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ABSTRACT

Warm prestress (WPS) behavior is the term commonly used to describe an i

apparent increase in material toughness of pressure vessel steels
resulting from previous loading at a higher temperature. Such load
histories are of interest largely due to the fact that loss of coolant i

accident (LOCA) and pressurized thermal shock (PTS) related load j
histories are expected to result in WPS behavior. While previous j
experimental work has demonstrated WPS behavior, insufficient !

attention has been given to separat.ing material toughness variability j

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. j

i

The objectives of this study were to develop WPS data for which the
enhanced toughness due to WPS could be separated from the K Ic
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- l

partial unload-cool-fail (LPUCF). Each load history was replicated 8 I

to 10 times and statistical methods were used to show that WPS can j

raise the apparent K to levels significantly above the virgin j
Tke LPUCF experiments showed, for example, that imaterial KIc range.

at failure or K ) {the effective K after WPS (i.e., the applied Ky g7c
was at about the same K level reached during the warm preload or |7

| about three times the mean virgin material K at the failure '

Ic
temperature. For the LUCF experiments the warm prestressing benefit
was smaller but still significant with K levels being 1.6 to 2.5g
times the virgin material KIc 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 propoged
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,
(iii) 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.

iii
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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 IDCA 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 two 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 evaluateIc
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 unloading sequence is
believed to more c.losely represent PTS conditions.

Table 1 briefly descri.bes 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 maj or results, observations and
conclusions from this study.

* Data for the LUCF tests showed an average apparent
increase in toughness of 150% (compared to the KIc) 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

- _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ . .
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205% higher thanexhibited an apparent' toughness that was
the K values at the failure temperature of -95.5 C.yc

e' 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 j

study, .I

e The SSYCSM has some disadvantages in its current form. !

Recommendations. are provided to overcome these
disadvantages.

i
e There is a need for an enlarged data' base including tests ;

with temperature-unloading histories which more closely j

simulate service conditions. Subcomponent tests and full j

scale ' tests are also needed. .It in also necessary to
capability for predicting WPS behavior for ;demonstrate a;

'

these more realistic conditions using a simple model. |
|

e Tests using irradlated 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.

i

j

i

l
a

i

!
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Fig. 1 Schematic representation of LUCP and LPUCF warm
prestress cycles

3

_ _ _ - - _ ______-_ _



l, ,

.

.

.

_
_
_

_
_n
_
_

a l _

h d a _

s t l e c _

i e tt i

e d s nn r
e t o i ee e .

r a m 2 ,si m
u r t den u er
t u d ud l ref n t o -
c c l bn epvo ii

-

.

.

.

a c c e a ien e sv
-
_

r I a i y yrosh oa
rf K y d1 cttd ph

.

a e s u es n e pe
ee t n s p t s litugs ob
l g i a e i sl a oonu

-

ca n h l r e cnnmi sS
v i t t sd se aty iP -

sa f s s i o me tl H -

i e e i hm li rtut h -
-

l a r e t l canpn ct
nc i u t h n ae a e ic
o v s u t r f a mpscfi hi
i r a b a oh sseioc wd -

-ro d e f e t if i e
aef e m a ol a nf r i yf gr
tt i t c t e aot ntf np

-

y ain d o a e at h e gl e i

d dro u t dy dt da tymiu - do -

-

u ci t d io r rosce at
t h r s t hu sn hu st e ib o -

_

S t se n ttrt t c negrf ld_

. s ist d e i saue ic om ofn e

.
s t wei n i w eor wa i ocfi a cr_

.

.

i n rr a n sl a tei dc ii
-

h e ttc e tice ts cgfd l u_
_

_ t m ns d v nh J) ns i i eet 4 cq_

_ m e s e n ett s ee deceha ye
. n o mls t o m oft ml et enth l cr_
_

_
i C eae n c efnon e ri p t e_

.

-

_ ecr e eo e ee pnsed d ge.

d rit m s r snm rb i hnm o nb_

_ e gt s e s gaioe g ef rt ar m i_

_ r ai l e at il ao t o o rd_

_ e rl p l aet e t a h f o gf r ul
_ d eca m edJ a e rg t n c du -
_

. i l cdigs l l e ld uus i a f o_

_
s bfi e ni bSf ut bn col el rw .-

_
.

-_

_ n aothei aPoci au cheueo s o
. o n i sbls nH l n no atdddt a ih-

_ C osri es o sai of o on vc_
_

. sicl nde sricf s sl memi s ai_

_ s as baor aos ay se t t hh_

_ l eaf acmt efara el eddal s n ew
e rbot s r boi rl lol ran e b

.
d snt 1 fv a meeco m t

_

_

o sl yeonl s l sr s i nii m sa_

_
_ . ee epyert o th
.

