that validation of the RKR and
the MHM models in the references cited above is in the
sense that these models have been successfully applied
toward predicting the overall temperature dependence of
small-specimen fracture toughness data. Scatter of poth the
toughoess data and the magnitude of the induced transverse
strain at a given lemperature is not explicily considered. A
discussion on this scatter and its relevance toward the vali-
dation of a predictive fracture model is presented in
Appendix F.

However, it is noted that the experimental data employed
in these validations were obtained using small-scale speci-
mens, such as 1T compact-tension (CT) specimens in the
case of Refs. 1 and 7, and a range of IT-CT 0 11T-CT
specimens in Refs. 4-6. Based on the results to be pre-
sented in Append xas E and F, the magnitude of the
induced transverse contraction strain at fracture associated
with I T-CT specimens is on the order of the yield strain. In
the absence of toughness data obtained under prescribed
negative transverse straining, these studies could be viewed
as providing validation of the RKR and the MM models
under moderate relaxation fron plane strain constraint
conditions. Because the state of tensile transverse straining
appropriate to RPV discussions is on the order of the yield
strain, it appears reasonable to employ these models o
evaluate the effects of transverse strain (positive or nega-
tive) on the order of the yield strain on fracture toughness.

The RKR and the MHM fracture models hypothesize that
crack initiation can be expressed in terms of the attainment
of ¢ritical values of global stress and strain measures deter-
mined from a continuum elastic-plastic fracture analysis,
The RKR model hypothesizes that cieavage fracture under
Mode I conditions is governed by the attainment of a em-
perature-independent critical level of opening-mode stress
over a mimmum physical distance ahead of the crack froat.
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The minimum physical distance necessary for cleavage
fracture 18 often identificd with the distance from the onigi-
nal crack front to cleavage-initiation sites, It has been sug-
gested in Ref. 7 that both the steep gradient and the scatter
in fracture toughness that are characteristic of the transition
region can be attributed to the expenimentally observed
scatter in cleavage-iniuation sites, thereby providing fur-
ther justification for using the RKR model for examining
cleavage fracture, However, available data suggest that
both the nature and location of the cleavage-inuation siles,
for example, vary considerably for nominally identical
RPV-grade materials.” Consequently, a proper consid-
eration of the micromechanics of fracture is an integral
element 1n the application of this fracture model, Again, it
must be emphasized that the statistical nature of cleavage
fracture 1s not explicitly considered by the present applica-
tion of the RKR maodel.

The MHM maodel hypothesizs that ductile fracture is gov-
erned by the attainment of a critical level of Mises effecuve
plastic strain £¢ subject 10 an associated critical levei of
stress state expressed in terms of the hydrostatic o effec-
tive stress ratio Op/de. Simiar to the RKR maddel, the
MHM madel also requires that this entical condition b
achieved over a minimum physica! distance ahead of the
crack front, The minimum physical distance necessary for
ductile fracture is less well defined. This minimum distance
has been identified with the minimum size of a region that
could accommaodate the micromechanical processes of
void nucleation, coalescence, and growth that are
associated with ductile fracture or plastic-flow localization.

Within the contexi of these two simple models of fracture,
experimental observations of a tronsition from brittle
ductile failure mode, either as a function of test tempera-
ture or constraint, is presumed o be a consequence of the
competing micromechanisms for lracture expressed by
these two fracture models. Analytical prediction of this
transition that takes into account T-stress effects has been
attempted with some success.!”

As discussed above, the RKR and MHM predictive fracture
models provide a relation betw2en experimentally obtained
fracture toughness values, such . a critical value of K or J,
with more “fundamental™ material failure parameters in
terms of global stress and strain measures and a critical
material distance. The utility of these more fundamental
material parameters is that they can, in principle, be
determined experimentally, so that these parameters pro-
vide the basis for “fine-tuning” a predictive model 1o fit
observed fracture toughness data. While much work has
been devoted to the development of these fracture models,
and to the identfication of the associated fundamental

material parameters, a surprising lack of activity has been
relaied 1o the experimental determination of the magnitude
of these critical material parameters. As will be evident
shortly, the uncertainty regarding the cnitical values of
these material parameters is reflected in the necessity to
assume values for these parameters in the zpplication of
vanous fracture models in this stdy. Clearly, further
development of the fracture maodels employed in this study
awails the experimental determination of the critical values
associated with the various material failure criteria.

B.2 Requirement for Critical Distance
Parameter

The common requirement of a minimum physical distance
over which the failure criterion is met for both the RKR
and the MHM models is a consequence of the observation
that, in fractw * probloms, a critical value of stress or strain
measure can usually be achieved ahead of a crack front,
even for infinitesimal load levels. This observation is a
consequence of the self-similar nature of crack-up fields
with respect o a given combination of loading and non-
dimensional distance ahead of the crack front. The self-
similar nature of the crack-tip fields is observed for both
linear-elastc fracture mechanics (ILEFM) and elastic-plas-
tic fracture mechanics (EPFM) fields under one-parameter
(K,J) or two-parameter (K-T J-Q) dominance conditions. In
addiuon, this self-similarity 1s observed under small-strain
assumptions (sharp crack), as well as large-strain (finite
initial root radius) assumptions. The requirement of a
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 matenial {ailure
conditions solely in wrms of stress and strain measures.

B.3 Sample Calculations for
Irradiation-Induced Toughness
Degradation

The methodology to use the RKR and MHM models o
examine the effects of out-of-plane strain on crack initia-
tion, 1o be discussed in Appendixes C and G, is illustrated
by the following example. Quantitative predictions of
cleavage fracture for an irradiated RPV-grade material are
obtained for conditions of small-scale yielding (SSY)
based on reported critical values of the various material
parameters in the lower-transition region.*- Limited
experimental data for Heavy-Section Steel Technology
(HSST) Plate 02 (A 533 B) suggest that the critical cleav-
age stress is on the order of 1700 1o 1800 MPa. The corre-
sponding minimum critical distance to cleavage-initiation
sites that best fits “mall-specimen data is on the order of 50
to 100 pm. It is assumed that irradiation does not atfect the
critical value of these material failure parameters.

?

NUREG/CR-6008 B-2 ‘



Theretore, it 15 emphasized that these cntical values need
to be viewed as approximate in nature

For an assumed lower-shelf irradiation-elevated yield stress
of 620 MPa, a criucal cleavage stress of 1800 MPa normal-
ized with respect 1o the yield stress is ~2.9.* In the context
of the RKR model, it 1s that portion of the stress distribu-
Jon that decreases with increasing distance from the notch
*p that 1s relevant 1o the prediction of fracture. Based on a
range of critical distance parameters of 50 to 100 pm, the
irradiation-degrade.  cacture wughness is predicted to be
between 10.3 1o 20.6 kN/m in terms of J, or between 44,7
and 63.2 MPasVm in terms of K, based on a Young's
modulus of 193 GPa (28,000 ksi). This predicted irradia-
tion-induced ughness degradation s consistent with
experimental observations. Consequently, it is seen that the
RKR model, while exceedingly simple in its present form,
appedrs to provide toughness predictions that are consistent
with observed toughness data.

As evident from the above example, quantitative determi-
nation of frewre toughness values using these simple frac-
ture toughness prediction models requires that experimen-
tal data on crivical material parameters be available for the
material of interest. However, in predicting the amount of
wughness deviarion from standard ASTM-valid values due
tc out-of-plane strain or T-stress effects, for example, the
reliance on the availability of experimental data for the
various critical material parameters is lessened.

B.4 Application of the RKR Model to
Fracture-Toughness Data from
Large-Scale Experiments

The RKR model described in the previous sections was
applied to fracture-initiation toughness data generated in
the HSST Program from large-scale wide-plate experi-
ments?®24 and shallow-cracked beam tests. S One objec-
tive of these analyses was 10 validate the RKR model
against specimens that are much larger than conventional
laboratory specimens and more representative of RPV
structural dimensions

The HSST wide-plate experiments20-24 yiilized large
plates with planar dimensions of 1 by 1 m and thicknesses
of 0.1 or 0.15 m, to which long pull plates were welded 1o
produce an (.sembly ~10 m long. The plate assembly was
tested as a single-edge notched (SEN) tension specimen
containing & sharp crack having a normalized depth of
AW = 0.2. The 'WP-1 series?021 of experiments utilized

*With reference to Fig. C.8, the entical cleavage stress is exceeded over a
distance 3] /0, Yot the case of £ = 0 (plain strain, SSY)
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plate specimens fabricated from good Guality A 533 B steel
(HSST Plate 13 A), while the WP-2 series® 24 was based
on a 2-14 Cr 1-Mo steel that had been specially heat
treated 1o produce a low charpy upper-shelf energy. For
maost of the wide-plate specimens, the crack front region
wis cut kato a chevron configuration to reduce the axial
load required w achieve cleavage initiation in the lower
transition region of the materials,

The shallow-crack beam tests?® were ne-formed to produce
fracture toughness data that would quantify the relaxation
of crack-tip constrant associated with shallow-crack
geometries. Beam specimens were fabricated from A 533
grade B class 1 steel plae (HSST 12 B and WP-CE) with
dimensions that varied from 40.6- 1o 86-cm (16- 10 3-in.)
length, 10.2-cm (4-in.) depth, and thicknesses of 5, 10, and
15¢m (2,4, and 6 in.), Sharp cracks of depuhs 1 and 5 em
(0.4 and 2.0 in.) (/W = " and 0.5) were installed in the
beams, which were then tested in » .ec-point bend loading
at tlemperatures comesponding to the lower shelf and the
lower transition region of the plate material.

Finite-element analyses of the wide-plate and shallow-
crack beam experiments were performed using loading
conditions measured in the test. Full-field finite-strain solu-
tions based on the plane strain assumptions were generated
from models having a highly refined crack-up region and a
crack-tip profile with an initial root radius. As described in
Appendix C, the finite initial root radius, which 1s much
smaller than the outer dimensions of the mesh, facilitates
numerical convergence of the solution. The full-field me:%
and crack-up profile used in analyses of the wide-plate
specimens are depicted in Fig. B.1.

Results from application of the RKR prediction model
the WP-1 and -2 series of experiments are given in

Figs. B.Z and B3, respectively, Correlations of measured
and piedicted toughness for the two series of experiments
based on the Q-stress parameter are expressed in terms of
K-factors normalized by SSY values corresponding to ini-
tiation conditions. For the WP-1 series (Fig. B.2), tough-
ness predictions are given for three value . of the critical
stress ratio, 0./0, = 2.2, 2.6, and 3.4, where o, = 465 MPa,
For the WP-2 series (Fig. B.3), predictions are given for
0./0, = 3.6, 4.8, and 5.6, where g, = 250 MPa. For both
series of experiments, the RKR model predictions fall sub-
stantially below the toughness values determined from
analysis of the measured data,

Fracture toughness predictions from the RKR madel for the
shallow-cracked beam specimens are compared with mea-
sured toughness values in Fig. B 4. Predictions are given
for four values of the critical stress ratio, 0./0, = 2.7, 3.0,
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Appendix C

Micromechanical/Boundary-Laycr Approeach to
Crack-Initiation Prediction

. K. M. Shum

C.1 Introduction

Evaluation of the potential woughness degradation, from a
reference plane strain value, due to positive transverse
straining along a crack front requires resolution of the fo!-
lowing two issues. The first issue pertains 10 the extent that
the near-crack-tip fields are perturbed from their refe rence
plane strain distributions due o positive transverse strain-
ing. When the cffects of transverse straining on the esr-
crack-tip fields are quantified, the perturbed fields can then
be interpreted within the context of a postulated tailure or
vrack-initiation model to provide estimates of potential
toughness deviation. Toughness estimates provided in this
manner are premised upon the assumption that transverse
straining does not alter the fundamental micromechanism
of crack initiation relative to the plane strain condition, The
second issue pertains to whether the perturbation of the
plane strain near-crack-tip fields due 1o transverse straining
18 sutticient to result in a change in the micromechanics of
crack initiation (e.g.. from a cleavage to a ductile failure
mechanism),

Advanced continuum mechanics analysis methods <an be
applied >ward the evaluation of the near-crack-tip fields
due 10 various degrees of transverse straining, within which
the plane strain condition is a special case. Crack-initiation
maodels 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
toughness. However, current understandings of the micro-
mechanics of fracture are such that prediction of the micro-
mechanism of fracture associated with a given set of load-
ing conditions cannot be provided with confidence.

