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ABSTRACT

Warm prestress (WPS) behavior is the term commonly used to describe an
apparent increase in material toughness of pressure vessel steels
resulting from previous loading at a higher temperature. Such load
histories azre of interest largely due to the fact that loss of coolant
accident (LOCA) and pressurized thermal shock (PTS) related load

histories are expected to result in WPS behavior. While previous
experimental work has demonstrated WPS behavior, insufficient
attention has been given to separating material toughness variability
from the WPS effect. There also appears to be a basic lack of
understanding of the mechanism by which WPS behavior occurs and as a
result, there is no generally accepted model or fracture criterion for
predicting WPS behavior.

The objectives of this study were to develop WPS data for which the
enhanced toughness due to WPS could be separated from the K
variability of the virgin material and to evaluate several candidate
WPS models.

Two types of WPS loading sequences were considered. The first is
called load-unload-cool-fail (LUCF) and the second is called load-
partial unload-cool-fail (LPUCF). Each load history was replicated 8
to 10 times and statistical methods were used to show that WPS can
raise the apparent K;.  to levels significantly above the virgin
material K range. e LPUCF experiments showed, for example, that
the effective K;, 6 after WPS (i.e., the applied K; at failure or K¢)
was at about the same K; level reached during the warm preload or
about three times the mean virgin material K;, at the failure
temperature., For the LUCF experiments the warm prestressing benefit
was smaller but still significant with K¢ levels being 1.6 to 2.5

times the virgin material K;, levels depending on the temperature at
failure.

The WPS models which were evaluated include the small scale yield,
strip yield model of Chell and associates, the compact specimen strip
yield model of Newman and Mall, and a small scale yield model propoied
by Curry. The candidate fracture criteria included J,, T p’
dCTOD*FLOW, and critical stress.

The small scale yield critical stress model (SSYCSM) of Curry was
found to be the most promising model in terms of (i) accurately
predicting WPS fracture behavior, (ii) having a sound physical basis,
(ii1) being easy to use, and (iv) having general applicability to a
wide range of geometries and WPS load histories. Proposals are made
for simplifying the determination of critical stress parameters for a
given material and for improving the models representation of virgin
material toughness in the transition region.
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EXECUTIVE SUMMARY

Warm prestressing (WPS) behavior is the term commonly used to describe
an apparent increase in toughness of pressure vessel steels resulting
from a previous loading at a higher temperature,

Currently, design and analysis of toughness critical conditions from
loss of coolant accidents (LOCA’'s) and/or pressurized thermal shock
(PTS) does not account for the beneficial effects of WPS,
Specifically, there has been a lack of conclusive experimental
testing, a lack of understanding of the basic mechanism, and a lack of
a validated predictive WPS model. Before WPS effects can be accounted
for in the analysis of 1OCA or PTS conditions, there is a need to (1)
obtain an appropriate data base, (2) identify the mechanisms and (3)
develop a model to predict WPS behavior.

In a previous task (Ref. 1), the feasibility of predicting warm
prestress behavior using simple analytical models was examined. In
that study, WPS data were obtained from reports and papers available
in the literature, While the available data qualitatively described
WPS effects, a more definitive data base was needed to quantify the
WPS effect and to evaluate candidate models for predicting WPS
behavior, The recommendations of Reference 1 included a series of
experiments with emphasis on replication of tests to separate WPS
effects from the variation in Kic:

This study had cwo tasks. The first was to develop additional WPS
data which would allow the enhanced toughness effect of WPS to be
separated from the K;, variability. The second task was to evaluate
several WPS models and fracture criteria by using each candidate model
to predict the results of the experiments.

Two types of WPS loading conditions were considered in the experiments
and in the evaluation of the WPS models. The first WPS loading is
called load-unload-cool-failure (LUCF) as shown in Fig. 1 the path
0-A-0-B-D, The second WPS sequence is described by load-partial
unload-cool-failure (LPUCF) The partial wunloading sequence is
believed to more closely represent PTS conditions.

Table 1 briefly describes and comments on the candidate analytical
models which were evaluated in this study. The ordering of the models
is intended to reflect the relative merit of the models.

The following summarize the major results, observations and
conclusions from this study

w Data for the LUCF tests showed an average apparent
increase in toughness of 150% (compared to the Ki.) at the
95.5°C failure temperature, and 65% at the failure
temperature of -23,3°C,

Data for the LPUCF load history showed a more beneficial
WPS effect than the LUCF history. The LPUCF data




exhibited an apparent toughness that was 205% hiqyer than
the Ky, values at the failure temperature of -95.57C.

Analytical modeling of both the LUCF and LPUCF experiments
suggested that the most promising model for predicting WPS
behavior is the small scale yield. critical stress model
(SSYCSM) . Failure is predicted by the SSYCSM when the
stress at a certain distance ahead of the crack tip
reaches a critical value. Table 1 compares the SSYCSM
(Model 1) to the various other models considered in this
study.

The SSYCSM has some disadvantages in its current form.
Recommendations are provided to overcome these
disadvantages.

There is a need for an enlarged data base including tests
with temperaturz-unloading histories which more closely
similate service conditions. Subcomponent tests and full
scale tests are also needed, It i also necessary to
demonstrate a capability for predicting WPS behavior for
these more realistic conditions using a simple model.

Tests using irradiated material are recommended as the
best means to verify applicability of WPS test results.
To be most conclusive, WPS loading of the fracture
specimens should be applied before or during irradiation.



Schematic representation of LUCF and LPUCF warm
prestress cycles
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applications to WPS experiments documented in the literature (Refs. 2
and 3). These WPS experimental data were for pressure vessel
materials and were obtained using three point bend specimens. The
loading for these data was restricted to conditions for wvalid
testing. In addition to the WPS simulations using the simple models,
the study of Ref. 1 included a small scale yield finite element
simulation of a particular WPS experiment. Results from the simple
models were further evaluated by comparison to the results of the
finite element analysis.

The first model from the literature to be evaluated was the one used
by Chell, Haigh, and Vitek (Ref. 4). This model was based on the
superposition of dislocation model solutions such as developed by
Bilby, Cottrell, and Swinden (Ref. 5). As Chell et al. note, however,
the strip yield model of Dugdale (Ref. 6) is functionally equivalent
to the dislocation model and can alternatively be used as the basis
for their WPS model.

The second available model was that proposed by Curry (Ref. 7).
Curry's approach was very similar to that of Chell et al. in that
solutions for monotonic loading conditions were superimposed so as to
give an approximate representation of the crack tip stress behavior
due to cyclic WPS load histories. However, instead of superimposing
strip yleld model solutions, Curry superimposed stress distributions
from the plane strain, elastic-plastic, small scale yleld, finite
element solutions obtained by Tracey (Ref. 8). Curry notes that the
superposition methods being used by Chell et al. and by himself are
consistent with Rice's (Ref. 9) earlier analysis of the stress
distribution at a fatigue crack.