M eat i ea el as.

dcil rmc decdg dn di geu c it_

.

. ie irp ml b_

.

S iidl eei idio
_ P vsietlt voshe vg vti ouo e io
.

.

H o yl wiei omyt( o osrtns m ht
_

rha r r r he r r t a x
l PPV C C P PM P P S S E -

a
c
i H W 6 -

O O 1 .

t n
y eo l ,0 d L ,d L

.)

n F1l ri as82 , n F ,
.

) 4 a 1 1
_

a ur cs1 4 a
A1 e A * ).d e

.1
n t e i e

n J J 1 . p 7
.
_A ct t r

. s1 Df Ts1 _ai itsa s1 D _

e rr rsf f Of f Oe f _

_TR ed
_t FC c e , e ,) Te e ,) _

a R9 R02 CR R02 C( Rn -

a( 11 d( 1 (11 d( (d
i
d
n d
a l

C l le. p n _

_l lis i se
e a s a yf rnm

_h l meen m e toi
t e st no) s pR sic _

d iai9 i( t e)
f o f, n l t fr f u p7

o M oipud ot s 2 ol s2 4 2
f bn sn) o

n,kia n ,io9 l nstd l ly r
o cr o e o cn e er o

a f idat8 idtd d il aa d d
m tl rs tlun o tep o o

, iel a M idm6 M Mm s i eci
u i si d7 sio soo2
S s o yt oys6 s omc s s

_

.

.

p a p . a a _a p ns . _
rdasA B reess rel ,

el mef el eS e el f e e
_

_
..

paere pad m pere m m
.

_

ucltR uco , a uioR a a
_

_
_

Sses( Ssm4 S S yf ( S S .

_
.

1
_

_
.

_e l _
.

l e _

b d 1 2 3 4 5 6 _
_

a o _

T M __
_

-

n -

-

-

!



. _ _ _ _ -

i

1. INTRODUCTION

Warm prestress (WPS) behavior is an experimentally observed phenomenon
in which a material containing a flaw exhibits an apparent increase in
fracture toughness due to previous loading at a higher temperature.
The term WPS is associated with two types of characteristic
behavior. The first and more easily understood type of WPS behavior
is associated with the observed tendency for cracks to remain stable
during unloading even if a material toughness decrease due to
decreasing test temperature results in the applied K7 becoming larger
than the material K This type of WPS behavior may be applicable tolossofcoolantaccfc,dent (LOCA) load histories. If this applicability
can be demonstrated, then WPS behavior would provide a basis for
increasing calculated safety margins.

The second type of WPS behavior is also associated with simultaneous
unloading and cooling but applies to the situation in which the
unloading of the crack may be periodically interrupted by significant
increases in the applied K . Experiments have shown that even in suchy
cases, a crack can remain stable beyond the applied K level at which7cunstable growth might be expected based on the virgin material Kycrange. This type of behavior may be applicable to the pressurized
thermal shock (PTS) type of load history.

It can be seen that the first type of behavior is a special limiting
case of the more general second type. The condition of decreasing
applied Ky with time can be viewed as a sufficient (but not necessary)
condition for maintaining crack stability which is in itself useful
since the condition of decreasing K is an easily stated and easily1understood criterion. Determining the necessary condition for
stability under WPS loading histories of the second type requires a
much more quantitative examination of the problem.

While previous experiment work has provided evidence for the existence
of both types of WPS behavior, the data has not provided the type of
information needed to separate WPS effects from effects of material
variability in 'a statistical or quantitative sense. Therefore, the
first task of the present study was to generate new WPS data which
could be the basis for a quantitative analysis of WPS behavior. The
second task was to use this new data to develop a predictive
capability for fracture behavior under WPS conditions.

Since previous studies have provided a number of candidate WPS models
and fracture criteria, the approach to developing a predictive
capability was to first evaluate these available models and
criteria. This was done by using the models and criteria to predict
the results of the new WPS experiments. If one of the models and
criteria could be identified as being the most promising, then any
additional work would be focused toward improving that model.

1.1 Background

In the previous study (Ref. 1), several candidate WPS models and
fracture parameters were identified, compared, and evaluated through

5
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i

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 y ,
loading ' for these data was - restricted. to conditions for valid. KIc
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 j

finite element analysis. I

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 i

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 alternative 1y' be > used as the basis
for their WPS model,

i

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 j
strip yield model solutions, curry superimposed stress distributions
from the plane strain, elastic-plastic, small scale . yield, finite ,

element solutions obtained by Tracey (Ref. 8). ' Curry notes that the j

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 is based on the work of 'Bilby

J, (and(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

body with plastic deformations). Chell et al.being applied to a
further specified that J (a line integral) be evaluated hlong ae
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 I
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 nce unloading )e
occurs and neither is' equal to J since J is not defined except under
monotonic loading. -j

I
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 byp

|

|
6 |
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Atluri, Nishioka, and Nakagaki (Ref. 16), and as further studied by
Brust (Ref. 17). T* is defined as a contour integral, with the same
integrand as J, in the limit 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 evaluated using path
independent far field contour and volume integrals. T is equal to Jpfor 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 ut.e of small scale
yield finite element solutions and commonly available fracture
toughness data.

