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ABSTRACT: This study explores the possibility of using J-Q-related

crack-tip constraint concepts to provide a basis for both the

interpretation of warm prestress (WPS)-induced fracture toughness and
their transferaDility to structural applications. A finite-element

boundary-layer formulation based on small-scale yielding (SSY), remote
mode I K-dominant assumptions is adopted. Effects of WPS-induced crack-

tip constraint are quantified in terms of deviation in either the

opening-mode or the mean stress component of the WPS crack-tip fields
relative to the reference K-dominant SSY state associated with

monotonic-loading conditions. Over the range of WPS load-paths

considered the WPS-induced crack-tip constraint closely resembles a

spatially varying hydrostatic stress field. Interpretation and
transferability of WPS fracture toughness under SSY conditions are

specified in terms of the unload and reload ratio.

KEYWORDS: warm prestress, J-Q theory, crack-tip constraint, fracture

toughness, crack-tip fields, small-scale yielding

INTRODUCTION

Ob_ectlve and Motivation

This paper describes preliminary findings from a study that

explores the possibility of using J-Q-related crack-tip constraint

concepts to provide a basis for both the interpretation of warm

prestress (WPS)-induced fracture toughness and their transferability to
structural applications Ill. Load-paths under WPS conditions are often
non-monotonic in nature. Under monotonic-loading conditions, J-Q theory

has been used to provide an explanation for the apparent specimen-

geometry dependence of fracture toughness based on the associated
variability in crack-tip constraint [2]. The objective of this study is

to ascertain whether WPS-induced fracture toughness are likewise

= iDevelopment Staff, Oak Ridge National Laboratory, P.O. Box 2009,

Oak Ridge, TN, USA 37831-8056

MASTER



amendaDie to a j-Q-like explanation base_ on zonsideration of crack-tip

constra'_nt 'ancer WPS con_i-ions.

_harac'_er=s'_i=s ^= War'r. Pre__ress

_'n Fig. !, -_he three types of warm prestress (WPS) benefits in
reiaticn to crac_ initiation are schematically illustrated. 2/_I_:

The moce I stress intensity factor (Kt) does not increase with time

(K. <0) after loaeing to K;._?s. Type-I WPS can be further specified in

terms of neutral loading (K- =0) or unloading (KT_<0) conditions.

Crack initiation does not take piace even if K. and the crack-tip

temperature are decreasing together such that the current value of KT

becomes greater -nan rbe fracture toughness for monotonically increasing

loads (K!:). _: This type of WPS loa_ing histories involves

final reload to fracture from values of K! <KIc. There is an apparent

increase in fracture toughness upon reload (magnitude of KI at failure =

K,) due to prior loading to Kwp s (above Kic for the crack-initiation

temperature) at a higher temperature such that Kf/Kic > I. 2.__:

This type of WPS loading histories involves final reload to fracture

from values of Kt > KIc such that Kf/K!c > I. It is emphasized that

available experimental results on WPS-induced toughness enhancement are
lintited to mode I, quasi-static, plane strain, cleavage crack-initiation

toughness values [I]. A significant obstacle in the way of including
WPS effects in fract _e-margin assessment is the need to use many global

parameters to describe the WPS load history and, in the case of type-II
and type-III WPS, the WPS-induced fracture toughness.
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FIG. 1--Schematic illustrating three types of WPS benefits.

Regular ory_ Issues

Findings from a comprehensive literature survey on the phenomenon
of WPS and its relation to regulatory issues relating to the operation

of nuclear reactor pressure vessels (RPVs) are presented in Refs. [i,3].

An example regulatory issue that could potentially benefit from the

findings of this study concerns the probabilistic analysis procedures
used to evaluate the conditional probability of vessel failure [P(FIE)]

under postulated pressurized-thermal-shock (PTS) accident conditions.



Current metnodoicgy for the evaluation of ?(FIE) does not pe_t
considera_lon of the potential benefits from WPS, in that crack

initiation (and re-initiation suDse_ent to crack arrest) are ass_ed to

take place when Kt exceeds KIc during the transient, regardless ef the

hls_ory cf K. as a function of transient time up to K- = Kt_ [4].

However, as indicated in Fig. 2, there is a wide range of analysls
conditions durin_ a PTS transient for which K. first exceeds K._ at a

- __

time when K- is Zecreasing with transient time. (In Fig. 2, decreasing

crack-fir temperature corresponds to increasing transient time.)