Consequently, the focus of this appendix is on the first
1ssue outlined-—namely, 1o present a method for estimating
the potential toughness deviation from a reference plane
strain value due to transverse straining, assuming that
transverse straining does not alter the micromechanism of
fracture associated with the plane strain condition, This
method addresses crack initiation under generalized-plane-
strain (GPS) conditinns by focusing on the near-crack-tip
fields, along the crack plane, within a region extending a
few crack-tip-opening displacements (CTODs) directly
ahead of the crack tip. The near-crack-up results are then
interpreted within the context of available micromechanical

fracture models for the goodiciios 2f crack initiation,
Dewiled results tor Ue.w near-crack-tp fields are obtained
using the boundary-layer method. A boundary-layer
method does not involve expiic'’ considuration of loading
and geometry. Instead, this method incorporates prescribed
ie.-plane and out-of-plane loading and geometry considera-
tions in & general manner. The concepts underlying the
voundary-layer method, cad the companion modified-
toundary-layer (MBL) method, are discussed in

Appendix A.

The essential difference between the present formulation
and traditional smali geometry change (SGC) linear-¢lastic
fracture mechanics (LEFM) and elastic-plastic fracture
mechanics (EPFM) formulations is that large geometry
change (LGC) effects in the vicinity of the crack tp are
considered. Consideration of LGC effects rueans that the
traditional mathematically sharp crack is now replaced
with a blunted noich under load, which is the physically
more meaningful crack-tip representation when one is
interested in events within 1 distance of a few CTODs from
the deforming crack tip. Inclusion of LGC effects results in
near-tip features that are quite different from those
obtained under SGC approximations. These near-tip fea-
tures are used (o relate results from continuum stress analy-
ses 1o miciostructural failure mechanisms.

In the first phase of this work, an analyucal description of
the near-crack-tip region was developed based on GPS
slip-line theory.! The loading conditions considered corre-
sponded to small-scale yielding (SSY) for which the
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
predicted near-crack-tip fields in light of a postulated duc-
tile failure criterion. The slip-line model was used to pro-
vide near-term estimates on the change in crack-initiation
oughness, relative to plane strain toughness, associated
with either negative or positive straining on the order of the
yield strain along a crack front.

In this appendix refined estimates on the change in crack-
initiation toughness associated with a state of GPS along
the crack front are presentee This refinement is accom-
plished by constructing 2 .. ..led, finite-element-based
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descriprion of the near-crack-up region, along with an
elastic -plastic description of material behavior, The loading
conditions 1o be considered also correspond o SSY.
However, within the context of S8Y, two classes of in-
plane loading conditions will be considered. The first in-
plane loading condition is one for which the remote stress
fields are characterized by the parume.er K only; the near-
crack-tip fields that result under plane strain conditions will
henceforth be referred 1o as the reference SSY resuls. The
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
features of two-parameter approaches based on T-stress
and Q-stress.

Analysis results are presented first for the case of single-
parameier remote K-field loading. Com anson of present
results with predictions based on the s! p-line approach,
where apropriate, are presented. Analysis results are then
presented for the case where the remote in-plane loading
conditions are charact ized by both K and the higher-order
parameter T. Analysis results are interpreted alternately in
light of a postulated cleavage or ductile failure critenon.
Finally, implications of these results toward crack initiation
under GPS conditions are discussed.

A qualitative discussion on the anticipated effects of trans-
verse strain on crack-up fields is appropriate at this point.
Beyond the near-tip region characterized by large-strain
effects, magnitudes of the in-plane stress and strain com-
ponents decrease with increasing distance from the crack
tip. Consequently, the effects of transverse strain on the
crack-tip fields in a GPS analysis are expected 1o become
significant with increasing distance from the crack tup. A
prescribed magnitude of the wansverse strain, on the orde:
of the yield strain, is expected to greatly perturb both the
shape and size of the plastic zone. Perturbations of the dis-
tributions of stress and strain components from the refer-

ence plane strain distributions are also expected to be sensi-

tive to transverse strain. Both of these effects have been
ohserved in the analysis results to be presented. However,
the critical question with respect 10 possible deviation from
plane strain fracture oughness due to transverse straining
is whether the perturbing effects of transverse strain are
significant over the near-crack-tip region within which the
micromechanisms of crack initiation take place. The analy-
se5 10 be presented here are uimed wward a resolution of
this question.

(.2 Material Models

Two material models will be considered in this appendix.
The first material model is one that 1s linear-elasuc below
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the yield point as characterized by the yield strain g, =
6/E, where @, is the uniaxial yield stress in tension and E
is Young's modulus. Poisson's ratio is equal to 0.3,
Beyond yield the materia’ is of the power-law type with the
hardening exponent denoted as n. The uniaxial true stress-
true plastic strain curve in tension is of the form

r n
€ o ' .

The above maturial model is used 1o examine effects of
out-of-plane straining on the near-crack-tip fields under
single-parameter remote loading conditions. Various com-
binations of &, &, and n have been considered in this
study. While the reference SSY results are sensitive to the
magnitude of these material parameters, the predicied
deviations of the near-crack-tip fields from the SSY results
due to transverse strain are remarkably similar for all cases
considered. Consequently, numerical results are presented
only for the case where @ = 1, £ = 1/400, and n = 10,
These numerical values correspond 1o a material descrip-
tion often used to model the uniaxial stress-strain response
in tension of a reactor pressure vessel (RPV)-grade mate-
nial in the unirradiated condition.

The second material model i1s adopted 10 model the uniax-
ial stress-strain response in tension of an RPV-grade mate-
rial subject to irradiation effects. This material model is
used to examine aliemately the effects of out-of-|, #ae.
straining (only) and combined effects ot T-stress and out-
of-plane straining on the reference SSY near-crack-tip
fields. The elastic portion of the uniaxial stress-strain curve
is characterized by £ = 1/311, and Poisson's ratio is equal
to 0.3. The uniaxial true stress—true plastic strain curve in
tension is assumed to be bilinear. The plastic nortion of the
uniaxial stress-strain curve becomes nonhardening at a
normalized stress leve! of /g, = 1.3 with an associated
true plastic strain of 0.075.

(.3 Finite-Element Description of
Near-Crack-Tip Region

In a boundary-layer approach the near-crack-tip region,
over which the CTOD sets the size scale of the problem, is
modeled by constructing a finite-clement mesh with a suit-
ably large outer boundary as indicated in Fig. C.1(a). A
unique feature of the finite-clement mesh is the highly
refined crack-tip region. The high degree of refinement is
necessary o obtain an accurate determination of the crack-
tip fields within a distance of a few CTODs ahead of the
blunting notch tip. Furthermore, the mathematically sharp
crack-tip profile associated with small-strawn fracture analy-
sis is replaced, in the present finite-strain context, with an
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yield stress and the smallest element dimension in the
finite-element mesh,

When considering finite-strain effects on the near-crack-tip
fields, there are two common measures of CTOD for the
case where the initial notch opening is semicircular i
nature. The first measure of CTOD carresponds 1o the
Maode | or opening-mode displacement of point E = _ated
at the intersection of the straight crack fank with the semi-
circular notch, as indicated in Fig. C.2. The ratio of current
CTOD to the initial notch opening is denoted as b/, This
measure of CTOD corresponds to the definition of CTOD
employed in previous slip-line analyses.? The second mea-
sure of CTOD corresponds to the 45° intercept definition
originally formulated for small-strain fracture analysis.?
The ratuo of current CTOD to the initial nowch opening is
denoted as &8, As indicated in Fig. C.2, by = &, fo "¢
case of an iniually semicircular natch opening.

e e smad

" | Ee | l i
IR & ' e
Figure C.2 Schematic illustrating two measures of
CTOD employed in this study. First mea-
sure of CTOD corresponds to the Mode |
or opening-mode displacement of poat B,
Second measure of CTOD corresponds to
457 intercept definition originally formu-
lated for small strain fracture analysis

There 1s an aspect of numerical convergence associated
with boundary-layer-type calculations that is distinct from
consideration of force equilibrium. Specifically, this aspect
of convergence concerns the minimum load level in a plane
strain analysis, expressed in terms of b, or 88, that is
necessary to achieve the self-similar crack-tip fields . nar-
acteristic of K-dominant SSY. Previous investigators®5
have found that self-similarity of the SSY results is
achieved for values of b/b, or &8, approximately >3 10 5.
However, it is found that for the present calculations, self-
similarity of the SSY results is achieved for b/h, or &8,
approximately >6 to 10, depending on the material mocel
adopted. It is believed that this observation of a slower
convergence may be specific to the finite-strain formula-
tion employe< in ABAQUS. In this study the value of the
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CTOD upon reaching a target K value is at ieast 10 times
the initial notch opening, so that self-similarity of the SSY
results is guaranteed.

Another observation that is perhaps related 10 ABAQUS
requirement for sell-similarity for the SSY results is that,
when the ¥-node (quadratic) finite-element mesh indicated
in Fig. C.1(a) and (b) is replaced with 4-node (linear) GPS
isoparametric elements, the numerically convergent value
for the maximum opening-mode stress is ~5 10 10% lower
than that obtainable with 8-node elements. The maximum
value obtained with 8-node elements does agree with pub-
lished results, This discrepancy in convergent values,
depending on element type, does not appear to be due to
mesh refinement effects in the usual finite-element sense.

C.4 Remote K-Field Loading Finite-
Element Results

In this section, anal;'sis results are presented for a material
whose uniaxial stress-strain curve in tension is constructed
to model the material response of an unirradiated RPV-
grade material. The uniaxial true stress-true plastic strain
curve in tension is of the power-law form as discussed
previously. The single-parameter (T = 0) opening-mode
stress distribution directly ahead of the blunting notch is
presented in Fig. C.3(a) and (b) for three values of trans-
verse strain €,/e, = -0.95, 0, and 0.68. Plane strain condi-
tions correspon (o the case €,/e, = 0. The degree of posi-
tive out-of-plane straining is considered to be severe with
respect o the normal operations of an RPV. In Fig. C.3(a)
the stress distributions are shown within the region of
finite-strain cffects [r/(J/gg) < 1] where the opening-mode
stress component decreases with decreasing distance from
the notch tip. In Fig. C.3(b) the stress distributions in Fig.
C.3(a) are redrawn 1o encompass both the finite-strain
region and a portion of the small-strain region ahead of the
blunting notch. Within the region of small strain, the stress
distributions decrease with increasing distance from the
noth tip. The influence of a given magnitude of ¢, is evi-
dently not symmetric, as indicated in Fig. C.3(h). The
implication of this asymmetry to fracture toughness predic-
tion will be addressed later in this appendix.

In Fig. C.3(a) and (b) and subsequent figures, the stress
and strain quantities are average nodal values based on
extrapolated values from integration points of surrounding
elements. In » boundary-layer analysis, the relevant dimen-
sional length variable is the quantity J/o,,, where J corre-
sponds to the magnitude of the J-integrai. For the finite-
element results, the undeformed dimensional distance
ahead of the blunted notch r is therefore expressed in &
normalized form in terms of r/{J/0,). Magnitude of the
J-integral can be obtained using the standard plane strain
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Figure C.A (@) Distribution of opening-mode stress directly ahead of blunting notch for power-Jaw hardening
sheterial and three values of transverse strain /e, = <0.95, 0, and 0 £5 ur .+ ;emote K-ficld loadicg
(T = 0) conditions. Stress distri®utions are shown within region of “fluite st ain™ efects r{(Jag) < 1)
wherc opening-mode stress component decreases with decreasing distance from notch tip. Degree of
positive out-of-plane straining is considered to be severe with respect to RPY normal operations. (b)
Stress discributions in (a) are redrawn to encompass bota finite strain ~eeion and portion of small strain
region ahead of Slunting notch. Within region of small strain, stress distributions decrease with
_\creasing dist ance from notch tip. Influence of given magnitude of £y is evidently not symmetric with

1 sspect 1o plave strain distribution

conversion between J and K based on the applied value of
K specified in Eq. (C.2). Aliernately, J can be obtained
ueng the J-integral option provided by ABAQUS Excel-
lent agreement is found between these two methods for
evaluating J, thus providing another avenue for verifying
the numerical accuracy of the finite-element results,

Interpretation of the finite-element results in terms of
CTOD i, readily accomplished by making use of the
res s presented in Fig. C.4(a) and ‘b). In Fig. C.4(a) the
J-C 0D relation for the pow:r-law hardening material
being considered based on the Mode *  ~lacement of
point B is indiwcated as a wunction of .. i strain, The
magnitudes of £,/6, indicated in these 1 18 correspond

10 the maximum values of transverse strain employed in
the analyses. In Fig, C 4(b) the J-CTOD relation basod on
the 45° interce'  we ilion is indicated as a function of
transverse stri. ... It is observed that over the range of
transverse Jtrain considered, the J-CTOD (2lauon based on
either definiton of CTOD is iclatively insensitive to the
magnitde of the transverse strain, In addition, the J-CTOD
relation itself is insensitive 1o either choice of the definition
of CTOD. In Fig. C.4(b) it is observed that the 45° inter-
cept J-CTOD relation has the form 8 = 0.43 Jja,, for the
range of transverse strain considered.