A more detailed description of the various 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 piece-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 sugges ting 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 yield model in terms of CTOD, plastic
zone sizes, J (during the initial loading), and T* (during all phases
of loading). No parameters calculated within the finite element
analysis, however, were found to be physically equivalent to or
comparable to J, calculated within the strip yield model.

The small scale yield, strip yield model of Chell et al, was found in
Reference 1 to predict WPS behavior reasonably wg11 when used with the
J, parameter, or the dCTOD * FLOW parameter. T with the strip yieldpmodel was not fully evaluated in the initial study. The critical

7
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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.

1.2 Objectives

The first objective of the present study was to generate new WPS
experimental data with emphasis on defining normal data scatter for
K and post warm prestress fracture toughness, K , while at the sameIc g
time 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
failure loads for the new WPS experiments. The models to be examined
includedtheCgelletal.smallscaleyield, strip yield model, dCTOD
* FLOW, and T fracture criteria and the Curry small scale yield,p
critical stress model (SSYCCM). In addition to the above, a strip
yield 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 finito 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 use, 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.

!

|

|
|

1

|
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2. EXPERIMENTAL PROGRAM

2.1 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 Kre
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-Ic
able. This information was then used to infer the K transition ofIc
the present heat (See Fig. 2). It was estimated that the V49 virgin
material K would be 110 MPa8 at -23 C and 55 MPa5 at -95*C. Therc
K values subsequently determined gave reasonable confirmation withyc
average values of 124 MPa5 at -23 C and 68 MPa 5 at -95 C. Other i
mechanical properties of interest are also reported in Fig. 2.

2.2 Warm Prestress Testing

It is quite common to find WPS data on A 533-B available in the liuer- j
ature. However, most investigators have generally limited the magni- 1

tude of the applied K (see Fig. 1 for definitions of K K, )gwps yp3,Kmin) levels to satisfy valiGty requirements for K testing. For jyc
A 533-B test specimens of typical dimensions, this severely limited

{the magnitude of and consequently the magnitude of the resultant,,
warm prestress ef ct. Hence Kg values obtained subsequent to WPS
oftentimes fell within the scatter band of K fr the virginIcmaterial. 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 Kyplevels and temperature excursions relevant to pressurized therma $
|shock (PTS) scenarios. Varm 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 i
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*C [NDT -10 F),
which is in the middle to low end of the transition range, and
-95.5 C, which is 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.

9
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Therefore, LUCF specimens should provide conservative estimates of Kf
for PTS load histories which in general have only 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 K level, 192 MPafd (175 ksi/in. ), was used for all tests.g,
This value is consistent with the computed WPS crack drive levels (Ky
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 JIc) in A 533 B materials under plane stress conditions:

yp, - (JE)1/2K (1)

where E - Elastic Modulus

The L92 MPa/E applied K was large enough to produce significantyp,,
plasticity in the test specimens but resulted in insignificant amounts
of slow-stable crack growth.

2.3 Experimental Plan Modification
j

l
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 Kg 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 If 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 Kgfracture.

I
l
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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 ing
Fig. 4. Evaluation of K was RaMad nate-6 6e-an das&-yp,
plastic fracture mechanich since J-Integral could be accurately
calculated.

K was obtained from the experimentally measured J usingyp,
Equation 1. Unlike the evaluation of K the calculation of anes ,
accurate applied K for the post warm frestress loading requiredg
development of a special analysis method. This special method was
needed to account for the significant amount of plasticity resulting
from the loading to K and the residual stresses resulting fr*,m thisyo
plasticity. The meth6c$ by which Kf was calculated is explo ,ed and
justified in Appendix A and' basically takes advantage of the fut that
unloading and reloading was largely linear elastic.

The Kf 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 lond only resulted in about an 85% reduction in the effective
applied K. One result of this behavior is that decreasing the
external applied load to zero does not result in the effective applied
K going to zero.

2.5 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.g
Table 5 lists 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 Kyp, as a lower bound while the LUCF popula-
tion tends to have Kyp, as an upper bound.

The two side grooved specimens were given the identical LPUCF cycle as
the non sidegrooved specimens and both had K values within theg
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.