The fracture criterion used by Chell et al. with the strip yield or
dislocation model is called J, and is based on the work of Bilby
(Ref. 10) and Miyamoto et al. (Refs. 11 and 12). The use of the
letter J implys that it is related to and has the units of the J
integral, attributed to the work of Eshelby (Ref. 13), Cherepanov
(Ref. 14), and Rice (Ref. 15). The subscript "e" indicates that it is
evaluated with only elastic components in the integrand (even when
being applied to a body with plastic deformations). Chell et al.
further specified that J, (a line integral) be evaluated along a
contour which encloses the currently active plastic zone. With this
restriction on contours, J, is equal to J for monotonic loading.
Another related fracture parameter was suggested in Reference 1 for
use with the strip yield model of Chell et al. This parameter was
called dCTOD * FLOW , defined as the change in crack tip opening
displacement (CTOD) since the most recent load reversal, times the
flow stress. This quantity also has the same units as J and is equal
to J for monotonic loading at least in the context of strip yield
models. Generally, dCTOD * FLOW is not equal to J, once unloading
occurs and neither is equal to J since J is not defined except under
monotonic loading.

A third fracture parameter was also suggested for use with the WPS

strip yield model of Chell et al. This parameter is T;

, as defined by




Atluri, Nishioka, %’nd Nakagaki (Ref. 16), and as further studied by
Brust (Pef. 17). T_ 1is defined as a contour integral, with the same
integrand as J, in the li*mit as the contour shrinks onto the crack
tip. Unlike J, however, T, is well defined for incremental plasticity
and cyclic loading, and, if desired, can be evalua.‘t(.ed using path
independent far field contour and volume integrals. Tp is equal to J
for monotonic loading conditions.

Curry uses a critical stress criterion with his model (Ref. 7). With
this approach, it is assumed that cleavage fracture initiates when a
critical level of stress is attained at a critical distance ahead of
the crack tip. Generally, both the critical stress and the critical
distance are assumed to be temperature independent material
properties. Experimental evidence supporting the existence of a
critical stress for cleavage fracture is presented and discussed in
the work of Orowan (Ref. 18), Green and Hundy (Ref. 19), Ritchie,
Knott, and Rice, (Ref. 20). A disadvantage of the critical stress
criterion is that the critical stress and associated critical distance
are not commonly measured material properties. Some progress has been
made in overcoming this disadvantage (Refs. 1, 20, 21) by obtaining
these critical parameters through the combined wure of small scale
yleld finite element solutions and commonly «vailable fracture
toughness data

A more detalled description of the wvarious models and fracture
criteria can be found in Reference 1. Table 1 summarizes the various
models and fracture criteria that were considered in the present work

The small scale yield finite element solution from the study of
Reference 1, was found to differ from the small scale yield solution
obtained by Tracy (and subsequently used by Curry) by as much as 20%
in the region dominated by the HRR field (Refs. 22 and 23) No
conclusion was made as to the reason for this discrepancy but the use
of pilece-wise linear hardening as opposed to Tracey's power-law
hardening, and the use of nonsingular crack tip elements as opposed to
Tracey's singular elements were suggested factors. Parks (Ref. 24)
and Rice and Sorensen (Ref. 25) suspect that crack tip opening
displacements from Tracey’s solution could be as much as 20% below the
correct values, thus sugge:rting another possible explanation for the
differences in the two solutions: {if displacements are 20% below the
correct values, then it would be plausible for the stresses to be 20%
above the correct values

Generally, good agreement was found between the finite element model
of Reference 1 and the strip yleld model in terme of CTOD, plastic
zone sizes, J (during the initial loading), and 'I‘*) (during all phases
of loading). No pearameters calculated within the finite element
analysis, however, were found to be physically equivalent to or
compaArable to Je calculated within the strip yield model

The small scale yield, strip vield model of Chell et al. was found in
Reference 1 to predict WPS behavior reasonably well when used with the
Jo parameter, or the dCTOD * FLOW parameter. T*\ with the strip yield
model was not fully evaluated in the initial 'study The critical




stress model of Curry was also found to predict WPS behavior
reasonably well. Insufficient duplication of experimental data
prevented the separation of WPS effects from random scatter in the
toughness data and one model or fracture criterion could not be
selected as being clearly superior to the others.

Finally, and perhaps most importantly, it was suggested in Ref. 1 that
a series of WPS experiments be conducted in v'.ich there would be
sufficient duplication of tests to allow WPS effects to be clearly
separated from variability in transition temperature region toughness.

1.3 Objectives

The first objective of the present study was to generate new WPS
experimental data with emphasis on defining normal data scatter for
Ki. and post warm prestress fracture toughness, K¢, while at the same
:{me selecting WPS load histories which are relevant to LOCA and/or
PTS conditions.

The second objective was to further evaluate and rank the candidate
analytical models and fracture criteria by using them to predict
fallure loads for the new WPS experiments. The models to be examined
included the Cupll et al. swall scale yield, strip yileld model, dCTOD
* FLOW, and T  fracture criteria and the Curry small scale yileld,
critical stresg model (SSYC.M). In addition to the above, a strip
yleld model, modified specifically for compact specimens by Newman and
Mall (Refs. 26 and 27), was evaluated. This model obviated the
problems associated with applying a small scale yield, strip yield
model to a finite geometry. The ranking of the various models and
criteria were made based on accuracy of predicted failure loads,
rationale for their physical basis, ease of wuse, and general
applicability to a wide range of geometries and WPS load histories.

The third and final objective was to identify and evaluate
modifications, extensions, and/or generalizations to the candidate
models for improving their accuracy or general usefulness.



- EXPERIMENTAL PROGRAM

3.1 Material and Properties

The material selected was a heat of A 533-B steel (V49) especially
chosen for uniformity of fracture toughness properties. The available
fracture toughness data on this material was, however, in the form of
Dynamic Tear Test values rather than in the preferred form of a Kic
transition curve. In order to predict the proper test temperature,
for the present material, data were obtained from another heat of
A 533-B (W7) for which both K;, and Dynamic Tear data were avail-
able, This information was then used to infer the Ky, transition of
the present heat (See Fig. 2). It was estimated that the V43 virgin
material Ky, would be 110 MPa/m at -23°C and 55 MPa/m at -95°C. The
Ki. values subsequently determined gave reasonable confirﬂftion with
average values of 124 MPa/m at -23°C and 68 MPa/m at -95°C. Other
mechanical properties of interest are also reported in Fig. 2.

2.2 Warm Prestress Testing

It 1s quite common to find WPS data on A 533-B avajilable in the li.er-
ature. However, most investigators have generally limited the magni-
tude of the applied Ig?s (see Fig. 1 for definitions of st Koy
ngg) levels to satisfy valic.ty requirements for K testing. For
A

3-B test specimens of typical dimensions, this severely limited
the magnitude of g' and consequently the magnitude of the resultant
warm prestress effect. Hence K¢ values obtained subsequent to WPS

oftentimes fell within the scatter band of K ¢ for the virgin
material. Also, there was seldom sufficient replication of tests to
establish a firm basis for the implied WPS effect.