15 Fig. C 5wa) 1 (¢) the effective plastic st.ain distribution
te diractly ahead of the blunting notch 1s indicated for three
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Figure U8 (@) Distribution of effective plastic strain

directly ahead of blunting notch for
power-law hardening material and three
values of transverse strain ¢yeg = -<0.95,
0, und 0,68 under remote K-field loading
T = G} eondiiwn, Sicain distributions
are shown within region of firite strain
effects r/{(aag) < 1) Scale along vertical
axis is chosen to highlight the effects of
transverse strain and to facilitate compar-
ison with slip-line results presented in Fig,
C.7(b). (b) Strain distributions redrawn to
encot pass both finite strain region and
portion of small strain regloc ahead of
blunting notch, Scale a’ong the vertical
axis is chosen o highlight effects of
transverse strain on exteni of plastic zone
ahead of blunting notch, Maximum extent
of plastic zone in terms of normalized
distance parameter r/()/o,) is assoclated
with £¢ = 0. (¢) Strain distributions
redrawn to encompass larg s yortion of
finite strain region, Scal  vertical
axis is chosen to facilitate . a~ison
with slip-line results pres, < in

Fig. C.%¢)
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Figure C.8  Distribution of opening-mode stress
directly shead of blunting notch for irra-
diation-degraded (simulated) material
and three values of transverse strain
fg/t, = 0.56, 0, and 0.56 under remote
K- field (T = 0) conditions. Degree of
positive out-of-plane straining is con-
sidered to be severe with respect to RPV
normal operations
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Figure C.9 Distribution of effective plastic strain

di ectly ahead of blunting notch for irra-

dis tion-degraded (simulated) material
an three values of transverse strain
£z o= ~0.56, 0, and 0.56 under remote
¥ field loading (T = 0) conditions
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Figure C.10 Distribution of effective plastic strain as
function of stress ratio a,/a, for irradia-
tion-d¢ graded (simulated) material and
three values of transverse strain £ /e, =
~0).86, 0, and 0.56 under remote K-field
loading (Y = 0 conditions
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Figure C.11 Plane-strain distribution of opening-
mode stress directly ahead of blunting
notch for irradiation-degraded (simu-
lated) material and various degrees of K
and second parameter down to Tio, =
~0.45, Choice of negative T-stress values
is motivated by shallow-Naw effects
associated with RPV geometry
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Figure C.16 Plane-strain distributions of effective plastic strain directly ahead of blunting notch for irradiation.
degraded (simulated) material under combined T-stress and transverse strain loading
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Figure C.17 Plane-strain distributions of effective plastic strain as function of stress ratio 0y/a for irradiation-
degraded (simulated) material under combined T-stress and transverse strain loading

Table C.1 Estimates of toughness deviation, from a reference plave strain, K-dominant (g, = 1 = 0)
value, based on the RKR mode' and a range of assumed cleavage fracture stress. These estimates
are obtained based on results from Fig. C.8 for an irradiation-degraded (simulated)
material and two values of tronsverse strain e,/e, = <0.56 and 0.86. The predicted toughness
deviations ary relatively insensitive to the range of assunied critical cleay age stress.
Magnitudes of the predicted toughness deviatims are limited

Critical value of r/(J/o,) Je/dssy Ke/Kgsy
Oc'0, €/ea=056 SSY g,/e,= 0586 e/eq=056 e/e,=-0.56 e/e,=0586 e/e,=~0.86
25 10,10 860 6.20 0.8S 1.39 092 1,18
26 8.50 6.85 S8 0.81 133 0.90 1158
2.7 690 545 4.15 0.79 1.31 .89 1.15
28 538 4.15 345 078 1.20 0.88 110
29 3.70 320 285 087 1.12 093 1.06
1.0 260 2.50 240 0.96 14 0.98 102

the RKR model® and r- sults from Fig, C 8, are presented In Table C.2 estimates of toughness deviation, from a ref-

for 1w values of out-ol-plane strain and a range of erence plane stran, SSY (e, = T = 0) value, based on the
assumed cleavage fracture stress, Results in Table C.1 RKR madel and results from Fig. C.11 are presented for a
indicate that toughness degradation duve only 10 out-of- range of plane strain T-stress conditions and a range of
plane straining, with the T-stress parameter remaining assumed cleavage fracture stress. Results from Fig. C.11
equal 1o zero, is expected 1o be at most on the arder of 20% indicate that significant perturbation of the near-tip stress
in terms of K for the assumed set of analysis conditions, field from the refsience plane strain distribution occurs
The limited range of predicted cleavage ughness under T < 0 conditions. Results in Table C.2 indicate that
deviations 1s qualitatively consistent with the near-tern toughness deviations under negative T-stress conditions
estmates provided in the first phase of this work. can be significant.
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material also indicate that fracture toughness values
obtawed hom 4T-CT specimens at - 70°C can differ by up
10 @ factor of 2 in K or a factor of 4 in ) ar CTOD 10
(However, note that the fracture toughness in terms of K
for the TWIE A S33 B muterial is approximately foar times
that of HSST plute 13A at <70°C.) The flaw length of

135 mm employed for the -70°C wide-plaie specimens
corresponds roughly to the Naw length of, for example, a
ST-CT specimen. Consequently, the wide-plate results at
=70°C are ukely 10 be still within the scaver band of small-
specimen data. That is, the relatively shont Naw tength in
the TWT wests may not be sufficient 1o excludle statistical
variation in fracture toughness. The statistical scatter in
loughness associated with the flaw length may mask any
out-of-plane strain effocts.

The lower-shell wide-plaie resulis involve cleavage frac-
ture with no prior stable cruck growth, Analytical results
such @s those 1o be presenied in Append:x G suggest that
the TV plate specimen is associated with some degree of
negative T-siress. From Table C.1 positve out-of -plane
“train (k = 1) 15 not expected 10 result in significant wugh-
ness degradation, and negative out-of -plane strain (k = 0) is
expected W result in modest toughness elevation. From
Tables C.2 and C 3 and Fig, C.1K, negative T-stress is
expected to result in toughness enhancement; as previously
noted, negative T-stress effects wend 1o dominate over posi-
uve out-of-plane strain effects. However, any attempt 1o
atribute the observed higher CTOD values at failure for
the case of k = 0 10 T-stress effects needs 10 be reconciled
with the lack of entianced CTOD values at failure for the
casc of k= 1.

A perpleaing aspect of the TWI results, when toughness is
assumed 1o be represented by the reponed CTOD values, is
the apparent luck of correlation between the nominal
remot. stress and CTOD at failure. As indicated earlier,
values of the nominal remote stress at failure at & given test
temperature do not differ by more than 20% regardiess of
the biaxiality ratio considered. For the case of -160°C, this
difference 1s on the order of 10% between the two cases of
k=1 and k = 0. Without commenting on the validity of the
TWI K-esumaton sc*~me, it appears reasonable 10 assume
that a limited range of nomiral remote stress state would
transiate n'o @ imited range of crack-tp parameters such
as K or J. Exception to this assumption is recognized for
the case of gross yielding of the remaining net ligament
aliead of the crack front. Gross yielding of the net ligameru
for the ~160°C ests has not been reported and, based or
ibe analysis results from Appendix G, 15 not expecied.

Analyucal results presented in Fig, C.4(a) and (b) indi ate
that the reference SSY J-CTOD relation is not substant ally
affected by a range of out-of-plane strain up 10 /9 the

C-19
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yield suam, nor is it substantially affected by a modest
value of T-stress down 10 T/o, = -0.45 as indicated in
Fig C140a) and (h). Analytical results 10 be presented i
Appendix G for a single-edge-notch-tension (SENT)
approximation 1o a biaxially loaded wide-plate grometry
suggest a similar lack of dependeance of the J-CTOD rela-
1on on out-of planc strain 'L, at is on the order of the yield
strain,

In summaty, examination of the TWI results reveals o
number of perplexing experimental features that prevent a
riore definitive assessment of the reported data and pre-
cludes further comparison of analytical predictions with the
TWI data. The lack of confirmatory experimental data pro-
vides the motivation for the proposed large-scale biaxial
fracture testing program discussed in Appendix G.
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Figure D1 3.D finite-clement model of 1T-CT specimen subjected 1o GPS conditions

positive of negedve out-of-nlane strain, the nodes on the
outer surface of the specimen are displaced uriformly in
the directon normal to the surface; nodes midway between
the midthickness symmetry plane and the outer surface are
displaced by half that amount. The model depicted in

Fig. D.1 consists of 5033 nodes and 674 20 aoded
isoparametric eiements. Collapsed-prism elements
surround the crack tip 1o allow for blunting and for a Ur
singularity in the strains at the crack fropt. The radial
dimension oi the collapsed-prism clements at the crack tip
s 1= 001524 mm (t/w = 3 » 10-4), Detailed plots of the
crack-up region are given in Fig. D.2. By comparison, the
radial dimension of the collapsed-prism elements at the
orack tip i the finite-clement madel of Ref. 4 was r=0.11
wm (r/w = 0,00215).

The 3-D model of the 1T-CT specimen was analyzed using
material properties taken from Ref. 3 for A 532 B steel at
~75°C. An incremental elastic-plastic constitutive model
(Model 8 in ADINA) was used for these analyses. For ali
cases, Young's modulus is E = 206.9 GPa, Poisson’s rat,
v = 0.3, and thermal expansion coefticient = 11 x 1076/
°C. The multilinear true stress—true strain curves for the
material are given in Fig, D.3. The emperature-dependent
yicld stress for the multilinear representation in this figure
is given by the function

ay = 374,866+ 59.894¢ 00T (D)
‘vhere oy ard T are in megapascals and degro.s Celsius,
respectively. The stress-plastic-strain modulus H'(T) as a
function of temperature is presented i Table D.1. A

NUREUG/CR-6008

material-nonlinear-only (MNLO) formulation (small-strain
theory) was used o model the strain response 10
deformation. A 2 x 2 x 2 Gauss point rule was employed 'o
compuiw the global stiffness matrix. Incremental loading
wits applied to the load pin hole of the model in the form of
a cosine function with a resultant maximum load of 35 kN,
(In restc of 1T-CT spacamens KS1C, KS2B, and KS4A
described in Ref. 3 and in Table D.2. ¢leavage initiation
was achieved at loads of 29, 35, and SU KN, the specimens
were not side-grooved.) Equilibrim iterations were
performed in each load step of the ADINA calculations,
using a convergence tolerance of 1 x 10~ on an encrgy
norm and 1 % 10°% on a Euclidian norm of the
displacement vector. For cach load step of tie calculatons,
energy release rates were detcrmined along the crack front
using a vmull crack-extension technique developed by
deLorenzi® and implemented in the ORVIRT? program.
{The ORVIRT program functions as & postproc~ssor of a
conventional finite-clement solution oblained from the
ADINA | n:gram.)

I2.2.2 Analysis Results

The 3-D model of the 1T-CT specimen depicied in Fig.
D.1 was analyzed for the load cases given in Table D3, In
cach load case, the meshanical loading at the load pin hole
and the uniform out-of -plane strans were applied
simultaneously and imonotonically in 35 equal increm ants
up to the m-ximum/minimum valges indicated in Tabie
D.3. The our-of<;lane strains were imposcd via equivalent
out-of -plane »odai-point displacements. In Table D 3, the
norme'ized out-of -plane strain for case 1 (€08 = ~1.05)
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Figure D3 Multilinear representations of uniaxial stress-strain behavior of HSST plate 13 A of A 533 B steel

Table D.1 Stress-plastic strain modulus H' for HSST
wide-plate material (HSST plate 13A of A 533 B steel)

Plastic strain Temperature H' = Ao/AcP
interval interval (MP&/%)
(%) (*C)
<l 12800« T<-7278 035

~T2788 T« 3778 16044 ¢ 02147
3778 T« 14889 21787 + 0062 T
ER9 S T« 26000 -24407 + 03N2T

1-2 “128M0«¢ Te2w0 3723
2-4 ~12500 < T<26000 26579 - 000776 T
4-8 12500« T« 3778 11228 -00599T

IITMWs T<2000 B9

812 ~12500< T<-1778 00276 - 00403 T
1778 T< 26000 00689

was selecied to yield a comnuted J value equal o the
experimentally determined Jy value (Jg = 26.3 kl/m2)
reported for specimen KS2B in Table D.2 at the initiation
load of 35 kN.