13



1!ll|!!!|i j j,-

_ _ _ - .

w
.

_f -

; q 2; _
; 2; .

" _ 4'- - _. _
. _ '~- ._ .'t _

- _ _

_ .

_ .
. . '

_

. !

_.-
- j.

'
-_ .

.
_- -

_

. _
- _

-

_
_ '

i.'

2_ + _ -

i_ ._ . -
_

'

. .

y_
it' (

:
.

'

6 .a
-

_ .
.3 . t - ; 6

..

_
. . - _

--

.
:! .;:

_. _ .
_ .

-

|.
. -

.

-

_
. . _ . m i . i. ' j i '

. ~ " { ;

4_ '1
i. f$ . .-] |'

_

n - ._ _

.

7
-

2 .. i.-
' 5. . .

.- .
. .

.

_
_

.
. - _ . =_ _. -

.
. i-

-
.

i1,
-

, -

_ __ . K_._ _
,i, - | . - -

. -

[ j

.- i
s: . . j

.

.
.

1 '- : i_
.

.

.
.

_ -

_ .

.
_. _

~ .
; , i i;L | g I |

. - .
.

_ _
.

- -

.

.-

_. 4 l

-
- _ e
.- -! , .- ;a
-

_ c
_ _ y

, + . .! 'i' | . r. | , I ;3| I c_

_
. . .

. _ _ _ F
_ _. .

_
.
. C- _

. - -

..
.

g !

L.
.

U_

ii

.-y.
|i ' [. - ij

.

_. _.
. _

i |

.

. .
J ." - .

.
| o

r
_

.

_. . f.
. t _ .

_
. s

_

f!
-

: j i. .

_
i_

,!

_
.7 ! d

-

*n
.t . .

.j!

- - _

'9 _ r
: - 7/ o.

_ _ .
_ c

.
_ .l_ 7 e

- - / .

_

3 _. r
._ . _ _ . 1 _

, t

.
_x: .
_

j , ; _ !

0 . _
~ t

_

s
: L _ ._ ~ _ . _ .

5
.

i e- _ _
_ _ - i ' _ _4-

d 4_ ^ . - _
_/

_
- _ 1 t

n
.

_ e_.
.

i t :' j .

_ ~ y ; .i

m
. e. .

.

.
_ . c.

i
u .

a
.

~ _)
t: li:

~~ .

7_ . _ _ p
.

_. l.

' . _
.

_

~
.

_ . _ _ s
|[, . !i |

_ .7 _

_ ' i.i_ : .I i
- . 1_

_ _
. d

: i ..

_ . S _ . _ d
_ -

-

_

_
8 1 |J

_ . P a
o

.

W_
a_.

__ _ L
_

_ . ~ __ .! i
.

_
_

__ _
_ /. _ .

_
.

. [ _

.

.

i:f!!i. }ii l

_

-
- _ ._. _ _ .

4. .

.

;- -
. _ _- .

|1, . }i ! ;.i .L! i i q , qj e
. : . 1 .|

_ g.

7=
.

. i
.

.

7, . ~ . _ . _
f_ _ F.

;

_ - r _. z y- _. :
;

.[
- _. . _ _ ;

- _. 2. -
_ _ _ _

_
.bi ^

.

;+ - ! ,j. j

_

.

]
.

c
. _ _

. : _
.

2 _
. [, / :M.

; 3
.

,$ g4 '. u q _?
. _ a _ q ._ T

_

. _ =. -
.

_ _ _ _

7 ,.

[! j . , _ .i ! . , }

.- _
.

]
.
_

gt . _.
. _. _ _

_ _ .

_ 2

.

~.

. .
' +

. _

;+ h, ' _ -

. _ ~ _
{

-
- --

_ .

_ . :

. e =b.!
.

.

m
.

.
-

i ji

_ -
7 a,S_ /C ,:

n

f ;_.c ._ _
.

.

. . _ : } ; i. f _-

_ [.
_. g~

/K. . ' |
- .

t . i j ;;;. j , |,

-

_. - -; J
..

. _. _. r_ _ . ,,
.

.
.

_ 2_- ; -
.

_ .

;

_
.



0
_

-
' | i , 0

_ - - - ~ 3_

-

_
_

m
V
a

= P
hsM 0 tp ' 5 ii

ww2 2
e9K l

1 c
y

_ c

F
C

, U
L

i
J

K 0 r O0 o -'

2 f
'

n

m o
s
iV r
aa p

P m
o

M c
0 , ni ' 5 c o .

e1 i iL rt

A K uu t
bc l. ai

N P & rI r eK tE pI , s

G T K d
mi e

RA t

gI

VM 0 K t
s

'0 ei

d t1 n .

aC
*

C c3
E 3 I2

K -L 2
C -
Y
C .