The experimental plan here was designed to simulate the high
levels and temperature excursions relevant to pressurized thermaf
shock (PTS) scenarios. Warm prestress was performed at 177°C (350°F);
clearly on the upper shelf for the A 533-B steel chosen. To demon-
strate warm prestress principles, it would be necessary only to warm
prestress at a temperature high enough to be on the upper shelf; 49°C
being sufficient in this case. (This temperature is equivalent to
NDT + 120°F where NDT is the nil-ductility transition temperature
defined by ASTM E 208; (NDT + 120°F is synonymous with upper shelf
behavior for many structural steels.) However, 177°C was chosen
because it was closer to an expected vessel wall temperature during
the pressurized thermal shock scenario.

Temperatures chosen for loading to fracture were -23°% [NDT -10°F],
which 1is in the middle to low end of the transition range, and
-95.5°C, which 1is well into low shelf behavior. The worst case
assumption on vessel wall temperature during a PTS scenario would
almost certainly be in the mid-transition range and hence -23°C was
expected to be more relevent to service conditions. LUCF cycles were
used on approximately 2/3 of the specimens of this study. As will be
shown below, WPS load cycles which involve complete unloading, result
in less WPS benefit than those that involve partial unloading.
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Therefore, LUCF specimens should provide conservative estimates of K

for PTS load histories which in genernl have gnly partial unloading.
The failure temperature of -95.5°C (NDT -140°F) was chosen for the
remainder of the LUCF specimens for two reasons: (1) to test the
accuracy of the analytical models for a large range of parameters and
(2) to clearly show that the warm prestress effect is not limited to a
narrow range of temperature.

One ¢ level, 192 MPa/m (175 ksi/in. ), was used for all tests.
This 5xﬁue is consistent with the computed WPS crack drive levels (KI
applied) commonly postulated for pressurized thermal shock scenar-
ios. This also represents the approximate lower bound of the stress
intensity factor range for onset of slow-stable crack growth (defined
by Ji.) in A 533-B materials under plane stress conditions:

Keps = (ID)1/2 (1)
where E = Elastic Modulus
The 92 MPa/m applied g+ was large enough to produce significant

plasticity in the test specimens but resulted in insignificant amounts
of slow-stable crack growth,

2.3 Experimental Plan Modification

The experimental plan was to employ three basic warm prestress cycles
with each being replicated ten times. See Figure 3. Two were the
less beneficial LUCF types (complete unloading prior to cooling) and
one was a 1/3 unloading (load, partial unload, cool and fracture)
LPUCF cycle.

At a later time, two of the ten LPUCF specimens were singled out to
evaluate constraint effects, This change in plan was prompted by
experimental K¢ values which tended to exceed the predictions from the
computational models. A concern was that this behavior was caused by
reduced constraint, perhaps due to a specimen width/thickness ratio of
4, and therefore the two specimens were side grooved 20 percent prior
to the LPUCF cycle. 1If the concern over constraint turned out to be
unfounded, then there would be no loss in replication.

Another unintended deviation from the original test plan resulted when
the pump pressure was lost during one of the LPUCF cycles, and
sustained loading during cool down was lost. This specimen was
removed and set aside but was then used later as an auxilliary to the
LUCF study. This specimen was cooled to -110°C (-167°F) before Kf
fracture,

11






2.4 LUCF Testing

The test procedure is described in detail in Appendix A. A typical
LUCF test record of loading at 177°C followed by unloading, cooling
while at zero load, and later reloading to failure at K¢ is shown in
Fig. 4. Evaluation of was standard state-of-the-art elastic-
plastic fracture mechanics since J-Integral could be accurately
calculated.

KwBs was obtained from the experimentally measured J |using
Eq

ation 1. Unlike the evaluation of g+ the calculation of an
accurate applied K¢ for the post warm prestress loading required
development of a special analysis method. This special method was

needed to account for the significant amount of plasticity resulting
from the loading to ng and the residual stresses resulting fr.m this
plasticity. The meth 3 by which K¢ was calculated is expls 1ed and
justified in Appendix A and basically takes advantage of the fi. 't that
unloading and reloading was largely linear elastic.

The K¢ values for the LUCF loading are compared to virgin material
toughness in Tables 2, 3, and 4 and via Weibull two parameter
statistical distributions in Figs. 5 and 6. These figures make it
clear that the warm pre-stress effect is real and statistically
defensible.

It will be shown in Appendix A for these tests that the WPS loading
induced significant plasticity in the test specimens. As evidence of
this plasticity, all of the specimens exhibited nonlinear load-deflec-

tion behavior, For the specimens of this study, unloading to zero
applied load only resulted in about an 85% reduction in the effective
applied K. One result of this behavior 1is that decreasing the

external applied load to zero does not result in the effective applied
K going to zero.

é.5 LPUCF Testing

Seven replicates were tested with Kwps loading followed by 1/3 partial
unloading, i.e., P(sustained) = 2/3 P(wps). The partial unload level
was sustained under load control during subsequent cool down to
-95.5°C, after which the control mode was switched to stroke control
and then the specimens were loaded to fracture at K.. See Fig. 7.
Table 5 1ists individual results and Fig. 8 shows the results in the
form of statistical distributions. Comparing Fig. 6 to 8, the benefit
of WPS is clearly greater for LPUCF than for LUCF. In fact, the LPUCF
population tends to have g 85 a lower bound while the LUCF popula-
tion tends to have Kwps as an upper bound.

The two side grooved specimens were given the identical LPUCF cycle as
the non-sidegrooved specimens ana both had K¢ values within the
scatter band of the non-side grooved specimens. See Table 5. There-
fore, for all intents and purposes, there were nine replicate tests of
the LPUCF type.
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Table 2 Material Properties (Virgin Material)

Temp. Yield Tensile Elong. KIC.
(% ) (MPa) (MPa) (%) (MPa/m) std. Dev
(MPa/m)
177 413 582 20,2 -
-23 472 647 30.0 124.3 21.4
-95.5 837 739 30.3 68.3 10.4

® K;. Virgin Material, 1T

compact specimens (25-mm thick), a/W = 0.5

Table 3 LUCF (177°C to -23°C)

Kyps (MPa/m) Pyps (KN K¢ (MPa/m) Pe (kN)
190.3 391 196.7 406
192.7 404 209.6 445
195.4 379 226.2 454
191.3 375 202.0 400
192.8 401 206.8 435
199.6 412 208.5 434
196.1 397 197.1 399
195.4 409 194.9 408
196.8 383 208.7 412
195.3 408 210.6 445

17






21242 3ond1 103 SPi0od3i 1833 Juawde[dsip-peo] { *33a3

— 66100~

e T —— e ST IR GRS S S S UL S S bl e a———a———————

j A
= o
i —_—

- (1es330 Ay 01) 4 . “
o S S NS SeSE AROS SRE T s




*peciun erlaed ¢/1 *D3,6°G6~ O3 umop 3719242 Jond1i
i1233Je UOTINQIISIP Iy pue UOTIINQIIISIP wazx pa11ddy 8 *313

WprBgN M B

88t @se 882 asi 831
= 1 T J;;ﬁ - T 8
w N
_ = sdm
- _WABdN €12 = T M , WA BJN 681 -SAMy | o
|
— €18
, :
| <
| ! =
o i —61°8
|
: y 26°G6- “dW3L 1S3l .
g —62'8
“ u— v._ Wn_>>¥ gEECS H
m J1DAD S nd1
i e i 1 —moa




2.6 Post WPS KIc Transition Temperature Curve

The LUCF and LPUCF data from this study can be used to construct K. or
effective K transition Curves for these two WPS load histories.
Figure 9 {llustrates that the fracture toughness is consistently
improved by warm preloads. The present results suggest that K¢
values will have as a lower bound 1if the components
experience only partial unloading (K 4, 2 2/3 g) during a thermal
transient condition. However, the extent to which this behavior is
dependent on ¢ and the warm prestress temperature has not been
addressed by the experimental program of this study.
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. ANALYTICAL MODEL RESULTS AND COMPARISONS WITH DATA

This section compares and evaluates the predictions for the WPS
experiments wusing the various candidate models and fracture
criteria. It is believed that the results show that the SSYCSM offers
the most promise as a simple, easy to use, physically justifiable, and
yet fairly general analysis method. A further discussion of the
models and further comparisons with data are provided in Appendix B.