Inclusion of type-i WPS effects would imply that crack initiation would

not take piace under these conditions. Furthe_ore, potential benefits

from considering type-II or type-iii WPS effects would arise in cases

where K. increases with time after passing previous maxim_ and local

_nimum values during a transient. An example of this scenario is a PTS

transient with re-pressurization.
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X _ failure \ A
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FIG. 2--Schematic illustrating range of crack-tip temperatures
during a PTS transient for which inclusion of WPS effects

would reduce P(FIE).

Status

Currently, the scarcity of information on the effects of WPS-

related loading, unloading and reloading on the crack-tip fields in

either small-scale specimens or anticipated vessel applications

represents a significant obstacle in the way of inclusion of WPS effects

toward the fracture-margin assessment of RPVs. Preliminary efforts
toward addressing this obstacle via direct evaluation of the WPS-induced

crack-tip fields in specimen and vessel geometries are presented in Ref.
III. However, it is emphasized that while results on the WPS-induced

crack-tip fields are becoming available, there is as yet no generally

accepted basis for interpreting the results for the purpose of

establishing the transferability of small specimen WPS-induced toughness

data to vessel applications.



FINITE ELEMENT ANALYSIS FORMULATION

A finite-eiement-basee, small-scale yielding (SSY), boundary-layer

(BL) fcrmuiaticn is employed as the framework for this study [I]. A
SSY-BL formuiati3n provides a general means to study the interaction

between geometry (small-scale specimen or stzucture) and loading

(thermal and/or mecnanicai) effects on crack-tip fields without the

comDiexi_y of a case by case geometry- and load-specific evaluation.

Conditions of SSY are naturally incorporated into a BL analysis via the

imposition of a_ropriate "remote" boundary conditions. To the extent

that SSY coneiti_ns exist in small-scale specimens and vessel

applications subzected to WPS loading, the results from this development
effort serve to establish an analytical basis for transferability.

Focus

The phenomenon of WPS loading and hence WPS-induced fracture

toughness is antlzipated to be a consequence of the combined influences

of load-path and/or temperature-dependent material properties on the
micromecnanics cf fracture. The emphasis of this study is on

investigating the influence of load-path (stress and strain loading
histories) on the crack-tip fields and, by extension, the propensity for

crack initiation. The temperature-dependence of material stress-strain

relation is not considered. The isothermal results to be presented are

thus applicable to WPS loading situations in which the WPS-induced
stress and strain loading histories represent the primary factors that

influence the onset of crack initiation. In this sense, the effects of

the WPS temperature excursion on a material's stress-strain relation,

and indirectly on the tendency for crack initiation, are considered

secondary effects.

(a) (b)

FIG. 3--Finite element model of SSY-BL formulation. (a) Global
model. (b) Close-up of near-crack-tip region.

Finite Element Medel

In the present finite-element-based boundary-layer approach, the

near-crack-tip region over which the crack-tip-opening displacement

(CTOD or _) sets the size-scale of the problem is modeled by

constructing a finite-element mesh with a suitably large outer boundary

as indicated in Fig. 3(a). A unique feature of the finite-element mesh

is the highly refined crack-tip region and the assumption of an initial
root radius prior to the imposition of external loading as indicated in

Fig. 3(b). The outer radius of the mesh in Fig. 3(a) is ~ixl0 6 times
the initial root radius indicated in Fig. 3(b). The finite-element mesh



ric plane-strain
in Figs. 3(a,o) _3 ma_e up of 119 8-no_e, isoDaramet
elements an_ 3492 nodes. The integration order of these elements is

Uniaxial stress-strain results for an unirradiated A533B steel at

177Oc (350OF), taken from a steel plate designated as HSST plate 13-A,

are usee to construct the reference stress-strain curve employed in the

analyses [5]. The true s_ress-true plastic strain curve normalized with

respect to the yield stress is indicated in Fig. 4. The material

properties are as follows: Young's Modulus (E) = 197 GPa (28600 ksi),
Poisson's ratio (v) = 0.3, initial yield stress (_o) = 390 MPa (56.6

ksi), and ultimate stress (_) = 613 MPa (88.9 ksi). Selection of the

stress-strain curve indicated in Fig. 4 is motivated in part by the WPS

fracture toughness results for unirradiated A533B steel described in

Ref. [6], where the WPS preload is carried out at 177°C. Since the

emphasis of this investigation is on isolatinq the influence of WPS-

inducee stress and strain loading histories on the crack-tip fields,

temperature-dependence of the uniaxial stress-strain curve is not
considered.
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FIG. 4--Uniaxial true stress-true plastic strain curve.