P 5S M
P E 0i

.

WBT 5 g
3 i

F3T F

C5S
U E
LRT

- - - -
0

M. 0 0 0
7 5 2 01

1
. . .

0 0 O 0 4

- 5+

a

1'



,1

0
:

| 0
- - - - 3

-
m-

_

V_

-

- C a I

5 P h
-

E 5 M t
i

- L 9 w
- 0- C - 2 ' 5 eYi
_

9 2- C l.
- c' 1 y-

S N = c-

M' 3 T s FE 9-
-

C a

-
_

- 3 p U
F3T L
C5S w
U E K r

oLRT f0-
- 0 ni

2 o
' s

i
r

m- a ,,

- f p

K V m-
_ o-
- a- c

.
- P n e_
_ r
- o
- 0 M ui t_

- t
-

i 5 , a' u- r
-

1 g b
_

e- i p
_ K m

r
- t e- s t& i
- d- t
- s
-

, g- eK
_ K t

d
0 n *C
0 a5- i

- 1
$

- L h-

- K -
- A

I

- g NR-

E_

K G T
I

-

6
"

t RA .

gI

M 0 i
i

'5 F

- - - - 8
0 6 2 8 4 0
2 0 01 1

* . .

B 0 0 0 0

nXC

*



Table 2 Material Properties (Virgin Material)

Temp. Yield Tensile- Elong. KIc

(*C ) (MPa) (MPa) (%) (MPa/m) Std. Dev
(MPa/5)

177 413 582 20.2 -

-23 472 647 30.0 124.3 21.4

-95.5 537 739 30.3 68.3 10.4

"K Virgin Material, IT compact specimens (25-mm thick), a/W - 0.5Ic
!
!

l

i

Table 3 LUCF (177 C to -23*C)

g , (MPa/m) Pg , (kN) Kg (MPa/s) Pg_(kN)K

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

4

I
*
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Table 4 LUCF (177 C to -95.5 C)

K (MPa/3) Pyp, (kN) Kf (MPa/5) Pf (kN)yp3

191.8 397 169.9 344
192.2 388 187.5 376
192 % 409 177.0 372
192.1 382 159.9 303
19 '_ . 6 390 184.8 374
193.8 403 169.0 343
193.1 398 158.4 315
194.8 391 182.1 360
193.1 398 181.4 369
193.4 392 167.3 329

LUCF (177 C to -108 C)

194.6 373 152.5 345

Table 5 LPUCF (177 C to -95.5 C)

K (MPa/5) P (kN) Kg (MPa/m) Pf (kN)ypg ypg

184.7 390 196.4 418
191.6 366 215.7 424
192.6 385 219.7 452
188.7 367 214.8 429
188.9 390 213.4 450
185.4 387 202.9 429
186.7 390 210.8 448

Side Groove 20%

195.1 366 216.2 412
189.5 355 214.0 408

18
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2.6 Post WPS K Transition Temperature Curveyc

The LUCF and LPUCF data from this study can be used to construct Kg or
effective K transition Curves for these two WPS load histories.
Figure 9 illustrates that the fracture toughness is consistently
improved by warm preloads. The present results suggest that Kf
values will have K as a lower bound if the componentsg,

) during a thermalexperience only partiaI unloading (Kmin 2 2/3 K
wYSh this behavior istransient condition. However, the extent to

dependent on K and the warm prestress temperature has not beenwps
addressed by the experimental program of this study.

|
|
|

i

|
j

I
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3. ANALYTICAL MODEL RESULTS AND COMPARISONS WITH DATA

This section compares and evaluates the predictions for the WPS
experiments using 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.

3.1 as a WPS Fracture Parameter

work o LUCF case (Ref. 1) suggested
when T,n a single

Previous finite element
reached the level of T at warm pre-that failure occurred p

experimergtal data fromstress. Having applied this criterion to
References 2 and 3, it was subsequently observed that T often exceeds !

o
its WPS value before exceeding the fracture criterioh derived from
J thus predicting failure for applied K levels that are less than jIc,
K To explain WPS behavior, the opposite must occur. 1

Figure 10 compares the behavior of T,just7c.
with that of J and dCTOD * FLOWo e

(both of which have been used with 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 It can be seen from Fig. 10c that dCTOD * FLOW is

to T[n.equal in ma itude to the change in T since the most recent load
Preversal. The sign of dCTOD * FLOW during 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 T* from the strip yield
model and T* from the finite element model, but that significant
differences exist particularly st after load reversals. Note that
for the finite element model, T is defined as the limiting value as
the radius of the contour (r) ap roaches 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,

i
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3.3 Other Strip Yield Models -