50 | I;:as a WPS Fracture Parameter

Previous finite element work on a single LUCF case (Ref. 1) suggested
that failure occurred when T  reached the level of T  at warm pre-
stress. Having applied thg; criterion to experimental data from
References 2 and 3, it was subsequently observed that T often exceeds
its WPS value before exceeding the fracture criteriog derived from
Jie» thus predicting failure for applied K levels that are less than
Kie- To explain WPS behavior, *just the opposite must occur.
F{gure 10 compares the behavior of T  with that of J 6 and dCTOD * FLOW
(both of which have been used witﬁ some success in predicting WPS
behavior). The fracture parameter during reloading must be less than
its value (for a given applied load) during the initial WPS loading in
order to predict typical WPS behavior,

It should be*noted that within the strip yield model, dCTOD * FLOW is
related to T . 1t can be seen from Fig. 10c that dCTOD * FLOW is
equal in maé%itude to the change in T  since the most recent load
reversal. The sign of dCTOD * FLOW durqng unloading can be positive
or negative depending on whether FLOW is taken as a material property
(always positive) or as a measure of the crack tip stress field (posi-
tive or negative depending on loading or unloading). Figure 10d also
shows there*is qualitative agreement between Tp from the strip yield
model and T  from the finite element model, ' but that significant
differences ‘exist particularly lpst after load reversals. Note that
for the finite element model, T  is defined as the limiting value as
the radius of the contour (r) apSroaches zero,

3.2 Small Scale Yield, Strip Yield Models

Models such as the strip model are valuable tools primarily because
they are simple to use relative to the more accurate finite element
models. The small scale yield, strip yield model is useful for condi-
tions where small scale yielding exists. Two disadvantages are that
loading is specified in terms of a remote applied K (instead of actual
applied loads) and it becomes necessary to verify that the problem of
interest is indeed a small scale yielding problem.
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Other Strip Yield Models

Newman and Mall (Refs. 26 and 27) have developed equations for a strip
yleld model in a compact specimen, Whereas the small scale yield,
strip yield model 1is generally applicable to the compact specimen
geometry as long as the remote load-deformation behavior is linear,
the Newman and Mall model is expected to be applicable even after back
face compressive yielding occurs and the load-deformation behavior
becomes significantly nonlinear.

It should be noted however, that there is a significant amount of work
involved in developing equations for a strip yield model for a
geometry even as simple as the compact specimen. Typically, a large
number of elastic finite element solutions must be obtained for two
types of loading conditions and for a large range of crack sizes.
Then, this information must be condensed into easy to use equations
for crack opening displac2ments and Dugdale plastic zone sizes. Un-
less one 1is developing such equations for a geometry of general and
continuing interast (e.g., a test specimen geometry) it would undoubt-
edly be less work to do an elastic-plastic finite element WPS
analysis for the particular geometry.

3.4 Non-Small Scale Yield Considerations

The WPS experiments conducted in this study involved WPS loads which
took the specimens beyond the range of small scale yielding. This is
demonstrated in Fig. 11. This figure compares the postulated load vs,
applied K behavior with the LEFM behavior. It can be seen that the
postulated behavior (LEFM with Irwin plastic zone correction) becomes
significantly nonlinear for loads above 200 kN. Similar conclusions
can be made from inspection of the experimental load vs. load line
displacement records Several methods of calculating applied K from
an applied load during the initial WPS loading are compared with the
experimental data in Appendix A

The difficulty that non-small scale yielding conditions introduce is
in determining an appropriate relationship between the remote applied
K of the small scale yield models, and the actual applied load in the
experiment For. example, during unloading from the WPS load level,
the K vs. load behavior would be expected to follow (for most of the
unloading) the linear unloading path (DB) of Fig. 11, Unloading of
33% to 255 kN would be expected to result in an effective applied K

close to that of point D, or about 136 MPa/m (K. for LPUCF
cycles). For continued unloading, however, reverse plasticity at the
crack tip would tend to produce a nonlinear unloading curve. If
reverse plasticity was equal to the initial loading plasticity, then
at zero load, one might expect the effective applied K to be near
zero, point A However, since the compressive plastic zone size due
to unloading is expected to be about one quarter the size of the
loading plastic zone, it is expected that the effective applied K at
tero applied load will be accurately represented by point B,
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Experimental load-deflection test records during wunloading and
reloading to failure, were essentially linear and it seems reasonable
to assume that the effective applied K would also decrease and
increase linearly with wunloading and reloading Therefore,
experimental data points plotted in subsequent figures pertaining to
small scale vyield model predictions assume that the load versus
effective applied K values lie on the unloading line containing points
B and D in Fig. 11 The y-axis intercept of this line (K for LUCF

min
/.
cycles or point B) is approximately 33 MPa/m

WPS Predictions Using J
The J_ criterion has been used with both the small scale yleld, strip
yleld model and the compact specimen strip yield model. Using the
small scale yield model, J, predicted failure K values are in good
agreement with the WPS data, for the LUCF history (See Fig. 12a). The
largest deviation from the data is about 15% and is found at the
-95.6°C failure temperature. The actual failure loads for this case
are always greater than the predicted failure loads, even when using
an upper bound input toughness trend The predictions are also
conservative for the LPUCF history (Fig. 13a) but to a lesser degree,
predicted K¢ is about 5% less than the average experimental Kg.

Due to the departure from small scale yielding in the present
experiments and the resulting assumptions on applied K wvs. load
behavior, it was anticipated that the use of the compact specimen
strip yleld model of Newman and Mall would improve the Je failure
predictions for the LUCF load history. However, the predictions were
found to be even less accurate (-31%),than those using the small scale
yield model See Fig. 12b. 17The effect of constraint was considered
in this case and even though predictions were improved with added
constraint, the model would not fit the LUCF experimental data, It is
seen from Fig. 13 that LPUCF predictions using Jo with either strip

yleld model provides predictions in good agreement with the data.