The relationship between the area Acg enclosed within the
critical maximum principal stress contour defined by o), =

NUREG/CR-6008
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acgpy and the applied Jj as a function of out-of-plane
strain {or the GPS mode! of the 1 T-CT specimen is shown
in Figs. DA-D.7 for oy = 1350, 1375, 1400, and 1425
MPa, respectively. These results may provide an estimate
ol the elevaton or reduction of critical load (or 1) reguired
for achieving a critical arez for cleavage instiation Acg as
& function of the out-of -plane strain. Comparison of the
refined mesh results in Fig, D.6 for opgyp = 1400 MPa
with the corresponding results in Fig. 7.5 of Ref, 4
indicates th~t mesh refinement did not substantially alier
the J vs Acg relations expressed as a function of out-of-
plr== strain,

The J vs Ay correlations depicted in Figs. D4-D.7
exhibit a decreasing sensitivity t the magnitude of 0 f-
plane strain as the critical principal stress is increased 1.om
Opy = 1350 MPa 1o o, = 1425 MPa. If the estimate of
Hahn, Gilbert, and Reid!® for the cleavage microcmck
propagation stress for individual grains of ferrite (OCRIT =
1380 MPa) is eniployed as the critical value, then the J vs
ACR correlations of Fig. D.5 i ten from the
plane-strain K| values (K| = JEJ /(1 —v%)] ol <9% o
achieve a critical area Ay for cleavage initiation for the
case of posiuve out-of-plane strain given by €xnan/to =
0.5. W _increasing value: of positive out-of-plane strain
salisfying €xman/€o » 0.5, the J vs Acg relation no longer
follows the monotonic trend of Figs. D.4-1.7 as a function

o
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Table D2 Fracture toughness results for wide-plate specimen (WP 1) material

E (HSST plate 134, A §33 B steel)
| ak aline oy TR e
Test Ductile

: Thickness J Joies oonmd

; Specimen temperature T T wW, (u',';‘, (u/-") (MPa oaf’ ) (MW )

= ) (mm) .JYL

Nh )

K33A  -150 SO8 058 <0020 92 92 “us 446 442
K338 -150 SO8 0588 <0200 158 158 584 584 5§70
K34A 78 SOR 0856  00M 915 975 143 4 1436 102.7
K34B 18 SO8 0862 0366 2427 2427 203 8¢ 224 8 1199
K35A  -150 SO8 0558 <0026 102 10.1 46.7 67 462
KSR -150 508 0543 <0020 15 15 402 40.2 40.)
K41B -18 SO8 0563 0221 1959 1989 202.0 202.0 114,

' K428 -5 S08 0563 <0020 491 49.1 101.9 w9 B8

; K41A 75 508 0557 <003 643 64.3 1166 1166 921

; K42A 78 SO8 055 <0020 638 638 116.2 116.2 19

_ KSIC 18 254 0554 <0020 144 144 55.2 §5.2 50.7

E KS28 =78 254 0576 <0020 263 263 74.6 746 625

; KSiB 18 254 0862 0196 1776 1776 192.3 192, 915

: KS3F 18 24 0572 0064 645 64.4 1159 184 74.0

- KS4A 75 254 0573 <00 4.1 7.1 125.2 1242 K26

3 K S4F 18 254 0568 112 1244 1244 1609 160.9 §5.2

1o vsed o calculate Ko, otherwise Jo oy load wed

:

|

| Fable D.3 Outsof-plane strain conditions imposed on GP'S

model of IT-CT specimun

E Normalized CTOD (89

| Load out-of-plane  J at max load d=8Ve,

, a strain® (kl/m?) atmaxload 4 may joad

; (€z/e0) (mm)

§ 1 -1.05 26412 0.02732 0.4954

i 2 05 22703 0.02512 05311

| 3 0.0 22.594 0.02503 0.5317

' Plane strain

| 4 405 22679 0.02486 0.5262

| 5 +0.7 24.170

EMaximum/Aminienum imposed uniform siraing; maximum load of 35 kN applied at load pin hale; &, = a/F;
g = 480 MPx; B = 2069 GPa.
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FFFECTIVE STRESS (MPs)

Figure D12 Contours of maxitmum principal stress in Figv== D.14
GPS model of 1T-CT specimen subjected
to applied pin load of 35 kN and out-of-
plane strain of €,/2, = 0.5

Contours of effective stress in GPS model
of 11-C7 specimen subjected to applied
pin load of 38 kN and out-of-p'ane strain
0‘ lg/eo = -0.5

EFFECTIVE STRESS (MPs)

x
: 8
&

Figure D.13 Contours of maximum principal stress in Figure D.1§8 Contours of effective stress in GPS maodel

GI'S model of 1T-CT specimen subjected
to applied pin load of 35 kN and out-of-
rlans o aln gty = 0.7
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of 1T-CT specimen subjected to applied
pin load of 35 kN and out-of-plane strain

of £/, = 0.0
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Appendix |

| hree-Dimensional Finite-Element Analvsis of 1'T-CT Specimens

.1 Introduction F..2 Analvsis Methods



Analysis

The 3-D finite-element model of the IT CT specimen (Fig.

E.2) was generated with the ORMGEN? mesh generating
program by projecting the planform of a 2-D mesh for the
specimen through the thickness, using five elements i the
thickness direction. The 3-D model of the 1 T-CT specimen
consists of 8572 nodes, 1675 20-naded isoparametric brick
elements, with collapsed prism elements at the crack front.
The radial dimension of the collapsed-prism elements at
the crack tip is r = 0.11 mm. One-fourth of the specimen is
modeled due o symmetry,

The finite-element analyses employed an incremental
elastic-plastic constitutive model (Model 8 in ADINAY),
with a 2 » 2 x 2 Gauss point ruls to compute the global
stiffness matrix. A 2-D plane strain analysis was performed
using the 1T-CT specimen model of Fig. E.1 and the
multilinear true stress—true strain curve from Fig, D.3,
assuming a uniform emperature of ~-75°C. A matenal-
nonlinear-only (MNLO) formulation (small-strain theory)
was used in this analysis. Two separate 3-D analyses were
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performed, the first of whir® was based on an MNLO
formulation with a multli & true stress-true strain curve,
and the other on an updatea Lagrangian (UL) (large-strain
theory) formulation with a bilinear engincering stress-
strain curve. in all analyses, the load was applied
incrementally to the load pin hole in the form of a cosine
distribution function, up 1o the load where crack initiation
took place for each IT-CT wst. lterations were performed
in cach load step to establish global equilibrium wiihin a
spe« fied wilerance. The 2-D analysis was carried out using
the Oak Ridge National Laboratory (ORNL) modified
ADINA34 fracture mechanics neagram, while the 3-D
analyses used the ADINAJOR VIRT58 fracture ane!ysis
system.

E.2 Analysis Results and Evaluations
of Transverse Strain

The analysis results are reported in Table E.1, which
includes experimental data as well as calculated values of J

ORNL-DWG §2-3006 ETD
T [\\' . G - "},-‘\
B =y @
‘ | | R \
N Jpc

g o e o o Sy B o, oy

Figure E.2  3-D finite-element model for 1T-CT specimens
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Table E.1 Experimental and calculated fracturc toughness and COD
results for 1T-CT specimens at -75°C

COD (mm) J(kim?)
Load at ——— ——— ' —
fracture 2D 2D
AD Ab AD 3D
Specimen (kN) Exp. plane ) Exp.  plane
alieks MNLO UL e MNLO UL
K51C 29 021 026 030 028 144 148 16.9 15.7
KS2B 35 031 032 037 035 263 226 25.5 23.7
K34A 50 0.58 051 078 062 74.1 635 83.6

67.3

and crack-opening displacement (COD). The load vs COD
curves and applied J vs COD curves are plotted in Figs.
E.3 and E 4 and compared with experimental data. When
the calculated J-values from Fig. E 4 are conparcd with
the experimental data .;om Table D.2 (Specimens KS1C,
K52B, and K54A), the differences range between 9 and
10%. The experimental data «re anticipated w fall between
the 2-D plane-strain analysis and the 3-D analysis;
however, this is true only for the specimen that failed at SO
kN (see Fig. E.3). The test records indicate that none of
these three specimens were valid K¢ tests based on the
ASTM E399 criteria. In Fig. E 4, the scatter in toughness is
typical of this material at temperatures in the lower-
transition region.

In Fig. E.5(a)~(c), the transverse displacement for the UL
analysis 15 plotted through the thickness for the initiation
loads of 29, 35, and 50 kN at increasing distances from the
crack up. As expected, the transverse displacement
increases with load at the same distance from the crack tip;
for the same load, transverse displacement decreases with
increasing radial distance. This s also seen in Fig. E.6,
where transverse strain is plotted vs ligament distance at
the center plane of the specimen, The values of percent
transverse strain for the analyses are reported in Table E.2,
where strain is evaluate¢ from the transverse displacement
(displacement/specimen width).
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Appendix F

Correlation Between Induced Thickness Reduction
and Fracture Toughness

D. K. M. Shum

F.1 Irtroduction

The de «elopment of various analytical methods Lo estimats
the potential decriase in crack-1mitiation toughness, from a
referonce plane strain value, dne (0 positive straining along
the crack front of a circumferential flaw in 2 reactor
pressure vessel (RPV) has been Jetailed in previous
appendixes. Validation and modification of thes* analytical
methods rely upon the availability of experimental data on
both the magnitude of the prescribed transverse strain
(positive or negative) along a crack front and the associated
fracture toughness at crack initiation. However, there have
been very few ¢ iperiments performed to date in which
voth the transverse strain and the in-plane loading have
been independently prescribed test varishles. The two
excepuons known (o the authory are uniaxially and
biaxially loaded fractuve experiments involving (1) large-
scale surface-cracked plate specimens!+? and (2) miriature
three-point-bend (TPB) spcimens.” The large-scale
surface-Cracked plate experiments have been reviewed in
Appendix C. Insufficient informatiun in the open literature
concerning vanous experimental and analytical aspects of
the miniature TPB experiments prevents an informed
evaiuation of the reported results.

On the other hand, it has recently been proposed that

{. >ture-toughness rasults cbiaitied from plate-type fracture
s}  mens, in which only the in-plane load:ng is

pies ribed, can be carrelated with postfracture
measurements of thickness reduction (TR) indu~ed along
the crack front by the in-plane loading.3# The question
arose as 1 whether the proposed correlation and
supporting data between induced TR and fracture
toughness can be used to verify the various analytical
models developed w this report in the negative prescribed
ransverse strain regime.

The objective of this appendix 1s to evaluate the proposal
that postfracture measurements of TR induced by in-nlane
loading can be correlated with fracture toughness, . on¢
scope of work carried out in this study is as follows. First,
formulation of the proposed corr. lation is presented, and

M. P. Manahan, “Piwne-Strain Fracture Toughness Determination Using
Stress Field Modified Minsature Specimens,” The Pennsvivania Swuie
Uriversity, Julv 1990.

experimental evidence in support of this carrelation is
reviewed. In particular, recent attempts to use the proposed
correlation to examine crack initiation, arrest, and
reinitiation results from large-scele fracture experiments
are analyzed. Second, the general validity of the proposal
is further examined by apolying the comrelation (o newly
obtaine 1 postfracture TR measurements of a select group
of compact (CT) specimens for which the associated crack-
initiation-oughness data are available. Third, general
observations concerning correlations between induced TR
measurements and fracture roughness are noted. Finally,
the utility of a correlation based on induced TR for
estimating the effects of prescribed transverse
displacement on fracture toughness is discussed.

F.2 Formulation ot TR Correlation

The TR correlation o be examinea was originally
formulated sor plate-'ype fracture specimens for which the
loading is tn-plane in nature and which “esults in Mode I,
or opening-mode, sepa ation of the crack faces urder the
applied load.? For the specified in plane loading conditions
the transverse displacen ent alvug the crac ¢ front must
neceasanly be negative, and the weem thick 1ess reduction is
identified with this type of transverse disp acement,

The premise of the TR vorrelation is simply that TR can be
used as an approximate mea e of Jhe crack-tip-opening
displacement (CTOD) under wie prescribed in-planc
loading conlitions. This premise does not imply that Th
influences touginess in any way but merely that TR, like
CTOD, is a vonsequence of in-plane loading and
constraint. It is important to note that the appropriate
location shead of the crack front at which TR measirement
should be taken is not specified in the formulation.

The starting point of the TR correlation is a CTOD vs J-
integral relation of the form

CTOD=1]/@ay, (F.1)
where the flow properties of the rateria! are specified via
the parameter o, which is the average value of the

uniaxial yicid and ultimate stress in tension. By equaling
the numerical value of TR with CTOD, a correlation
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between TR and toughness follows by substituting TR for
CTOD in Eq. (F.1), resulting in the relation

TR=1/0y. F2)

Equation (F.2) is the form of the correlation originally
proposed in Ref. 3. Adjustment of Eq. (F.2) for effects
related to dynamic crack initiation is acconiplished by
applying & correction factor 0 Og W account for raie
effects.