Newman and Mall (Refs. 26 and 27) have developed equations for a strip
yield model in a compact specimen. Whereas the small scale yield,
strip yield model is 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 solutiono 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 displacements and Dugdale plastic zone sizes. Un-
less one is developing such equations for a geometry of general and
continuing interest (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 12FM 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 experinnental 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 1 for LPUCF
cycles). For continued unloading, however, reverse pla,stScity 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 effectivo applied K to be near N

'

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
z.ero applied load will be accurately represented by point B.

|
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_ _ _ _

Experimental load-deflection test records during unloading 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 unloading and reloading. Therefore,

experimental data points plotted in subsequent figures pertaining to
small scale yield 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 (Kmin f r LUCF
cycles or point B) is approximately 33 MPa[5.

3.5 'WPS Predictions Using J
3

The J, criterion has been used with both the small scale yield, strip
yield 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 Kf is about 5% less than the average experimental K .g

Due to the departure from small scale yielding in the present
experiments and the resulting assumptions on applied K vs. load
behavior, it was anticipated that the use of the compact specimen
strip yield model of Newman and Hall would improve the J, 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. The 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 J, with either strip
yield model provides predictions in good' agreement with the data.

.

One possible contributing factor for the significant sensitivity of J eto the type of model (i.e. , small scale yield strip yield vs. compact
specimen strip yield) 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 is also
considered to be a reason for questioning the physical basis of J,.

3.6 WPS Predictions Using dCTOD * FLOW
.

The dCTOD * FLOW criterion has also been used with both the small
scale yield, 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. 14a). 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.

1
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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 predict. ions via J the dCTOD * FLOW predictions. for the LPUCF,

history are in almost [ull 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 yield strip model, the
reduced accuracy of the J, and dCTOD * FLOW criteria tends to reduce
the attractiveness of these criteria.

3.7 WPS Predictions Using Critical Stress

The use of the critical stress criterien 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,
strip 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
i.e., small scale yielding predominates during- unloading 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 toughness
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 Kg values for the LUCF WPS load ;

history with those predicted by the SSYCSM. The effective applied K
,

at the unloaded state (Kmin.), fr the simulation is taken as J
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33 MPa[m and reflects the presence of non- small scale yielding during
the WPS loading, (See Appendix A) . The basis for this simulation is
the small scale yield stress solutions of Tracey which assumed plane
strain conditions.

Experimental determination of constraint for the virgin K7c tests and
the WPS tests indicated that the K test specimens (IT compacts,Ic
25.4-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 constraint information on the K and WPSIc
specimens, and it appears from Fig. 17 that this results in better
agreement with the WPS datac 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 Kg values for the LPUCF WPS load
history with those predicted by the SSYCSM. The effective a lied K
at the unloaded state for the simulation is taken as 136 MP m, again
reflecting the presence of non-small scale yielding during the WPS
loading. It can 1.s seen that the model predictions are in good
agreement with the experimental WPS data, although the predictions
tend to be slightly conservative (-10%). Again it appears that using
a lower constraint factor would tend to improve the agreement with the
data.

Though failure pr, dictions of Fig. 17 are obtained using the
superposition approach of Curry and the small scale yield 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 strass criterion and the superposition model
to be assessed independently.

3.8 Summary Discussion of The Critical Stress Model

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.
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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 and 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 inconvenient feature of the critical stress criterion is that
critical stresses are not commonly measured quantities. The experi-
mental determination of critical 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 y acedure is applicable to sharp cracks, one must still determine
a c trical distance which ic 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 uncertainty of the most

;

appropriate microstructural _ dimension to be chosen, it is common to ifind a distance that works and then go back and see what micro- Istructural detail the selecW. distance matches. Therefore, even if
one goes to the trouble of 4.;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 so 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 literature using the blunt notch
experimental approach.

This trial and error approach has the 4 6 . advantage that it assures
the user that the WPS model will reprod.m K results when applied to

critibal parametersa monotonic loading problem. If the are deter-
mined independently of K and the WPS model (i.e., by the directIcexperimental 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 K there are still two aspects of the criticalye,
stress criterion which could bear improvement. The first is that by
using the usual assumption that the critical stress and distance are
temperature independent, it is not generally possible to reprodece a
experimental Kic trend exactly. The second is that trial and error
methods for selecting the critical parameters rely on a subjective
judgement as to what constitutes a best fit of the desired K trend.Ic
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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 and critical

distance from an input KIc versus temperature trend. It will remove
the subjectivity of the trial and error fitting,. and will result in an

vs. temperature trend. Since it has been foundexact fit to the KIcthat using temperature independent values of the critical stress and
good fit of the KIe trend except in thedistance generally provide a