One possible contributing factor for the significant sensitivity of Je
to the type of model (i.e., small scale yield strip yield vs. compact
specimen strip yleld) may be its dependence on deformation behavior at
the remote edge of the active crack tip plastic zone. This dependence
on deformations which are far removed from the crack tip 1is also
considered to be a reason for questioning the physical basis of Je-

WPS Predictions Using dCTOD * FLOW

The dC10D * FLOW criterion has also been used with both the small
scale yleld, and the compact specimen strip yield models Figures 14
and 15 compare dCTOD * FLOW based predictions for the LUCF and LPUCF
data, respectively, Using the small scale yield model, dCTOD * FLOW
predicted failure K values which are in fair agreement with the LUCF
WPS data (Fig. l4a) The largest deviation from the data (-27%) was
again found at the -95.6°C, failure temperature, where the actual
failure loads were again greater than the predicted failure loads.
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While the dCTOD * FLOW predictions at the -95.6°C failure temperature
for the LUCF loading are even more conservative (less accurate) than
the predicrions via J_, the dCTOD * FLOW predictions for the LPUCF
history are in almost ngl agreement with the data, Fig. 15.

When the dCTOD * FLOW criterion was used with the compact specimen
strip yield model, the predictions were again found to be less
accurate (-35% for LUCF) than when using the small scale yield, strip
yield model. This behavior is not to be expected if the fracture
criterion is indeed a valid one. Since the compact specimen strip
yield model should provide a more accurate representation of the
actual specimen behavior then the small scale yileld strip model, the
reduced accuracy of the J, and dCTOD * FLOW criteria tends to reduce
the attractiveness of these criteria.

8.7 WPS Predictions Using Critical Stress

The use cf the critical stress criterion with the superposition of
small scale yield finite element solutions as suggested by Curry
(SSYCSM), has the same advantages and disadvantages of being a small
scale yield model as the strip yield models. A key advantage is that
the model is applicable to any geometry provided that small scale
yielding conditions exist. The disadvantages are that the loading
must be applied to the model in terms of applied K levels, and the
model cannot generally be used for non-small scale yielding
conditions,

It is important to note that the small scale yield restriction is not
a feature of the criterion but of the model for superposition of
stress fields. The present study has shown, however, that the small
scale yield restriction can be relaxed under certain conditions. (The
following arguments are also applicable to the small scale yield,
scrip yield model.) The condition for relaxing the small scale yield
restriction is that the unloading and reloading to failure results in
linear load-displacement behavior at the point of the applied load
f.e., small scale yielding predominates during wunloading and
reloading. Non-small scale yielding during the initial WPS loading is
permissible as long as elastic-plastic fracture mechanics methods can
be used to accurately determine the relationship between the effective
applied K and the remote applied load.

Three sets of critical stress parameters (each set containing a
critical stress and a critical distance) are developed in Fig. 16 for
the experimentally determined virgin material toughness trends using
the stress distributions of Tracey (Ref. 8). These are determined via
trial and error so as to agree with the mean virgin material tou§hnesl
trends for the two temperatures of interest in this study (-23.3°C and
-95.6°C). A general scatter band for A 533-B is shown for perspective
using the data from another heat of A 533-B reported in Reference 2.

Figure 17a compares the experimental K¢ values for the LUCF WPS load
history with those predicted by the SSYCSM. The effective applied K
at the unloaded state (Kpin' ) for the simulation 1is taken as
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33 MPa/m and reflects the presence of nor small scale yielding during
the WPS loading, (See Appendix A) The basis for this simulation 1is

the small scale yield stress solutions of Tracey which assumed plane
strain conditions,.

Experimental determination of constraint for the virgin PJ tests and
the WPS tests indicated that the K ~ test spe cimens (1T compacts,
25.46-mm thick) exibited slightly more constraint than the WPS
specimens (4T compacts, 50.8-mm thick) This may have been due to
the difference in specimen size or due to the thinner than standard
thickness used for the WPS tests (half the standard thickness).
Moderate reduction in constraint affects the WPS model by effectively
reducing the yield stress. The factor of 0.9 was determined directly
from the experimental constiaint information on the K,, and WPS
specimens, and it appears from Fig. 17 that this results in better

agreement with the WPS data. This apparently high sensitivity to
constraint could perhaps create some difficulty in applying the SSYCSM
when information on constraint is not available It can be seen that

assuming a default constraint of unity tended to produce conservative
predictions in the present study.

Figure 17b compares the experimental K¢ values for the FF WPS load
history with those predicted by the SSYCSM he effective applied K
at the unloaded state for the simulation i taken as 136 MPa/m, again
reflecting the presence of non-small scale yielding during the WPS
loading. It can L. seen that the model predictions are in good
agreement with the experimental WPS data although the predictions
tend to be slightly conservative (-108) Again it appears that using
a lower constraint factor would tend to improve the greement with the
data

Though failure predictions of Fig. 1 are obtained sing the
superposition approach of Curry and the small scale yiela finite

element results of Tracey, the predictions could just as well have
been made via actual elastic-plastic finite element simulations of the
compact specimens While such an approach would involve significantly
more computational effort, it would also remove the errors associated
with superposition of nonlinear stress solutions and would eliminate
the need to determine an effective applied K history since the
measured loads would then be applied directly Such an approach would
also allow the critical stress criterion and the superposition model
to be assessed independently

)} .8 Summary Discussion of The Critical Stress Mode
While the critical stress criterion can be used with a rigorous

elastic-plastic (perhaps even large deformation) finite element
analysis, such a use cannot be considered simple, and probably would

not be considered by many engineers for routine analysis However,
when combined with the superpositional approach of Curry within the
context of small scale yielding behavior, one does indeed have an easy

to use and yet widely applicable analysis tool for WPS failure

analysis




It has been shown in this study that the small scale yielding,
critical stress model (SSYCSM) can be extended beyond small scale
yield conditions. The actual requirement on the model is that the
unloading ard reloading behavior be small scale yielding; the initial
WPS loading can exceed small scale yielding conditions. This
extension of applicability is important since simulation of practical
WPS load histories can therefore be accomplished in the laboratory
using conveniently sized specimens,

An 1inconvenient feature of the critical stress criterion is that
critical stresses are not commonly measured quantities. The experi-
mental determination of ecritical stress has historically been
accomplished using deeply notched bend bars. Blunted notches are used
instead of cracks so that the state of stress is known, and at the
same time, so that a peak stress occurs at some distance ahead of the
notch root (Ref. 28, 29). While the critical stress obtained from
this 1:0cedure is applicable to sharp cracks, one must still determine
a ¢ (“scal distance which 1{c¢ appropriate to the sharp crack
geometry. Typically, it is argued that the critical distance should
be related to a microstructural dimension such as inclusion spacing or
grain size, etc. (Ref. 20). Due to the wuncertainty of the most
appropriate microstructural dimension to be chosen, it is common to
find a distance that works and then go back and see what micro-
structural detail the selec” ' distance matches. Therefore, even if
one goes to the trouble of . .ermining the critical stress experimen-
tally, using the traditional methods, one is left with choosing a
critical distance in a rather ad hoc manner.