While not explicitly stated in the original formulation, use
of Eq. (F 2) appears 10 imply the limitation that the TR
currelation is not suitable for plane strainlike condiuons.
First, this iimitation is deduced based on the observation
that the supporting data cited (10 be discussed shortly) for
the correlation are for plate-type fracture specimens with
stress-free <ides. Waile the extent of plasticity in those
tests wis 1oy reported, the usual implication associated
with plate-type specimens is that a plane siresslike stress
state exists along the crack front. Second, this limitation 1
deduced based on the observation thai while a counterpa
1o Eq. (F.1) is known to exist in ‘he idealized limit of plane
strain, TR in that idealized limit is Uy definition zero.

In reality, of course, testing of a conventional fracture
specimen with stress-free sides in a Mode | manner always
resulis in negative straining along at least a portion of the
¢rack front, even for a very thick specimen with a long
crack front. Recognition of this apparent limitution to the
TR correlation is believed o be essential toward a proper
understanding of the apphicability cf the correlation, a
point that will be further elaborated upon later in this
appendix.

For the present purpose of evaluating che general merits of
a corre’ation of the type indicated in Eq. (F 2), this
correlation ic generalized to take the form

TR = X may ), FDH

where the factor m should be regarded as an empirical
adjustment factor. Use of this empirice! factc m
formalizes the ad hoc adjustments assumed in the
formulation of Eq. (F.2) in the following fashion. The
requiremaent that the numerical value of TR be nearly
identical to CTOD is relaxed. Indeed, Eq. (F.3) merely
require< that the ralationship between TR and CTOD be
liae.. in nature. The need to provide a quantitative
adjustm.nt for rate effects and flow properties in Eq. (F.2)
is no longer present. In addition, Eq. (F.3) formalizes
considerations of constraint & fects associated with the TR
correlation under plane strain-to-plane stresslike
conditions. The exient to which Eq. (#.3) can be

NUKEG/CR-6008

demonstrated 1o hold al some yet-to-be-dewermined
distance ahead of the crack front, for a relatively constant
value of the factor m under nominally constant loading and
constraint conditions. would demonstrate the merits of the
proposed TR correlation for the determination of
toughness.

F.3 Experimental Evidence in Support
of TR Correlation

Experimental data cited in Ref. 3 in support of the TR
correlation include CTOD and TR measurements obtained
for an air-cooled mild sieel plate in the form of single-
edge-notch-bend (SENB) specimens,® for which a tiear
equality between CTOD and TR values close to the noch
root was observed. The location ahead of the note.. root at
which TR values were oblained was not speci” »d,

Unpublished TR measurements for a high-sirength
aluminum alloy tested i. the form of center-cracked plate
(CCP) specimens were also mentioned in Ref. 3, for which
a near equality between measured TR values and CTOD
values inferred froc calculated stress-intensity factors K
was reporied. The location ahead of the sharp crack front in
the aluminum specimens was not specified.

Unpublished experimental data for TR measucement and
CTOD values inferred from fracture surface topog.aphy for
A 710 steel was also ciied in Ret, 3, where again a near
equality was reported between TR measurements and the
topographic estimates of CTOD.

Finally, it has been reported that postfracture TR
measurements have been successfully correlated with
vleavage-crack initiat.on, arrest, and reinitiation toughness
values for a num. 2r of fracture specimens commonly
referred o as the Oak R.dge National Laboratory/National
Institute of Standards and Technology (OKNL/NIST)
Wide-Plate (WP) specimens.># Application of the
proposed correlation tc these specimens has heen detailed
in Refs. 3 and 4, thus permitting a critical evaluatisi of the
proposed correlation. This evaluation is presented in the
next section.

F.4 TR Correlation with Crack-Arrest
Toughness for ~ (INL/NIST WP
Specimens

The WP specimens were large-scale, single-cdge-notched-
tension (SENT) crack-arrest sp.cimens. The primary
objective of these WP tests is the determination of crack-
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Figure ¥.. . ““-arresi and reinitiation toughness predictions (solids and dotted lines) based on TR correlation
Eq. (F.2) for WP-2 series of experunents (taken from Ref. 4), along with finite-element cale: 2 ans based
on load-time and crack position-time history of specimens (filled and opcn symbols). Refr - i mil-
ductility temperature RTypy is <60°C for WP-2

The proposed TR corrclaton is reported to be validated {nr
the WP specimens on the basis of an apparent agreement
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
of tests, validation was based on comparison of TR
calculations with either one or two finite-element
calculations per WP test. Furthermore, the results in #igs.
F.1 and F.2 employ iemperature as the independent
variable such that the comparison is made across a
temperature range, whereas Ea. (F 2) is formulated for
isothermal conditions.

It is believed that validation of the TR correlation for the
WP tests can be beuer accomplished by presenting TR
toughness results at 2 fixed wmperature with oughness
expressed in terms of J-integral values. The motivation for
presenting the TR calculations for a fixed temperature is
that by fixing the test emperature of interest, the
temperature uependence of various constraint effects in the
WP tests is eliminated. For the #P-1 series of tesis, at least
one crack-arrest event occurred in each specimen within a
relatively narrow temperature range of 53 10 62°C. The
associated crack-tip locations also fall within a narrow
range between 49 and 56 cm. Consequently, it is possible
to evaluate the TR correlation for the WP-1 specimens
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with six date points obtained at essentially the same
temperature and crack length.

The motvation for presenting toughness values in terms of
J-integral values is as follows. If F1q. (F.3) provides an
appropriate description of the correlation between TR and
toughness, then experimental values of TR and toughness
expressed in terms of J should result in an essentally linear
relationship under isothermal conditions. That is, while
varying degrees of constraint, in ierms of temperature
dependence of flow properties, rate effects on flow
properties, end plane-strain- or plane-stresslike conditions,
would be manifested in terms of differen: values of the
slope at different temperatures, the underlying relationship
between TR and J would still be linear in nature at a given
temperature.

The results of such a comparison are presented in Fig. F.3,
aong with three straight lines that correspoad to the
predicted relatuonship between TR and J as indicated by
Eq. (F.IQ. The experimental data and finite-elemnent
results®” used to generate Fig. F.3 are presented in Table
F.1. The predicted TR-J relations are for WP-1 matenial at
60°C with an associated yield stress oy = 412 MPa. The
three straight iines are based on three values of the
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o8

Correlation

Table F.1 Experimental data relevant to TR measurements for six of the WP-1 speck s, along with the ORNL
finite-eiement results on crack-arrest toughness. Crack arrest for these six speaimens occurred at

essentially the same temperature and crack length

Crack -ti Transverse Crack-errest Crack-arrest
' I’Ollﬁ\'ep Crack tip Crack-tip Specimen strain from Thickness toughness toughness
wp temperature temperature location thickness strain reduction g0 ORNL  from ORNL
s T_RinpT 0 (em)  (mm)  ontours (mm) analysis K analysis ] = KYE
(°C) € (%) MPavm ) (MN/m)
WP1.24 85§ 62 55.5 101.8 1.86 1.89 384 0713
WP1.3 7 54 48.5 9.5 125 1.24 215 0223
WP14B 83 521 52.7 1014 L7 1.7 33 0.530
WPLSA 79 56 521 101.7 0.7¢ 0.76 224 0253
WP1.6A T 54 493 1018 1.50 1.53 279 0.376
WPLTA 84 61 528 1524 099 1.51 asi 0.595
F-§ NUKEG/CR-6008
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‘. empirical acjustment factor m, If values of TR are indeed

, identical o values of CTOD, then the straight line denoted
as m = 1 corresponds to the limiting nonhardening, plane
stress CTOD vs J relation.® Similarly, the line denoicd as

. m = 2 corresponds to the plane strain relation for a

| Ramberg-Osgood meterial with a hardening exponent of

C. 10, In Ref. 4 validation of the the TR correlation for the
WP tests was performed based on a value of op adjusted
for rate effects by an elevation of 138 MPa. In the context
of Eq. (F.2), the value of ap at 60°C for WP-1 material is
~500 MP4, so that the adjustment corresponds o m = 1,55,

In this study the m = 1 ime will be wken as ind: atve of
the lowest constraint cordition possibie in the W P-) 1ests,
while the m = 2 line s taken as indicative of the constraint
conditons associated with an RPY-grade material (without
rate effects and irradiation adjustments of the uniaxial yield
SLress).

When companson of TR predictions and the WP-1 results
are cast i the form shown in Fig. F.3, the validity of the
proposed TR correlation for the WP-1 tests is not readily
apparent. This interpretation is based on the cbservation
that the exisience of A TR correlation involves not only a
linear relctionship between TR and toughness, but also that
this hinear relavonship needs to be anchored at the origin of
. th” plotin Fig. F.3. In addition, the TR J data need 1o be to
, the right of the m = 1 line due 10 the assumption of
minimum constraint associated with the static, plane stress
condition.

F.4.1 TR Correlation with Crack-Initiation
| Toughness for ORNL/NIST WP
i Specimens

While much attention has been focused on the application
of the TR correlation 1o crack-arrest and reinitiation

: tonghness values obtained in the WP series of tests,* 4

1 application of this correlation 1o the WP crack-initiztion
toughness values has been largely ignored. Presumably,
this lack of interest is a consequence of the observation that
| of the '6 WP specimens examined in Ref, 4, 11 of them

: experienced no measurable postfracture TR in the

u neighborhood of the fatigue crack front where the crack-

? initiation event ook place. As explained in Ref. 4, the

. lower asymptotes in Figs. F.1 and F.2 associated with all
the WP specimens are determined using an approximate
analytical procedure and are not based on the TR

; correlatos for obvious reasons. While not explicitly stated,
‘ it would appear that the “pper asymptotes in these figures
are also determined independently ol the TR correlation,

*C F. Shih, “Tabie of Hutchinson -Rice Roseng ren Singular Field
Quantities,” Brown University Report MRL E-147, June 1983
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Attention will again be focused on the WP-1 series of tests.
The aforemenuoned lack of measurable TR valoes at
initiation 1s observed for WP-1.2 10 -1.7 tests. Resolution
of the TR micrometer and the WP specimen thickness
tolerances reported previously suggest that the micrometer
1s capable of providing measurements of overall transverse
strain on the order of the yield strain, Consequently, the
absence of measurable values of TR at crack initiation
implies that a state of nearly plane strain conditions existed
along the crack front at initiation. As indicated in Table
F.1, the magnitude of the wransverse strain associated with
the first crack-arrest location is on the order of 1 10 2%, or
5 10 10 times the yield strain. Perhaps crack initiation in the
WP 1ests occurred under conditions outside the range of
applicability of the TR correlation as discussed carlier,
However, the apparent lack of correlation between TR and
crack-arrest-toughness values shown in Fig. .2 may not be
amendable 1o a similar explanation.

F.5 Postfracture TR Measurements for
Compact Specimens

Postfracture TR measurements from three sizes of compact
(CT) specimens have been obtained for the purpose of
correlating with the associated crack-nitiation fractare
toughness values. These specimens are standard CT
specimens (12T, 1T, and 2T) with a crack length<to-width
ratio &/W of 0.5, These specimens were also taken from
HSST plate 13A. Some of these specimens were tested a
number of years ago to provide small-specimen fracture
toughness characterization in support of the ORNL/NIST
Wide-Plate studies. 57 The remainder were tested in a
subsequent effort o characterize the statistical nature of the
fracture toughness measurements.! ! In the following
discussion a total of 17 specimens that were tested at a
lower-shelf temperature of -75°C are considered.

Variou. 4T-CT specimens were also tested as pa of the
WP characierization effort. These specimens were
machined to a larger dimensional tolerance thas the
smaller CT specimens. These specimens have a nominal
crack front dimension of 0.1 m (4 in.) that closely
resembles that of the WP specimens. TR measurements
have been obtained for five of these 4T-CT specimens.
Vnfortunately, the magnitudes of these TR measurements
are within the specimens’ dimensional lerances so that a
meaningful interpretation of the TR 21d *enghness results
1s not possible. In the following discussion only the
fracture toughness data, not the TR data, for these 4T-CT
specimens are included,
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Figure F.6  Schematic iadicating the location (1) along
@ specimen’s surface from which
postfracture TR measurement is taken,
Two choices of (t,) are as follows: (1) a

dist ance of § Yo, ahead of the crack front,
whore Jis equal to .lch.vm and 0, is

v aaxial yield stress in tension at test
temperature, and (2) location denoted as
tms-, that appears to have most TR based
on visual examination of spe< ‘men using
microscope

half may therefore be labeled high with respectto t, = §
J/a, and low with respect 0 g = Ly,

Distributions of transverse displacement values associated
with the two sides of the specimens are shown in Figs. F.8
and F.9 for the two definitions of t,. Agreements between
values or dt] and di2 at a given location of (, for each
specimen are perhaps indicative of the test conditions in
terms of material homogeneity, the degree of symmetry of
load application, and of unstable crack growth subsequent
10 crack initiation.
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Dustributions of TR measurements averaged from both
halves of the specimens at the two t, locations are
indicatzd in Fig. F.10. It is seen that TR values generally
increase with increasing toughness within cach specimen
size. Recall that the measurement location L, = ty ., 15
chosen for cach specimen because it appears 1o correspond
1o maximum thickness reduction. Results from Fig. F.10
indicate that the , = iy locations thus chosen do in fact
correspond 10 TR values that are larger than those for |, =
5 J/a,, for almos: all cases considered. Exception is noted
for ore 1T specimen for which TR values from 1, = 5,
ave slightly lower than the value obtained from the t, = §
/o, location. While the TR values show marked variation
within each specimen size, the average values for each
specimen size appear o be much more uniform as
indicated in Fig. F.11.