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 KIc data, and not being able to represent.a given

vs. temperature trend exactly, there appear to bevirgin material Kyc
simple solutions to these problems. The approach for improving the j
SSYCSM model was described in Section 3.8 of this report. -

All of the models considered in this study assume that the WPS
phenomenon is 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 betwes 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

i
be required for an accurate representation of the crack tip field j
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 I

methods for modeling crack tip plasticity effects or due to other i

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 fest 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 critical stress criterion for cleavage
fracture can reasonably predict the toughness reduction due to
irradiation merely by knowing the increase in the yield stress.
Therefore, 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

37
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similar to irradiation, the present study assumes that irradiation
effects are entirely analogous to the effects of reducing
temperatures. Experiments to verify this experimental approach for

|WPS testing remain to be done,

1
i
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4. CONCIESIONS

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 Kg values were 1.6 to 2.5 times
the virgin material KIc depending on the temperature at failure. For

was aboutthe .LPUCF load history the average experimental Kg value
three times K and Kyp, was ' effectively the icwer bound of the KIc, g
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 1

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 |
IDCA or PTS load histories. The SSYCSM model . predicts for example
that by doing all unloading at the warm prestress ' temperature
(Tein - 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 griteria were found to be
either less accurate (J,, dCTOD * FLOW, T , compact specimen ' strip |p
yield model), less general in their applicability (J,, compact ;

specimen strip yield model), or did not have a sound physical basis !

(J,).
i
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1
l

|

,

39



_ . _- . -

5. SUGGESTIONS MR WRTHER 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 he 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 K behavior of the cest material are believed to beIc
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 yield
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 using a more ri orous, incrementalS
plasticity solution procedure. It is therefore
recommended that the simplir, tic 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.

ii) Since it is convenient for a WPS model to use standard K
data as input rather than critical stress and distance, ft
is suggested that methods for determining the critical
stress parameters from KIc data be further investigated,

iii) 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 behavior.
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.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 Kf

1. 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 Eage 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

192MPa/ musingobjective was to warm prestress load to K -
yp,

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 introdt.ced into K from this incremental loadingyp,
process. A circulating air type furnance was used to beat 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 gage was used to measure load line
!displacement. Stroke control loading was used to prevent ductile

instability, j
t

For LUCF cycles, all specimens were K loaded and completelyyo,
unloaded at 177 C. They were then cooled t6 room temperature and were
usually stored for several weeks prior to the loading to fracture part
of the cycle. For Kg 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 C. Kyp,
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,g
control was reverted back to stroke and the test completed to failure.

2. ANALYSIS FOR Kg

The reloading to failure at Kg temperatures always gave essentially
linear load vs. displacement behavior. However, the K 1 ading gavewns
the expected nonlinear *.est records such that clastic-plastic fracture
mechanics was necessary to reflect the presence of plasticity and
residual stresses from the WPS loading. When calculating K , testg
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
I results gives significantly higher Kg values.

|
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As described previously, y , was obtained from J ,p, using:

K - /J E (la)
WPs wps

where J 1 was determined from the experimental load deflection record
usingAb$E 1152-87 procedures.

During unloading, it is 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: I

- .

elacti1P K (2a)K-K -

wps wps

where P
yp,) >is

the load at WPS, P is the load during unloading
(P < - Pwps

i

P
Ke astic , ws

f(a/W). (3a)
WP8 1/2

,

p
.BW

is the linear elastic relation between the warm prestress load and K
1for an ideally elastic compact specimen, and a is the physical crackp

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

.

P
"I" elasticK -K 1P K (4a)-

min wps wps
WPs

If Pain is zero (i.e., LUCF) then

elasti
K -K -K (Sa)min wps trps

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 Kmin be zero for a zero applied
load.

I

Since the load records are observed to be linear during reloading to j
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

. -

elasticK -K 1P K (6a)-

f WPs wps

.J.
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Thewhere Pg can be larger than P and thus Kg can exceed Kog .
observation that load deflecticnyp, behavior remains linear fbr loads
which are larger than P can perhaps be attributed to the higher
yieldstrength(andthus7educedplasticity)at the lower temperatures3

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 (K P g) point and is parallel to theypg,curvedefinedbythelinearelasticTehavlorofEq.3a.

The nonlinear K versus P relation of Fig. 11 is based on a plastic
zone correction to the linear elastic formula wherein a is replacedp
by an effective crack size a, where

a -a +r (7a)
e P yand

h (8a)r -

y
\

where p is 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 tc. results using the elastic-plastic estimation

| formulas from Ref. 33. It is 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 $ $ $ 6.4 for
all specimens without side grooves. The two side grooved specimens
had a best fit S of 7.2. Since only two side grooved specimens were
used, this slightly higher p may not be significant.

!