In the absence of experimental critical stress data using the above
procedure, the critical stress and distance were selected in this
study by trial and error sc as to produce the best fit of the
experimental toughness versus temperature trend (Ref. 21). The
critical values determined in this way are found to be comparable to
those found by others in the 1literature using the blunt notch
experimental approach,

This trial and error approach has the sin: . advantage that it assures
the user that the WPS model will reprodu.. K. results when applied to
a monotonic loading problem. If the critical parameters are deter-
mined independently of K ¢ @and the WPS model (i.e., by the direct
experimental method described above) then this method can be used as
an independent check.

While the trial and error approach to determining the critical stress
and distance removes some of the inconvenience of using a fracture
criterion other than KIc’ there are still two aspects of the critical
stress criterivn which could bear improvement. The first iz that by
using the usual assumption that the critical stress and distance are
temperature independent, it is not generally possible to reproduce a
experimental K;. trend exactly. The second is that trial and ercor
methods for sefecting the critical parameters rely on a subjective
judgement as to what constitutes a best fit of the desired Ki. trend.
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An approach that removes these two final inconveniences of the
critical stress criterion is herein proposed. The two key features of
the approach are to first allow the critical stress and critical
distance to be temperature dependent, and second, assume the critical
distance at a given temperature is some function of the critical CTOD
at that temperature. Such an approach will make it a simple matter to
determine a temperature dependent critical stress anc critical
distance from an input K, ‘ersus temperature trend. It will remove
the subjectivity of the trial and error fitting, and will result in an
exact fit to the K; vs. temperature trend., Since it has been found
that using temperature independent values of the critical stress and
distance generally provide a good fit of the K;, trend except in the
transition region, it is anticipated that the critical stress and
distance from such a procedure will be strongly temperature dependent
only in the transition region.

3.9 Perspective on All WPS Models

While the critical stress based model has the shortcomings of
requiring critical stress parameters to be specified instead of more
commonly available K;, 6 data, and not being able to represent a given
virgin material K; vs. temperature trend exactly, there appear to be
simple solutions to these problems. The approach for improving the
SSYCSM model was described in Section 3.8 of this report.

All of the models considered in this study assume that the WPS
phenomenon i{s due to plasticity and residual stress effects in the
crack tip region. While the details of the models are different, all
of the models attempt to predict how these residual fields change the
relationship betwer.. the remote applied load (or applied K) and the
"effective K" being felt by the crack tip. Since none of the simple
models, including the SSYCSM involve incremental plasticity (as would
be required for an accurate representation of the crack tip field
under cyclic loading) these simple models are best regarded as
engineering tools rather than rigorous mathematical models. As such,
further theoretical work is needed to establish whether differences
between the model predictions and data are due to the approximate
methods for modeling crack tip plasticity effects or due to other
fundamental assumptions of the models. It would also be advantageous
to know under what circumstances the simplistic approach to plasticity
effects used by the models is conservative or nonconservative.

This study did not use irradiated material but is expected to be
relevant to vessel material that has been exposed to fust neutron
flux. The basis for this is that the principal effects of irradiation
are to raise the yield stress of the material and reduce the
toughness. It has been shown in the literature and has been verified
in this study, that the criticel stress criterion for cleavage
fracture can reasonably predict the toughness reduction due to
irradiation merely by knowing the increase in the yield stress.
Tuerefore, it appears the toughness reduction is not an independent
phenomena but is a consequence of the change in yield stress. Since
reduced temperatures cause an increase in the yield stress in a manner
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to irradiation, the present study assumes that irradiation
entirely analogous to the effects of reducing

similar
effects are
temperatures Experiments

WPS testing remain to be done

Al

to verify this experimental apprecach for




4, CONCLUSTONS

Two goals of this project were to quantify the WPS phenomenon and to
show its relevance to faulted conditions such as LOCA and PTS. The
experimental results have shown, with due attention to statistical
methods, that WPS can result in failure loads which are significantly
greater than those that would be predicted using straight forward
linear elastic fracture mechanics analysis. For the worst case LUCF
load history, the average experimental Kf values were 1.6 to 2.5 times
the virgin material K,. depending on the temperature at failure, For
the LPUCF load history the average experimental K¢ value was about
three times K;. , and Kwps was effectively the lower bound of the Kg¢
values,

The idealized LUCF and LPUCF load histories used in this study were
not intended to be exact reproductions of real or postulated LOCA or
PTS load histories. However, the WPS temperature and the WPS stress
intensity level were selected to be representative of what might be
encountered under PTS conditions and the idealized load histories are
believed to be conservative approximations to actual or postulated
LOCA or PTS load histories. The SSYCSM model predicts for example
that by doing all unloading at the warm prestress temperature
(Twin = Twps) experimental failure loads will be smaller than for load
histories which involve a simultaneous unloading and cooling.

The task to evaluate WPS predictive models resulted in the SSYCSM
model being judged as most promising. In the process of reaching this
conclusion, numerous other models and fracture criteria were
considered. All of the other models and criteria were found to be
either less accurate (J,, dCTOD * FLOW, T , compact specimen strip
yleld model), less general in their applicability (J,, compact
?pecimen strip yield model), or did not have a sound physical basis
Je)-
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SUGCESTIONS FOR FURTHER STUDY

Although the present study involved a substantial number of WPS tests,
the variables covered were few because of the many duplicate specimens
required to provide a firm basis for statistical analysis. Only three
WPS load histories were actually considered. It is suggested that
this matrix of WPS levels and test temperatures be expanded. Based on
the results of the present work, it appears the number of duplicate
specimens could be reduced without significantly reducing the accuracy
of the statistical analysis.

This study used non-irradiated material but accounted for irradiation
effects by doing tests at temperatures for which the yield strength
and Ki. Dbehavior of the cest material are believed to be
representative of irradiated material Because the accuracy of this
approach has not been experimentally verified for WPS behavior, it is
suggested that sufficient WPS testing be conducted with irradiated
material to demonstrate the relevance to the tests done on non-
irradiated material Since it is conceivable that irradiation could
interact with WPS behavior in other ways than through the vyield
strength and toughness, it would be most conclusive if warm prestress
loading of the fracture specimens was either applied before or during
irradiation

The following suggestions for further model development work are based
on the general conclusion that the critical stress criterion offers
the most promise as a WPS fracture criterion:

i) While the simplistic superposition approach of Curry
offers an attractively simple method for applying the
critical stress criterion to WPS, it should be emphasised
that solutions will generally differ from those which
would be obtained wusi ng a more rigorous, incremental
plasticity solution procedure, It is therefore
recommended that the simplistic superposition approach be

compared to the incremental, elastic-plastic approach so
as to determine the effect on the accuracy of the
predicted WPS failure loads

Since it is convenient for a WPS model to use standard K 2
data as input rather than critical stress and distance, }t
is suggested that methods for determining the critical
stress parameters from Ki. data be further investigated

It appears that WPS behavior is primarily the results of
elastic-plastic behavior at the crack tip While the
SSYCSM accounts for the elastic-plastic stress-strain
behavior by assuming a Ramberg-Osgood type of power law,
(which may in part explain the model’'s improved accuracy
over strip yield based models), little is known about the
sensitivity of the results to the hardening exponent of
this law or to the quality of the fit between the assumed
power law and the actual material behavio:




iv)