F.5.3 Correlation Between TR and Crack-
Initiation Toughne.s

Data shown in Fig. F.4 and Figs. F.7 10 F 10 indicate that
significant variability in measured quantities, both in terms
of t,, TR, and toughness values, exists within a given
specimen size and among the specimen sizes. The scatter
associated with the toughness values is typical of that
associated with A 533 B in the lower-transition
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 wughness values is 10 be expected,
the proposal that TR is related to CTOD in a relatively
constant manner 1s by its nature not subject w scatter.

In Fig. F.12 the average values of TR are ploted at the two
measurement locations t, for each specimen against the re-
ported toughness values based on results from Fig. F 4,
The toughness values are reported in terms of their J-inte-
gral values for reasons indicated earlier in the discussion
on WP results. In Fig. F.12 three straight lines are drawn
for three values of the empirical adjustment factor m that
corresponds o the predicted relationship between TR and
1, as indicated by Eq. (F.3) and discussed previously. Rate
adjustment of the type employed in Ref. 4 corresponds to
ms= !.47,hasedonyieldmsscy-500MPaandﬂow
stress oy = 598 MPa at -75°C, and a rate-adjusted flow
stress elevation of 138 MPa. The m = 1 line will be taken
as indicative of the lowest constraint conditions, while the
m = 2 line is taken as indicative of plane strain constraint
conditions.

Results shown in Fig. F.12 indicate that aside from the
1727 specimens, it does not appear that a correlation of the
type svggested by Eq. (F.3) applies to the 1T and 2T

NUREG/CR-6008



Distributions of t; locations based on two definitions adopted in this study indicated for 17 specimens

excluding 4T-CT). Measurement locations denoted as t, S Vo, necessar oliow ascending order

within each specimen size since tough values are so ordered. In contrast there does not appear to be

obvious ordering of t, . cations within or among specimen sizes
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specimens. Again, this interpretation is based upon the
observation that the existence of a TR conelation involves
not only a linear relationship between TR and J, but also
that thus linear relationship noz L5 0 be ancheoed at the
origin of the plot in Fig. ¥ 12. In addition, the TR-J data
need 10 be w the right of the m = 1 line due to the
assumption of minimum constrait associated with the
static, plare ¢ress condition. The magnitudes of the
transverse saain for the vanous specimens are 0.4 1 6%
for the 172-CT , 0.2 10 1% for the 1T-CT, and 0.1 10 0.4%
for the 2T-CT specimens. For the 12T spe. _nens, the TR
correlation appears 10 be validated for both large and small
values of induced thickness reduction if an adjustment
factor less than that suggested in Ref. 4 is assumed.

F.5.2 Numerical Predictions of in- *u TR

Recall that the TR enrrelaton in Eq. (F.2) is premised 1:pon
TR being an approximate measur- of CTOD at fa lure,
where both quanuties must neoessanly be in-sity prefrac-
ture values. The genc.alization of this correlaton in the
form of Eq. (F.3) still requires a constant relationship be-
tween TR and CTOD. In view of the apparent lack of cor-
relation hetween the measured TR and wughness values
for the CT specimens, analyses were peformed for a three-
dimensional (3-D) finite-clement model of a 1T-CT speci-
men in an atlempt 10 gain further insights. Specifically, the
quesuon to be aduressea concerns o what exient postirac-
ture TR measurements can be rela’ | o the amount of TR
just before crack inttiation and 10 we amount of residual
TR subsequent to crack initation,

Details of these finite-clement analyses have been de-
soribed in Appendix E of this repont. Specifically, the load
histories for theee of the 1'T-CT specimens considered in
Fig. F.12 vere examined. These specimens failed at values
of *he maximum applied load Py, ., equal to 29, 35, and
S0 kN, respectively. Relevant experimental data on these
three specimens are presented in Table F.2 to facilitate the
following discussion.

T — w——— R S e —— — vEe— " —_—

Finite-element calculazions of the tansverse displacement
distribution across these specimens at Py, are presented
in Fig. E7(a)-(¢). In these figures the negative wransverse
displacement results indicated on the vertical axis corre-
spond Lo those experienced by one-half of the specimen,
with the origin of the horizontal axis denoung the midplane
of the specimen. TR values are thus obtained by doubling
the displacement values indicated in these figures, with
propet accounting for the negative sign of the finite-ele-
ment results. These TR values are presonted in Table F 2.

Transverse displacement distributions for the three 1T-CT
specimens after unloading from peak load W zero applied
load are presented in Fig. E.B (a)-(c): the associated TR
values are presented in Table F.2. Note that while these
residual TR values may be indicative of the effects due o
removel of the applied kiad, they do not account for the TR
contributions due to unstable crack initation and propaga-
tion, especially tensile necking 12 Jhear lips. Comparisons
of the results presented in Table F.2 indicate that the no-
menically deternined residual TR values are on the order
of one-third their measured values at Py, for KS1C and
K52B and that they are nearly identical for spectmen
K34A.

The fir... observation is that the finite-element results indi-
cate Lt the distribution of TR is a decreasing function of
distance from the crack front. Based on elementary crack-
tip-field considerations, one would indeed anticipate this 1o
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 (KS2B and KS4A). Furthermore, the re-
sults presented in Fig. F.7 suggest no definite trends with
respect to the two measurement locations,

The second observation is that the finite-element analyses
predict substantic '+ lower values of residual TR than those
determined experimentally for KS1C and K526, while the
fintte-clement prediction for KS4A is nearly identical to

Table F2 Experimental data relcvant to TR measurements for three 1T-CT specimens, along with finite-element

calculations of TR at maximum fracture load and after unloading from peak load to zero applied load

From | ", measurements

From A.D model
After unloading

"'m

Spedmen Pm Jd..v*

to= $ 100 to = tygy AYETHEETR Average TR 1o oig g, TR attmax TR81S S0 TR 88 tysus

g atf Je al tyax
“j(: _'(fN) (KN/m) (mm) (mm) (ma) A, (mm) {mm) _(fun) - (mm) —
KS1C 20 144 0.12 0,084 0.040 0.044 0.041 0.013
KS2B 15 263 0.2 048 0.080 0.004 0.056 0.046 0.020 0.019 :
KS4a 50 743 0.62 0.25 0.124 0.117 0.1%7 0.7 :
NUREG/CR-6008 F-16
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the corresponding experimental measurement. It 1s be-
lieved that this observaton can be understood by recogniz-
ing that the experimental postfractie TR measurements
represent the otal contribution from crack-initiation and
crack-propagation effects. On the other hand, the finie-
element results represent in-situ predictions of TR values
due 10 the application of maximum load and subsequent
unloading. Consequently, it would ~opear that w.e contriby-
tion 1o TR resulung from shear-lip formation due t. crack
propagation may at times overwhelm the contribution due
10 crack initiation.

The third observation is that the numencally Aetermined
TR values at maximum load are similar to measured post-
fracture values. However, it is not possible 1o conclude
whether the numerically determined TR values at maxi-
mum load are either consistently higher or lower than mea-
sured values. Clearly, th amount of TR at fracture can be
correlated with the applied fracture load or alierately with
the tracture toughness. However, the apparent lack of cor-
relation between TR and J for the 1T-CT, as indicated in
Fig. F.12, appears to rule out the premise .t the amount
of TR prior to crack initiation can be correlated with frac-
i 1o ghness in the manner described by Eq. (F.3), at
least for some of the 1T-CT specimens.

F.6 General Observations on
Correlation Between Induced TR
and Fracture Toughness

The first observation concerns the functional form of the
proposed TR correlation as indicated in Eq. (F.3). In view
of the apparent nonlinear nature of the results when TR is
plotted aga*ast the J-integral in Figs. F.3 and F.12, it might
be lempting to suggest a nonlinear relationship betw.-a TR
and CTOD and to incorporate this nonlinearity in'~1.g
(F.3). However, if a nonlinear TR-CTOD relationship is
adopted, the empinical factor m would no longer be an
empirical constant but a nondimensional function involv-
ing some nondimensional load parameter. The problem
with this proposal is that theee does not appear (o be any
theoretical basis for such a dependence on load that is in
addition to the contribution via J/o, that has already been
assumed in Eq. (F.3). The dependence on material parame-
ters would appear as a constant al a given test iemperature
and strain rate. This dependence has already been implic-
ily assumed in the definition of the factor m in Eq. (F 3),

The second observation concerns the uncenainty related o
the practical limitations associated with use of Eq. (F.3).
As indicated :n Sect. F.2, the proposed TR correlation is
sricly not apphcable near plane strainlike conditions.
However, it should be recognized that ev~n for sufficiently
thick test specimens that satisfy standard plane strain valid-
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iy requirements, the magnitude of the TR or transverse
displacement, as opposed 10 tansverse sirain, may be ap-
preciable . This comment 15 based on the observation that
displacement 1s the product between strain and specimen
thickness integrated along the crack front. It i3 not possible
1o establish, a prion, the relative contribution 1 this prod-
uct from the intecior of the specimen (small strain but large
thickness) as compared 10 the two surface-layer regions
(large strain but small thickness). 1t is unclear o what de-
gree the proposed TR correlation is sensitive to the relative
contribution o TR from the interior and surface-layer re-
gilons, Perhaps this uncertainty is related to the varying
degree of success in applying the proposed TR correlation
to the CT and WP specimens and 10 the experimental data
cited in Ref. 3.

The third observation concemns the effects of higher-order
T+ or Q-stress on the proposed TR correlation. To the ex-
tent that the proposed correlation is premised upon the J-
CTOD relation associated with a given material, the effects
of T- or Q-stress on this correls . are expected 1o be di-
rectly related (o the effects of .- or Q-stress on t_. J-
CTOD retation.*

The ‘ourth observation is that while the proposed corre'a
von implies & nearly constant relation between the degres
of induced TR and J in a manner similar o the nearly con-
stant relation berween CTOD and J, this implication of
constancy does not contradict the commonly observed
scatter in fracture toughness values. Recall that while the
magnitude of fracture toughness at the lower-shelfl and
transiton wmperature range is known 10 show a large de-
gree of variability under nominally identical testing con-
ditions, the relation between critical values of fraciure
loughness and the independently measurable CTOD is
luirly constant. Similarly, on the basis of Eq. (F.3), the re-
lation between critical values of tough~ess and TR, should
ong exist, would be fairly constar ..

F.7 Induced vs Prescribed Transverse
Strain

The utility of a correlation based on induced TR 1oward
determination of the effects of prescribed transverse dis-
placement on fracture ughness is limited. That s, even if
the validity of a corrclation between induced TR and
oughness [such as Eq. (F.3)] can be established, it does
not folluw that this correlation can be used (o Getermine
toughness as a function of TR, nor that this correlation can

*N.P.O'Dowd and C. F. Shih, “Family of Crack-Tip Fields
Charactenzed by » Traziality Parameter Pant [-—Fracture
Applications,” submiited for publication in J Mech Phys Soluds,
August 1991
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he extrapolated into the positive straining regime, whether
the pusitive stramag s induced or prescribed. The wugh-
ness data presented in Fig. F.13 will now be used to
emphasize this idea
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Figure .13 Variation of critical K values (converted
from critical J values at instahility) for a
number of CT specimens of various
planforms and thicknesses

Critical K values (co verted from critical J values in insta-
bility) for a number o« CT specimens of various planforms
and thicknesses are presented in Fig. F.13.* While there are
only two data points for the 2T specimens, these data do
appear (o support the observation that the average value of
toughness decreases with ‘ncreasing “pecimen width,
However, it would be incorrect 1o suggest .hat the decrease
in average thickness reduction or induced transserse strain
at fracture with increasing specimen thickness is responsi-
ble for the observed trend in wughness. An interpretation is
that inhomogeneity in a given heat of material results in a

*D. B MeCats and 1. 0. Landes, *The Effect of Specimen Plan View
Sizr and Matenal Thickness on the Transition Temperature Behavior of
AS33B Steel,” Rescarch Report 80103 REVEM R2, Westinghouse
R&D Center, November 1980,

NUREG/CR-6008

distribution of critcal conditions necessary 10 initae frac.
ture. As specimen size is increased, a specimen will sample
a larger volume of material and exhibit lower fricture
toughnoss.! ? Indeed, such an explanation; is compatible
with both the observation that the minimum toughness is
lower for the 1727 than the 2T specimens and that the re-
verse 1s true for the average toughness value.