Loading Conditiens and Analysis Assumptions

Attention is focussed on quantifying the mode I plane strain near-

tip crack-tip fields under isothermal, K-dominant far-field conditions.
Three single-cycle load-paths that correspond to:

(I) load-partial-unload-reload (LPUR) with 1/3 unloading,

(2) LPUR with 2/3 unloading, and

(3) load-unload-reload (LUR) with full unloading,
are considered. In all cases considered herein, the maximum value of

the remote mode I stress i;_tensity factor (K) upon reload is identical

to the value of the remote K at initial loading. The K-dominant far-

field conditions are applied as displacement boundary conditions on the

outer-boundary of the finite element mesh. The conditions of SSY

require that the spread of plasticity be confined within the elastic
"far-field" of the finite-element mesh. In this study, this SSY

requirement is accomplished by limiting the maximum extent of the

plastic zone to be <10% of the outer mesh dimension. Value of the CTOD



upon reaching the initial K value is >i0 times the initial notch opening
so that self-similarity of the SSY zesults under the initial monotonic

preloae is guaranteed. A rate-independent, large-deformation, J_

(isotrcpIc-hardeninq; incremental plasticity theory is adopted in

evaluating the near-tip crack-tip fields [7]. Limited data on the

cyclic uniaxial response of the material from steel plate 13-A suggest
that the above material formu±ation is appropriate for this phase of the

investigation [I].

Crack-Ti_ Characterization _ased cn _.emote Value cf /-Inteqra!

For a stationary crack under monotonically increasing mode I plane
strain K-dontinant SSY conditions, value of the remotely applied K

provides both a measure of the crack-driving force and a convenient

length-scale [in terms of (K/_o)21 with which to normalize the near-tip

fields into self-similar distributions. Identification of the J-

integral (J) as either (i) the energy-release rate, or (2) the amplitude

of the elastic-plastic crack-tip fields, under these conditions provides

alternate measures of the crack-driving force in terms of J. The
equivalence of J based on these two methods of evaluation is ensured

since J is path independent under these conditions. Identification of J

as a crack-tip-field amplitude parameter also serves to uniquely

characterize the elastic-plastic near-crack-tip fields in the form of

self-similar distributions based on the length-scale J/_o.

However, consideration of WPS necessarily involves non-monotonic

load-paths that result in unloading and reloading of the crack tip

region. Within the context of a SSY-BL framework with the requisite

remote elastic region, the value of the "remotely" applied K remains

uniquely defined throughout a given load-cycle. Consequently,

characterization of the crack-driving force in terms of a "remote" value

of J remains possible. On the other hand, the relation between the

"remote" value of J and features of the elastic-plastic crack-tip fields

are undetermined. That is, the potential for the near-tip deformation

level to be characterized by a J-related parameter alone remains an open

issue. Nevertheless, partly in deference to fracture mechanics concepts

developed for monotonic-loading conditions, the remote value of J in

terms of J/_o is also used to provide the near-tip length-scale to scale

the crack-tip deformation in this study. The near-tip elastic-plastic

crack-tip fields thus determined are expected to be load-path dependent,

such that in general the crack-tip fields cannot be uniquely related to

the remotely applied value of K in the sense of a self-similar

distribution. One outcome of this study is the quantification of this

path dependence, and a preliminary determ/nation of the appropriateness
of using the remote value of J to thus scale the non-monotonic near-tip

crack-tip fields.

FINITE ELEMENT ANALYSIS RESULTS

The nomenclature Kwp S is adopted herein to facilitate

identification of the magnitude of the initial preload in the analyses

with the prior load-cycle associated with WPS loading. Subsequenu load-

paths are expressed relative to this initial value. It is emphasized

that the results presented herein are general in nature in that they are

not dependent on the specific value of Kwp s or the specific values of K

during unloading or reloading. Rather, the requirements of SSY



conditions are such that :he results are dependent only on the value of

K relative to K::pS. Within the present single-parameter methodology,

unloadinq is characterized by the unload ratio AK/Kwp s, while reloading

is characterized by the reload ratio K/Kwp s.