There is some question as to the accuracy of the Tracy
solution used in the SSYCSM. If these solutions are to be
used in future work, it seems that their accuracy should

be verified.
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APPENDIX A
TEST PROCEDURE AND ANALYSIS FOR Kg¢

9 TEST PROCEDURE

The specimens used to simulate warm prestress cycles were the 4T
compact specimen geometry shown in Fig. A.1. All were 50.8-mm (2-in.)
thick. No side grooving was used except for the two specimens
selected from the LPUCF series, as noted in the text. A clip gage was
attached on the load-line so that the area under the load-displacement
records would correspond to the work done on the specimens. The
objective was to warm prestress load to s ™ 192 MPa/m using
J-integral and the conversion Eq. 1. A computer program was used that
calculates J at stopping points where partial unloading is introduced

for the measurement of the current crack size. The operator used
these updated J calculations to decide when warm prestress loading
should be discontinued. There of course had to be some small

variability introduced into g from this incremental loading
process. A circulating air :;32 furnance was used to bheat each
specimen to 177°C for warm prestressing. Temperature was controlled
within * 2°C. An HP 9845 desk-top computer was used to acquire data,
record the data on floppy discs and compute J values. A special high-
temperature type clip pgage was used to measure load line

displacement. Stroke control loading was used to prevent ductile
instability.
For LUCF cycles, all specimens were ¢ loaded and completely

unloaded at 177°C. They were then cooled td room temperature and were
usually stored for several weeks prior to the loading to fracture part
of the cycle. For K¢ testing, a box with circulating LN vapor was
used, Test temperatures were either -23°C or -95.5°C. Again, the
loading mode was stroke control,

For LPUCF cycles, a special atmospheric control box was made that was
capable of the temperature extremes used, viz 177°C to -95,5°.
loading was performed under stroke control, then switched to load
control for the 1/3 partial unload and cooling of the system. After
an appropriate soak time was allowed at the K test temperature,
control was reverted back to stroke and the test completed to failure.

2 ANALYSIS FOR K¢

The reloading to failure at K, temperatures always gave essentially
linear load vs. displacement behavior. However, the Kst loading gave
the expected nonlinear *est records such that elastic-plastic fracture

mechanics was necessary to reflect the presence of plasticity and
residual stresses from the WPS loading. When calculating K¢, test
record linearity should not be interpreted as not indicating an
absence of plasticity and the use of linear elastic fracture mechanics
would be misleading. The method adopted here for calculating Kg
results gives significantly higher K¢ values.




As described previously, Kwp. was obtained from J using:

wps

- JJ E (la)

K
wps wps

where J g was determined from the experimental load deflection record
using ASTM E 1152-87 procedures.

During unloading, it 1is assumed that the specimen deformation is
predominately linear elastic (as suggested by the test records) and
that the effective applied K during unloading is given by:

P elastic
K=K - j1-2=—]K 2a

wps [ Pwp'] wps (%8)

where P is the load at WPS, P 1is the load during unloading
wps

(P < = Pwps)'

Kelastic & P!ps f[a /w] (3a)

wps Bw1/2 P

is the linear elastic ralation between the warm prestress load and K
for an ideally elastic compact specimen, and a_ is the physical craci

size. Therefore, the effective applied K at the unloaded or partially
unloaded condition is given by

P
min elastic

l(min g Kwps o R P Kwpl (ha)
wps

5, 4 Pmin is zero (i.e., LUCF) then

K -t 4 Kelancic (5a)
min wps wps

and it is seen that the effective applied K at the unloaded state is
not zero. Only if the specimen is large enough that the load record

is linear during the WPS loading will Kuin be zero for a zero applied
load.

Since the load records are observed to be linear during reloading to
failure, it is again assumed that specimen behavior is predominately
linear elastic, and thus Eq. 2a can also be used to determine the

effective applied K during reloading and at the point of failure.
Therefore

3
Y y ! f Kelascic

(6a)
PVPSJ wps

A-2




where P, can be larger than P and thus K¢ can exceed AR
observation that load deflecticn behavior remains linear r loads
which are larger than P_ . can perhaps be attributed to the higher
yleld strength (and thus ﬁduced plasticity) at the lower temperatures
associated with the loading to failure.

Figure 11 in the body of the report illustrates the behavior assumed
by Eq. 2a. Basically, Eq. 2a results in a linear K vs. load curve
which passes through the ( s' Puypg) Point and is parallel to the
curve defined by the linear elastic ‘g’:havior of Eq. 3a.

The nonlinear K versus P relation of Fig. 11 is based on a plastic
zone correction to the linear elastic formula wherein ap is replaced

by an effective crack size a, where

-a +r 7a
a, P y (7a)

¥ ;_w G(v_y)z i

and

r

where g 1is typically taken to be 2 for plane stress and 6 for plane
strain. Figure A.2 compares this simple approximation to the WPS data
of this study and t& results using the elastic-plastic estimation
formulas from Ref. 33. It 1is seen that this formula and the
experimental data are in good agreement and are also in good agreement
with the plane strain trend predicted by the handbook. A best fit of
the data with Equation (8a) was found to result in 5.7 < 8 < 6.4 for
all specimens without side grooves. The two side grooved specimens
had a best fit B of 7.2, Since only two side grooved specimens were
used, this slightly higher B may not be significant.
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F‘go A.l

o 244mm

Sketch of 4T compact specimen used in the
WPS study.
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APPENDIX B

FURTHER DISCUSSION ON WPS MODELS AND RELATED FRACTURE CRITERIA

B SMALL SCALE YIELD STRIP YIELD MODEL RESULTS

The J_ criterion and the dCTOD * FLOW criterion have been used with
both the small scale yield, strip yield model and the compact specimen
strip yield model. Each model is used to predict WPS behavior for
the experimental WPS load histories considered in this study plusoa
partial unloading (LPUCF) history in which failure occurs at -23.3°C
for which experimental data was not developed. Each WPS load history
was simulated wusing three assumed material toughness trends as
input. One trend was intended to be a mean toughness trend while the
other two are upper and lower bounds based on the K1, testing of this
study at -23.3°C and -95.6°C.

The models use the average specimen crack size and g for each set
of duplicate specimens. Typically, variation in crack size among
duplicate specimens was less than 0.5%, and variation 1n__Kwgs less
than 3%, The LUCF simulations assume a K , —of 33 MPa/m, and the
LPUCF simulations assume a ¥tn of 136 MPajE. qhe Kpin values for the
LUCF history are slightly larger than the average experimental values
(30 MPa/m at -95.6°C and 32 MPa/m at -23.3°C). This discrepancy is
not believed to have a significant effect on the results and conclu-
sions of this study.

Figure B.1 compares the WPS K¢ predictions with the experimental LUCF
data using J, and dCTOD * FLOW as a fracture criteria. It is seen
that the predicted failure wvalues tend to be conservative at
-95.6°C. Generally, the predictions based on J, tend to be in better
agreement with the data than those based on dCTOD * FLOW.