While it may be possible to establish a correlation that re-
lates the vanation in ughness. hath among specimen
sizes and within a given specimen sae, with the magnitude
of the induced transverse strain, experimental results of the
type indicated in Fig. F.13 simply give no information on
the role of prescribed trunsverse suain on toughness. The
effects of prescribed transverse strain ou fracture woughness
can, however, be evaluaied in the following manner.
Fracture toughness tests neca 1o be performed for a suitable
number of specimens under nominally identical in-plane
condiions but various degrees of prescribed out-of -plane
straining. The influence of vansverse strain on toughness
can be established, based on the extent that the proscribed
transverse strain influences the scatier in toughness data,
such as that indicated in Fig. F.13,
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Appendix G

Detailed Crack-Tip Analysis of Proposed Large-Scale
Biaxial Fracture Specimen

D. K. M. Shum

G.1 Introduction

This appendix describes the application of the analytical
fracture prediction m ethods discussed in Appendix B (o
predict the fraciure response of a candidate large-scale bi-
axtal fracture specimen. The candidate large-scale biaxial
fracture specimen is schematically illustrated in Fig. G 1.
The plaic specimen is 76 mm (3 in) thick, with planar
dimens.ons measuring 1220 by 1220 mm (48 by 48 in).
The proposed flaw geometry is an elongated elliptical sur-
face Nlaw with a length of 813 mm (32 in.) and a maximum
flaw depth of 19 mn (0.75 in.).

CFNL DWG 47 - 08 £
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1220 mm 19 mm

1220 mm

76 mm

Figure G.1 S ".ematic of candidate large-scale biaxial
fr. cture specimen. The plate specimen is
/6 wm (3in.) thick with planar
limensions measuring 1220 by 1220 .am
148 by 48 in.). The Naw geometry is an
elongated elliptical surface Naw with
length of 813 mm (32 in.) and a maximum
faw depth of 19 mm (0.75 in.)

7.2 Correspondence Between 3-D and
2.I* Generalized-Plane-Strain
Description of Biaxial Specimen

As discussed in Chaps. 3 and 5, quantitative determination
of crack-tip stress and strain fields under generalized
plane-strain (GPS) conditions 1s a necessary first step
wwird estiniating the polential decrease in tracture WuUgh-
ness, from a reference plane strain value, due 0 positive
strmining along the crack front. The methodology demon-
strated in Appendixes A and B can, in principle, be applied
to a three-dimensional (3-D) model of the proposed biaxial
fracture specimen, However, the computational efforts as-
sociated with an elastic -plastic analysis of the near-crack-
tip fields </ a 3-D crack front, involving elements with
minimum dimensions on the order of the crack-tip-opening
wplacement (CTOD), 1s extremely prohibitive,

Fortunately, the experimenial requirement of an elougated
flaw geometry to ensure rear uniformity of transverse
strain is expecied o result in crack-up fields with varia-
tions along the crack front that are much less severe than
their variation in directions perpendicular o the crack
front, Thal is, along the central portions of the crack front,
the crack-Lp fields are expecied 1o be sssenually 2-D in na-
ture in @ manner 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
valid, are examined by comparing the disuribution of the
stress-intensity facior K along the 3-D crack front with the
associated 2-D fracture problem assuming linear-elastic
material response.

G.2.1 Comparison of 3-D and 2-D Resclts

The 3-D finite-clement mode! of the proposed biaxial
specimen ‘s show= in Fig. G.2(a) and (b). From symmetry
considerations on . one-quarter of the sp “imen is
modeled. The loading condition considered is uniaxial
loading in the direction perpendicular to the crack plane.
This loading condition is imposed in the finite-element
maodel as a uniform load of 6.89 MPa (1 ksi) applied along
the remote edge of the specimen. In a linear-elastic
analysis the imposition of transverse strain 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 ABAQUS! is used 10 examine this
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(o)

rigure G2 1a) 3-D finite-element of candidate biaxial specimen. From sy.nmetry considerations only one-quarter of
the specimen is modeled. (b) Crack tip region of 3-D finite-element model of cardidate biaxial specimen.
J-integral values are evalusted along two semicircular contours shown here

3-D linear-clastic problem. The 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. G.3

semicircular contours shown in Fig. G.2(b). Path indepen- subject o uniform remote tensile load of 6.89 MPa (1 ksi),

dence of the calculated J-integral values is observed. the K value is reported (o be 2.535 MPas/m (2.307

ksi*/in. ) 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 illostrated in Fig. G.3. The shown in Fig. G4, T crack front location is expressed in

crack length 1o specimen width ratio is a/W = 0.25. The terms of the associated surface location. In Fig. G4, x =0
| linear-elastic K value for the SEN geometry subject to a mm corresponds 1o the deepest part of the 3-D flaw, and x
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Figure G4 Distributior . k values along 3-D crack front. Crack front location is expressed in terms of associated
surface location: x = 0 mm corresponds to deepest part of the 3.0 flaw and x = 406 mm corresponds to
iutersection of crack front with specimen’s free surface. K values are expressed as ratio of 3-D K values
1o associated 2-D value. These results suggest that near-crack-tip fields along substantial central portion
of 3-D crack front can indeed be adequately determined via 2-D, GPS SEN approximation
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Figure G5 (a) Detailed 2-D finite-element model for one-half of SEN geometry. A unique feature of finite-element
mesh is highly refined crack-tip region indicated in (@) 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
(0.75 byl.5 in.). Within this rectangular region are 32 rings of elements placed concentrically about the
“erack-tip.” (¢) 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~ mm. Unloaded notch radius is ~1/300,00 of
shorter dimension of rectangular crack-tip mesh indicated in (b). High 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 condu uns corresyond 1o a distributed
tensile load applied at the wp edge of the SEN geometry.
This distributed load increases monotonically from zero up

to a maximum value 207 MPa (30 ksi) . The maximum dis-

tributed tensile load of 207 MPa corresponds 10 an inte-
grated load of 19.2 MN. Two types of transverse loading
are considered. The prescribed transverse strain considered

is either €, = 0 (plane strain) or positive out-of -plane strain.

Consideration of these two cases of out-of-plane straining
allows the isolation of the effects of out-of-plane straining
on crack initiation in the proposed biaxial specuen.

For the case of GPS, the magnitude of the prescribed
uansverse strain increases monotonically and concurrently
with the in-plane distributed tensile load from zero 1 a
maximum magnitude of €;/e, = 0.56. The degree of out-of-
plane straining is considered 10 be severs with respect to
the normal operations of an RPV. These loading conditions
simelate a load-controlled biaxial west, in a manner similar
to the displacement boundary conditions considered in
Appendix C. The maximum transverse load can be esti-
mated from linear elasticity based on the magnitude of the
prescribed transverse stra' . *od the in-plane distributed
tensile load. The maximum ansverse load is ~38 MN. The
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axial and transverse loading prrameiers are within the an-
tcipated capacity of the biaxial wst fixture.

(.4 Detailed ?-D Finite-Element
Results

The plare strain (€, = 0) opening-mode stress distribution
directly ahead of the blunting notch is presentad in Fig. G.6
al two stages of the uniaxiallv apphied load up 10 the
maximum value of 19.2 MN. The distance ahead of the
blunting notch is normalized by the parameter J/0q, where
1 1s the value of the J-integral corresponding 1o the applied
loading conditions. In Fig. G.7 the distribution of effective
plastic strain € directly ahead of the blunting notch is indi-
cated In Fig. G 8 the distribution of effective plastic strain
and the associated stress state, as characierized by the ratio
of hydrostatic stress W effective stress 0p,/0,, directly
ahead of the blunting notch is presented. Note that g is not
a unigue function of oy /0e as indicated by the elhows in
the figure. As will de discussed shortly, it is that ; ortion of
the £¢ distribution that decreases with in-reasing value of
Om/0e that is relevant to the ductile failure model to be
presented. In addition, the reference plane strain K -domi-

nant small-scale yielding (SSY) distributions for this ma-
terial, oblained using the boundary -layer approwch de-
scribed in Appendixes B and C are also presented in Figs.
G.6-73.5. The plane strain SSY distributions are assumed
10 represent the crack-tp fields assocated with & standard
ASTM fracture specimen, such as the compact (CT) or the
three-point-bead (TPB) specimen, witain the loading and
geometry regime considered valid within the specific ations
of the testng standlard.

In Figs. G.C-G.11 results analogous to those presented in
Figs. G.6-G.8, except now for the case of GPS loading up
10 €4/t = 0.56, are presented. The parameter values indi-
cated in these figures correspond (o the magnitudes of the
applied out-of-plane strain and in-plane distributed load,
respectively. In Figs. G.12-G. 14 the plane strain and GPS
results are indicated for the case of maximum in-plane
loading of 19.2 MN and, where appropriate, out-of-plane
loading of magnicde e,/e, = 0.56. Simi'ar 1o the findings
in Appendix C, results in Figs. G 9-G. 14 indicate that the
effects of ransverse strain on the crack-tip fields increase
with either increasing distance from (e crack tip or in-
crease in the magnitude of the applied transverse stran.
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Figure G.6  Plane strain (e, = 0) opening-mode stress distribution directly ahead of blunting notch SEN geometry at
two stages of uniaxially appied load to maximum value of 19.2 MN, Material model considered is one
that simulates uniaxial stress-strain response in tension of RPV-grade material subject to irradiation
effects with 0, = 623 MPa. Distribution identified as SSY is reference plane strain h-dominant
distribution for this material obtained using boundary-l  »+ approach described in Appendix C
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Distribution of opening-mode stress directly aliead of blunting notch for SEN geometry with out-of-

plane loading up to €,/€, = 0.56 and in-plane loading up to 19.2 MN, along with reference SSY distribu-
tion. Parameter values indicated in this figure correspond to magnitudes of applied out-of-plane strain
and in-plane distributed load, respectively
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Figure G.I1 Distribution of effective plastic strain as function of stress ratio Opm/0, foc “EN g-ometry with out-of.
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distribution
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Figure G.14 Distribution of effeciive plastic strain as function of stress ratio 0y/0, for SEN geometry at maximum
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In Dig, G S(a) and (B) tee J-CTOD relatons, bassd on the
two definitions of CTOD discussed in Appendix C, are
presented for the SEN geometry under plane strin and
GPS vonditions. The terminus of these curves comre ponds
10 maxiewm in-plane and out-of-plane loading. The §8Y
relations are also indicated in these ligures

.8 Analytical Predictions of Crack
Initiation Under GPS Conditions

A simplificd view (s adopied here when the biasial spedi-
men, as characierized hy the present naatenial model, 15 ex-
pected to fail either in a cleavage or in a ductile manne in
response (o the loading conditions. In addition, & deter-
ministic rather than statistical approach is adopled for siin-
plicity. In the following discussion the Ratchie Knott-Rice
(RKR) mode' is adopted for the pr icuion of cleavage
fracwure, and the McClintock-Hancuck-MacKenzie (MHM)
maode!®S is adonted for the prediction of ductile fracture.
As discussed in Apperdix B, these two mndels are chosen
hecause they have been apphied 1 A 533 B material, in the
lower-transition and upper-shelf regions, respectively. with
some success under nonuradiated and irradiated condi-
LOn6s,

Within the context of the stated assumptions, it is poesible
to analytically predict whether the biaxial specunen would
fail 10 cither a cleavage or ductile manner. Accordingly,
sample calculauens to predict the failury mode are pre-
sented based on the GPS results. Howeves, the prediction
of failure mode should not be viesed as definitive, due 1o
bath the simplicaty of the failure moxels adopted and the
unceriinty regarding vanous critical materia' parameters,
as will be eviden, shortly. Instead, the pnmary focus in the
following sections is 10 delermine the magnitude of tough-
neas deviauon from the reterence plane strain, 8SY condi-
ton that can be expecied under GPS conditions, assuming
alternaiely that the failure mechanism is cleavage or ductile
I nature.,