!
!
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Fig. A.1 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

1. 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 plus a
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 using 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 KIc testing f this
study at -23.3 C and -95.6 C.

The models use the average specimen crack size and K ,3 for each set
of duplicate specimens. Typically, variation in cYack size among
duplicate specimens was less than 0.5%, and variation in K less
than 3%. The LUCF simulations assume a K f 33MPa%,yp,d theanmin
LPUCF simulations assume a K f136MPa[m. The K values for theuin min
LUCF history are slightly larger than the average experimental values
(30 MPa8 at -95.6*C and 32 MPa%n 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 Kg predictions with the experimental LUCF
data using J, and dCTOD * FLOW as a fracture criteria. It is seen
that the predicted failure values 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 is not the case. The

.

small scale yield, strip yield model predictions using J r dCTOD * ]e
FLOW are independent of the flow stress in a manner similar to small '

scale yield (LEFM) K formulas being independent of flow (or yield)
stress.

Figures B.2 compares the WPS K predictions with the experimentalg
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.2e
(LPUCF). The present lack of experimental data at -2 3. 3 C,, however,
makes this a tentative conclusion.

|
'

2. COMPACT SPECIMEN STRIP YIELD MODELS

Due to the departure from small scale yielding at Y in the presentg3experiments and the subsequently required assumptions on applied K vs.
,

load behavior, it was anticipated that the use of the non-small scale

B-1
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|
!

|

yield strip yield model of Newman and Mall (for the compact specimen)
would improve the J and dCT0D * FLOW based predictions. However, as
mentioned previously,, the predictions were found to be clearly less |
accurate than the,se using the small scale yield model. |

1

Figure B.3 compares experimental (LUCF) failure loads with those using )
J, and the compact specimen strip yield model. As a result of this i

not being a small scale yielding model, it is seen that 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 ;
icomparing 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 loads 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 J,. This
difference is believed to be related to the fact that dCTOD * FLOW is
defined exclusively in terms of crack tip quantities while J ise
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',
(Fi . B.l.b) it is seen that more accurate predictions again resultS
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.

| B-2
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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 j
failure predictions are the result of the' fracture criteria.

i

l
Although it is believed that the less accurate predictions using the !

compact specimen model are the result of J, and dCT0D * FLOW being |

inadequate WPS fracture criteria, the possibility of the fault bein6 i
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 customary 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 the crack tip
where the distance (x) is normalized by (K / yield)grom

7

It is rather clear that such a small scale yield solution can be
applied to a finite geometry such as a compact specimen, when its
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. 1

1

IFigure B.7 shows the linear elastic and fully plastic ligament stress j
distributions for a standard compact specimen obtained in this study j
using the finite element formulation and special crack tip elements of !Reference 31. j

1

u
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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-
1

ing elastic and fully plastic solutions for the compact specimen !

geometry. In converting from Tracey's nondimensional stress and
distance to those of this figure, it was necessary to introduce the
reference load Po. 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
fully plastic solutions with the interpolation parameter being P/Po)
It can also be seen that in the region x/(W-a) smaller than 10"
(i.e., 1%) the Tracey small scale yield solution appears to reasonably
represent the crack tip stresses right up to the fully plastic
condition de, spite the fact that small scale yield conditions would
generally require P/Po to be less than about 0.5. It should be noted,
however, that due to the log-log nature of the plot, significant
percentage changes in the stress levels of the Tracey solution would
not necessarily destroy the reasonableness of the interpolation.

Since the critical distance for the critical stress criterion has in
general been found to be less than 0.1 mm for the material of this
study, the condition that x/(W-a) be less than 1% suggests that W can
be as small as 20 mm or roughly a 1/2T standard compact specimen.

For the purposes of the SSYCSM, however, it happens that this estimate
of the smallest applicable specimen size represents a necessary condi-
tion rather than a sufficient condition. Other considerations require
that a larger' specimen be used. The reasons are essentially the same
as outlined in Section 3.4 That is, in order to apply the small
scale yield model, it is necessary to relate the applied K of the
model to the actual applied load. While the initial load (i.e., the
WPS load) exceeding small scale yield can be tolerated as a result of
the availability of elastic-plastic estimates for J (or K), the
plasticity associated with the subsequent unloading and reloading to
failure must be within the limits of small scale yielding in order
that an applied K can reasonably be estimated. This restriction
results from current elastic-plastic fracture methods (J based)
dependence on monotonic loading. The requirement for small scale

yielding during unloading and reloading will generally require amucglarger specimen (or smaller load) than the above x/(W-a) < 10'
requirement. The present work using half thickness 4T specimens seems
to suggest that for load levels considered in this study, the use of
smaller specimens may not be possible if the SSYCSM is to be applied.

$
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