Relations between the remote value of J and CTOD (6) as a function

of loa_-paths are indicated in Fig. 5. The applied load is expressed in

the normalized form (J/_=)/6z, where 60 is the initial notch opening

prior to loading. The CTCD is also normalized with respect to 6z. In

Fig. 5, results are indicated for the following load-paths:

(I) Monotonic loading from the initial unloaded state to target

value Kwps .

(2) Monotonic unloading from Kwp s to unloaded state (full

unloading, AK/Kwp s < i) .

(3) Monotonic reloading from the 2/3 Kwp s point on the unload/ng

line to K:.;ps (1/3 unloading, _K/Kwp s = 1/3, 2/3 < K/Kwp s <_I).

(4) Monotonic reloading from the 1/3 Kwp s point on the unloaching

line to K,_ps (2/3 unloading, _d_/Kwps = 2/3, 1/3 < K/Kwp s < i).

(5) Monotonic reloachinq from the unloaded state to Kwp s (full

unloading, _K/Kwp s = i, 0 < K/Kwp s < i) .

20
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FIG. 5--Relations between remote value of J and CTOD (_) as a function

of load-paths for values of K under reloading up to Kwp s.

Crack-Tip Fields During Un!eadinq

Distributions of the opening-mode stress component (G) during

various stages of unloading are indicated in Fig. 6(a) as a function of
the original undeformed distances ahead of the crack tip along the crack

plane. The opening-mode stress is normalized with respect to (7o, while

distances ahead of the crack tip are normalized with respect to the

current value of J/G o. It is emphasized that the value of J/_o is

obtained based on the remote value of (K/Go)2, and is therefore a

length-scale based on global and not near-tip considerations. The

results in Fig. 6(a) include a range of unloading down to -55% Kwps.

The curve denoted as "SSY" represents the distribution associated with



<he iniz=ai monc:snicaily applied load-cycle at K_pS, such that the SSY

curve represents the theoretlcal seif-similar K-dontinant distribution

for the material under mono_onic-ioadinq coneitions.

Devianions (differences) of the unloading results from the

reference SSY distribution are maae explicit =n Fig. 6(b), where these

deviatisns are exDressea in terms of differences in _ between the

unioadinq results and the SSY distribution. Numerical results for these

deviations expressed alternatively in terms of differences in the mean

(hydrostatic) stress _z can be found in Ref. [i]. Results shown in Fig.

6(b) and similar plots to be presented will he used to provide

quantitative and qualitative measures of WPS-induced crack-tip

constraint in a manner to be explained shortly.
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FIG. 6--(a) Distributions of (; along the crack plane directly ahead of

the crack tip for a ranqe of unloading down to -55% Kwp s.

Also indicated is the SSY distribution. (b) Deviations of the

unloading results from the SSY distribution in terms of _.
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FIG. 7--(a) Distributions of _ during various stages of reload from 2/3

KWp s after 1/3 unloading. Also indicated is the distribution at

the end of the 1/3 unload cycle. (b) Deviations of the reload

from 2/3 Kwp s results from the SSY distribution in terms of _.
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FIG. 8--(a) Distributions of (; during various stages of reload from

1/3 Kwp s after 2/3 unloading. (b) Deviations of the reload

from !/3 Kwp s results from the SSY distribution in terms of c;.
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FIG. 9--(a) Distributions of _ upon reload up to Kwp s after full

unloading. (b) Deviations of the reload from full unload
results from the SSY distribution in terms of (;.

Crack-Tip Fields During; .Reload After Unloadin_

Distributions of _, during various stages of reload from 2/3 Kwp s

after 1/3 unloading, are indicated in Fig. 7(a). The curve denoted as

"I/3 unload" represents the distribution associated with the end of the
-1/3. The curve denoted asi/3 unioad-cycle with unload ratio _K/Kwp s

"66%" represents the distribution at the onset of the reload-cycle with

reload ratio K/Kwp s -66%. The curve denoted as "100%" represents the

d_stribution at the end of the reload-cycle with reload ratio K/Kwp s =

1. The "I/3 unload" and "66%" curves are shown together to indicate the

essential -continuity" of crack-tip fields immediately prior to and

after reloading. A similar degree of "continuity" of crack-tip fields

is observed after 2/3 and full prior unload. Consequently, the

"unloaded" distribution of crack-tip fields associated with 2/3 unload

and full unload are not shown in subsequent figures. Distributions of

O, during various stages of reload from 1/3 Kwp s after 2/3 unloading

(AK/Kwp s -2/3), are indicated in Fig. 8(a). Distributions of G upon
reload after full unloading are indicated in Fig. 9(a). In FAgs. 7 (b),

8 (b) and 9 (b), deviations of the reload results from the reference SSY



distribution in terms of Zlfferences in $, at various stages of reload

after 1/3, 2/3 and full unioaaing, are presentea.