G.5.1 Sample Caleulations Hlustrating
Analytical Prediction of Failure Mode

The GPS, finite-clement results for the biaxial specimen
presented in Figs, G.9-G.11 will now be taken as input 10
the two predicuve fracture models. As will be eviden
shortly, however, the predicted failure mode for the biaxial
specimen under GPS conditions applies equally well 1o the
case assuming the biaxia! specimen 1o be under plane
strain conditions and 1o the case of a typical laboratory-size
small specimen as characterized by the reference plane
ain, SS8Y condition,

G-11

Detailed

Atlention will be focused first on the prediction of ¢leav-
age fracture. For simphicity, the present application of the
RKR model for fractue pradiction involves racking the
loading hstory of & matarial point located at & eritical dis-
tunce ahead of the blunting crack Uup. Crack initiation is as-
sumed 1o be a consaguence of the opening-mode suress
vomponent assaciated with that matenal point reaching a
critics) stress level Limited experimenta data for HSST
plate 02 (A S33 B) suggest that the critica) cleavage stress
is on the order of 1700 1o 1800 MPa as discussed in
Appendin B, The corresponding critical distance 10
cleavape mitiation sites that best fit small-specimen data is
taken 10 be on the order of 50 o 100 um. A mare sophis-
ucated weaunent of cleavage fracture in the spirit of the
KKR maodel would involve treating both the critical dis-
tance parameier and the critica] failure stress as statistical
variables,

The variation of Janiegial values with axial load up 10 a
maximum vilue of 19.2 MN i« presented in Fig, G.16 for
both the: plane strain and CPS conditions. As expected, the
application of ransverse stram does not influence the
magnitude of J for a given value of the axial load.
Variation of the opening-mode stress cotiponent with the
axial load, where the magnitade of the axial load is ex -
pressed via J-integral values. is presented in Fig. G.17 for
the case of GP'S conditions. In Fig. G.17 the viriations are
presented at two locations ahead of the crack up corre-
sponding to r = 45 and 143 um. These two locations span
the range of critical distances (0 cleavage-mitiation sites
discussed previously. Also indicated in this figure are the
cowresponding variation for the biaxial spectm*n, assuming
pla.¢ strain conditions, and the vanation corresponding 1o
the reference plane strain SSY condition,

Aunention will be ‘ocused on the GPS vaniauons for the
moment. From Fig. G.17, it is observed that an assumed
critical cleavage stress of 1744 MPa (0/a, = 2.8) is ex-
creded at location r = 45 pum for loading exceeding ] = 8
kKN/m. This same level of opening-mode siress s reached
atlocation r= 143 pm at maximun in-plane and out-of-
plane loading corresponding 1o J =~ 27,9 kN/mn. For an as-
sumed critical cleavage stress of magnitude <1744 MPg,
the critical cleavage stress is maintained over a distance

> 143 pon. Therefore, within the range of critical distances
associated with smail-specimen toughness data the critical
cont'ition for cleavage fracture is satisfied within the an-
ticipated capacity of the proposed biaxial test frame.
Consequently, cleavage fracture is 1 possible failure mode
for the flaw embedded in the haxial specimen, as modeled
by the SEN geometry, at or prior to the atainment of
maximum in-plane and out-of-plane loads.
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Predic on of ductile failure is based on the ductile failure
data presended in Fig. C.19 in Appendix C, From Rel. 6,
the minimum s12¢ of a region necessary 1o accommodate
ductile fracture of plastic-flow localization, as determined
from best fit 1o small-specimen toughness data, is on the
arder of 300 10 350 pum. It is observed that the MHM fail-
ure critenion (see Fig. C.19) is exceeded by the results indi-
caed in Fig. G111 for magnnede of the effective plastic
strain e 2 25%. From Fig, G.10 it 15 observed that, cven
under maximum in-plane and out-of-plane loading, this
magnitude of £ 18 exceeded only over a distance r £ (0.8
Jia,. A distance of 0.5 J/a, cotresponds ap, roximaiely ©
22 yum based on a caloulated J-integral value of 279 kKN/m
at maximum load. Because the calculaied distance of

22 i is much smaller than the reported minimum size
necessary 1o accommaodate ductile fuilure, ductile lailure is
not expected 1o be the failure mode upon reaching the
maximum in-plane and out-of - Tane loads.,

Consequently, cleavage crack initiation is anticipated for
the proposed buaxaal specimen configuration. However, it
is emphastzed that this prediction is dependent on the
stress-strain curve of the biaxial specimen materal, along
with the validity of the various critical material parameters
assumed in this prediction.

;.52 Analytical Prediction of Fracture

Toughness Assuming Cleavage Failure
Mode

Estimates of the potential toughness deviation relative to a
reference plane straia, S8Y condition o the biaxial
specimen follows the approach illustrated previously. From
Fig. GA7. i is observed that the magnitude of the opening-
mode siress compaonent for the SEN geometry, assuminy

cither plane strain o GPS conditions, is coasistently below
that associated with the SSY condition at either value of
the critical distance parameter r = 45 or 143 um. In Table
G esumates of wughness deviation are preseoted for a
range of assumed cleavage fracture stress. These oughmass
estimates are plotied in Fig, G. 1k,

Results in Table G.1 and Fig. G 18 indicate that the biaxial
specimen, as modeled by the SEN geometry, is expected 1o
exhibit & smail amount of toughness enhancemant relative
10 the small-cpacimen value. With regard 1o ransverse
stramning, minimal toughness deviation due 10 positive out-
of-place straining is expected for the assumed set of

anal) sis conditions, Therefore, it is anucipated (hat the
proposed biaxal test specimen would fail ot essentially the
same level of axial load under uniaxial or biaxial loading
condition,

G.5.3 T.-Stress Effects

Results from Figs. G.12-G. 14, along with the toughness-
deviation predictions presented in Fig. G.18, suggest that
the fracture respons» of the proposed biaxial specimen can
be readily undersiood within the context of the two-param-
eler approaches discussed in Appendixes A-C. That is, the
graduu) deviation of the near-tip fields of the proposed bi-
axial specimen from the SSY distributions with increasing
in-plane and out-of-plane loading can, to a gor . aproxi-
mation, be correlated with increasing negative T-stress
values. In Figs. C.11-C.17 in Appendix C, the MBL distri-
butions for the hiaxial specimen mater Al are presented.
The MBL analyses are performed for the indicated mini-
mum values of T-stress and, where appropriate, positive
transver ¢ strain. The similarity between the MBL and the
buaxial full-field distributions are noted.

Table G.1 Estimates of toughness deviation from a reference plane strain, SSY (8g = T = 0) value, based on
the RKR model and a range of assumed cleavage fracture stress. The critical material distance
parameler is tuken 1o be 45 and 143 um, These estimates are obtained based on results from
Fig. G.1K for the SEN geometry with out-of-plane loading up to €,/¢, = 0.56 and
w-plane loading up to 19.2 MN. Magnitude of the yield stress @, = 623 MP

re =45 pum

feg= l“m

Jatrg Jrs

Kps Jars Kops

OJo, SSY  PS GPS Jssy Kssy Jssy  Kssy

Jatrg Ies  Kps Jars Kops
SSY S GPS Jssy Kssy Jssy Kssy

23 22 22 22 1 1 1 1

24 26 28 31 108 14 119 109
25 32 36 36 L1} 106 113 114
26 41 48 44 117 108 107 1. -
27 52 61 S4 117 108 14 1L
28 68 B2 715 121 110 L0 105
<8 8B 107 105 122 110 119 1@

- ——

70 8 74 114 107 106 103
84 102 90 121 110 107 1L
104 133 108 128 113 4 12
130 178 140 137 117 108 104
165 246 198 149 122 120 110
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Figure G.I8 Estimates of tovghness deviation, from reference plane strain K-dominant (¢, = T = 0) value, based on
RKR model and range of assumed cleavage fracture stress. Critical material distance parameter is
taken alternatively to be 45 um und 143 um. These estimates are obtained based on results from
Fig. G.17 for SEN geometry with out-of-plane loading up to ,/e, = 0.86 and in-plane loading up to
19.2 MN. These results suggest that the biaxial specimen, as modeled by the SEN geometry, is expected
10 exhibit » small amount of toughness enhancement relative to small-specimen value. With regard to
transverse straining, minimal toughness deviation due to positive out-of-plane steaining is expected for

assumed set of analysis conditions

G.6 Comparison of Analytical
Predictions with Available
Experimental Data

Comparisons of analytical predictions of crack initiation
under GPS conditions with limited large-scale biaxial ex-
prrimental dita have been presented in Appendix C. As
discussed in Appendix €, a perplexing aspect of The
Welding Institute (TWI) resulis® is the apparent lack of
carrelation between the no . nal remmote stress and CTOD
at failure. Large variations i CTOD af fuilure, as & conse-
quence of uniaxial and biaxial loading, are reported in the
TWI studies even though the nominal remote stress state at
failure is nearly constant.

The J-CTOD relations for the present biaxial geometry up
(0 the maximum axig! load are presented in Fig. G.15(a)
and “b) for both plane st-ain and GPS conditions. The two
definitions of CTOD employed in these figures are dis-

G158

TSRS TSR VSN

cussed in Appendix C, The J.CTOD relations under SSY
conditions & e also included in these figures, These results
suggest that the J-CTD relation is not very sensitive 1o
the range of positive out-of -plane loading considered in
this study ard do not reflect the sensitiviiy ‘eported in the
TWI studies.

(.7 Limitations on Appli- ability of
Fracture Prediction Models

Analytical predictions of crack initiation, such as those
presented in Appendix C and in this appendix, involve in-
terpretation of detailed results of the near-crack-tip fields
1n the context of a postutated fracturs model. The accuruey
of the near-crack-tip resulls, assuming the applicability of
continuum theory, appears more than adequate, As dis-
cussed in Appendix B, utility of these continuum results
requires that the size of the annular region characierized by
the near-tip parameters such as K, J, T, or Q he sufficiently
large, in comparison to relevant microstructural parameters
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Figure G119 Distribution of stress ratio 0,4/0, for SEN seometry at maximum in-pla_.¢ loading of 19.2 MN, Out-of-

plane loading condition is cither plane strain (£,/e,, = 0) or at maximum out-of-plane loading e,/¢, =
0.56. SSY distribution is also indi. ated
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Figure G20 Distribution of the stress ratio @y, /@, for SEN geometry with out-of-plane loading up to £,/e, = 0.86 and
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arigmally formulated as an invariant stress measure in
plastcity theory. into an elasuc stress analysis. The singu-
lar nature of Eq. (G.1) is demonstrated in Fig. G 21 for
parameter vidues e, = 1/311, v = 0.3, and three values ol
posttive out-of -plane strn. In the case of the elastc-
plastic distnibutions indicated in Figs. G.19 and G .20, evi-
dently the onset of plasticity results in # maximum in the
distributions ouiside of the plastic zone, Use of the MHM
maodel in previous sections involves plasuc strains on the
order of 25% at a location well within the finite-strain re-
. Within the finite-strain region, the distribution of the
stress rauo is evidently not affecied by the mathematical
singulanty outside of the plastic zone.

In the second example, an aliernate hypothesis that ductile
failure can be related somewhat to the distribution of the
stress ratio indicated in Fig. G.19 in the neighborhood of
the elastic-plastic boundary ahead of the crack p is exam-
ined, The magnitude of this stress ratio for the plane strain
SEN problem is ~1.6 at the elastic-plastic boundar, which
18 located at a distance of ~12 Ja,,. At the same location
the stress ratio for the case of positive out-of -plane strain is

=24 0On the other hand, the magnitude of this stress ratio
at the elastic-plastic boundary for the positive out-of -plane
strain SEN provlem, which is located at a distance of ~2.§
Jiag, 18 2.3, Al this location the stress ratio for the case of
plane strain is ~2.1.

At this point it is unclear how, in accordance with the
stated hypothesis, one would estimate the oughness devia-
1 on due 10 positive oul-of-plane strain in & manner consis-
tent with what is known about ductile failure. It may be
tempting o ke the ratio of the stress measure at the elas-
tic-plasuc boundary under plane strain and GPS conditions
as indicative of toughness deviation. How 2ver, adoption of
this viewpoint does not readily offer a method 1o quantify
the magnitude of the toughness deviauon. More impor-
tantly, the distribution of stress ratio for the GPS SEN
problem, in the neighborhood of the elastic -plastic bound-
ary, appears 10 be suongly influenced by the singular na-
ture of this distribution in the elastic region. The apparent
paradox discussed in the first example strongly discourages
use of this stress ratio in the vicinity of the elastic- plastic
boundary as a failure criterion,
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€5/ = 0.56, along with reference SSY distribution, based on LEFM assumptoes. Singular nature of
distributions under positive out-of-plane loading results from extending definition of effective stress,
originally formulated as an invariant stress measure in plasticity theory, into an elastic stress analysis
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