While adjusting the constraint factor might be expected to improve the
strip yield model predictions based on the behavior of the critical
stress model discussed in Section 3.7, this 1is not the case. The
small scale yleld, strip yleld model predictions using J_  or dCTOD *
FLOW are independent of the flow stress in a manner aimi&ar to small
scale yield (LEFM) K formulas being independent of flow (or yield)
stress,

Figures B.2 compares the WPS K; predictions with the experimental
LPUCF data using J, and dCTOD * FLOW as fracture criteria. While the
dCTOD * FLOW predictions were found to be less accurate than those due
to J, in Fig. B.1 (LUCF), the opposite appears to be true for Fig. B.2
(LPUCF). The present lack of experimental data at -23.3°C, however,
makes this a tentative conclusion.

- COMPACT SPECIMEN STRIP YIELD MODELS

Due to the departure from small scale yielding at g in the present
experiments and the subsequently required assumptions on applied K vs.
load behavior, it was anticipated that the use of the non-small scale




yield strip yield model of Newman and Mall (for the compact specimen)
would improve the Jo and dCTOD * FLOW based predictions. However, as
mentioned previously, the predictions were found to be clearly less
accurate than these using the small scale yield model.

Figure B.3 compares experimecital (LUCF) failure loads with those using
Je and the compact specimen strip yield model. As a result of this
nct being a small scale yielding model, it is seen tha* the results
are dependent on the selected constraint factor. It is also important
to note that the predictions are in terms of actual loads rather than
applied K. The compact specimen strip yield model of Newman and Mall
uses plane stress solutions, therefore, constraint factors are greater
than unity so as to reflect the larger constraint associated with
plane strain. The constraint factor of 1.14 is considered to be the
most appropriate value since it results in the K(J) from the model
matching the K(J) from the experiment. The value of 1.73 (i.e., /3)
is the customary value for plane strain.

It is clear that the higher constraint results in more accurate

failure load predictions. However, as noted above, selecting the
higher constraint results in unrealistic K vs. load behavior being
predicted during the WPS loading. Considering Fig. B.3.b, and

comparing with the similar plot for the small scale yield, strip yield
model, (Fig. B.1.a) it can be seen that the agreement with the data is
better when using the small scale yield model.

Figure B.4 compares experimental (LPUCF) failure loads with those
using J, and the compact specimen strip yield model. For this load
history, the predicted failure 1loads are seen to be largely
independent of constraint. Also, the results from using the compact
specimen strip yield model are very similar to those using the small
scale yield model (Fig. B.2.a)

Figure B.5 compares experimental (LUCF) failure loads with those
using dCTOD * FLOW and the compact specimen strip yield model. It can
be seen that the predictions using the dCTOD * FLOW criterion are much
less sensitive to the constraint factor than those using Jo. This
difference is believed to be related to the fact that dCTOD * FLOW is
defined exclusively in terms of crack tip quantities while J_ {is
dependent on deformations at a significant distance from the crack
tip. Comparing predictions using the compact specimen strip yield
model with those using the small scale yield, strip yield model,
(Fig. B.1.b) it is seen that more accurate predictions again result
from using the small scale yield model.

Figure B.6 compares experimental (LPUCF) failure loads with those
using dCTOD * FLOW and the compact specimen strip yield model. The
predicted failure loads are again seen to be largely independent of
constraint. Also, the results from using the compact specimen strip
yield model are very similar to those using the small scale yield
model. As a result of limitations on plastic zone sizes in the Newman
and Mall strip yield model, some failure loads could not be predicted
at the -23.3°C failure temperature.
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When either the J, or the dCTOD * FLOW criterion was used with the
compact specimen strip yield model, the predictions were found to be
less accurate than when using the small scale yield, strip yield
model. If the compact specimen model is indeed more representative of
the deformation behavior of the experimental specimens than the small
scale yield model, then this behavior suggests that the less accurate
failure predictions are the result of the fracture criteria.

Although it is believed that the less accurate predictions using the
compact specimen model are the result of J_  and dCTOD * FLOW being
inadequate WPS fracture criteria, the possibility of the fault being
with the compact specimen model cannot be totally ruled out. One
point of uncertainty is the effect of assuming plane stress rather
than plane strain (as is cuscomary for strip yield models) during the
development of the model by Newman and Mall. It is not clear,
particularly as a result of the inclusion of back face yielding
correction factors, that constraint factors can effectively be used to
alter the model behavior so as to be applicable to conditions other
than plane stress.

3.  FURTHER DISCUSSION ON THE SMALL SCALE YIELD CRITICAL STRESS
MODEL (SSYCSM)

Small scale yield, finite element solutions (e.g., Refs. 1 and 8),
ideally result in solutions which approach the elastic asymptotic
solution at large distances from the crack tip compared to the plastic
zone size, For distances which are small compared to the plastic
zone, the crack tip field approaches a fully plastic asymptotic field
(i.e., elastic strains are negligible compared to plastic strains).
If the stress-strain relation is of the power-law hardening variety,
then the fully plastic asymptotic field is the so-called HRR field
(Refs. 22 and 23). The numerical (e.g., finite element) solution is
needed to "fill-in" between the two asymptotic solutions.

Tracey summarizes the crack plane normal stresses from his small scale
yield solutions as a family of curves which depend only on the
hardening exponent. The ligament stress is normalized by the yield
stress and is plotted as a function of distance gfom the crack tip
where the distance (x) is normalized by (K; / yleld)“.

It i1s rather clear that such a small scale yleld solution can be
applied to a finite geometry such as a compact specimen, when {ts
plastic zone is small compared to the other dimensions. However, it
is not so clear what applicability the solution has, and thus what
applicability the SSYCSM has, when the finite geometry is loaded
beyond the small scale yield regime.

Figure B.7 shows the linear elastic and fully plastic ligament stress
distributions for a standard compact specimen obtained in this study
using the finite element formulation and special crack tip elements of
Reference 31.
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Figure B.7.b shows the stresses in the entire ligament while
Fig. B.7.a concentrates on the crack tip region The plane strain,
fully plastic solution assumes a Ramberg-Osgood power-law stress

strain relation with a hardening exponent of n = 10, The elastic and
fully plastic asymptotic solutions are obtained independently
(Refs. 32 and 22 respectively) and serve as a verification of the

accuracy of the numerical solutions

Figure B.8 compares Tracey’'s small scale yield solution to the limit

ing elastic and fully plastic solutions for the compact specimer
geometry In converting from Tracey'’'s nondimensional stress and
distance to those of i figure, it was necessary to introduce the
reference load Po is an estimate of the limit load for the
compact specimen geometry for plane strain conditions (Reference 33)
and is proportional to the yield stress, (Note that the power-law
hardening assumption precludes a real limit load, and therefore, Po is
best considered as a reference load.) It can be seen that the Tracey
solution provides a basis for interpolation between the elastic and
F'Fnﬁ

10

plastic solutions ith the interpolation parameter being

can also be seen that in the regilon x/(W-a) smaller than
(1.e., 1%) the Tracey small scale yield solution appears to reasonably
represent the crack tip stresses right up to the fully plastic
condition despite the fact that small scale yield conditions would
generally :quire P/Po to be less than about 0.5 It should be noted,
however tl due the log-log nature of the plot, significant
percentage « ges in the stress levels of the Tracey solution would

not necessarily sLroy t reasonableness of the interpolation
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