INTEB_RETATION OF NEAR-TIP CRACK-TIP FIELDS

Results in Figs. 6 =_ 9 confirm the expectation that unaer non-

monotonic loading conaiticns the near-tip crac_-_ip fields are load-path

dependent and cannot be unlquely related to the remotely applied value

of K. That is, the unloaelng and reloading near-tip crack-tip fields do

not exhibit the self-siml!ar spatial distribution (denoted as SSY in the

figures) that exists unaer monotonic-loading conditions, lt is

emphasized that the confc_-r-.ance to the elastic, monotonic K-dominant

distribution increases with increasing distance from the crack tip, and
that the conformance becomes exact as the outer boundary of the finite

element mesh is approached.

_onoteni_ _n!oadinq With Unload Rati_ _K/K_,DS<__ _

Analysis results in Figs. 6(a,b) indicate that under monotonic-

unloacting (KT <0) type-I WPS conditions the crack-tip constraint state

is relaxed relative to the reference (K-dorainant SSY) state that exists

prior to the onset of unloading. With reference to Figs. 6(a,b), the

following observations are made:

(i) The loss of crack-tip constraint exhibits some degree of

spatial dependence.

(2) Both the magnitude and the spatial dependence of the

constraint loss increase with increasing unloacling as

quantified by the value of _K/Kwp s.

(3) The spatial dependence of the constraint loss i_ monotonic

with respect to distances ahead of the crack tip for unload

ratios dK/Kwp s _ 2/3.

As discussed in Ref. [I], it is also observed that the loss of crack-

tip constraint closely resembles a spatially varying hydrostatic

stress field due to the near equivalence in the calculated deviations

in terms of _ and _m, and that the magnitude of the constraint loss

is greater based on _ than _.

One traditional explanation for the effects of monotonic-unloading

type-I W-PS is attributed to the progressive formation of residual

compressive zones around the crack tip which provide "crack closure"

forces that inhibit crack initiation [I]. The progressive formation of

residual compressive zones around the crack-tip region during unloading

is confirmed by the isothermal results in Fig. 6(a), where negative

values of _ are indicative of the extent of the residual compressive

zone. On the other hand, the results in Figs. 6(a,b) are also

suggestive of an alternate explanation for the absence of crack

initiation under monotonic-unload.ing type-I WPS conditions.

Specifically, the crack-tip field results presented here suggest a

correlation between the extent of monotonic unloading and the loss of

crack-tip constraint. Based only on the results presented here,

however, it is not possible to determine if the observation of no crack

initiation with decreasing K! (and KIc) values is a consequence of the

associated loss of constraint, or if the evident loss of constraint with

unloading is merely a manifestation of the phenomenon of unloading.

That is, the present observation of a correlation does non rule out the

possibility that crack initiation does not take place under type-I WPS



due to the intervent!cn sf physical postulates that are not captured by

the stress analysis. However, it is empnaslze_ that since type-i WPS

does not involve considera%aon of tcughness enhancement per se (no

initiation), understanding the potential relationship between crack-tip

cox,straint and type-I WPS is not a necessary precursor to making use of

the beneficial effects of z.!pe-i WPS.

= 1 /!

Results in Figs. 7{a,b) indicate that with 1/3 prior unload, the

crack-tip constraint state remains relaxed relative to the reference K-

dominant SSY state up to a reload ratio of K/Kwp s = i. The crack-tip

fields at a given value of the reload ratio K/Kwp s are, as expected,

load-path depencent. With reference to Figs. 7(a,b), observations #i
and #2 for the _K/Kwp s S i results apply here also. Observation #3 is

modified in that the spatial dependence of the constraint loss is

monotonic with respect to distance ahead of the crack tip throughout the

unload-reload cycle. With respect to observation #3, it is noted that

the spatial distrlbution of the constraint loss under reload is very
similar to that under unloading. In a manner somewhat similar to that

observed for the monotonically unloading results discussed previously,

the reload results suggest that effects of reload from limited prior

unloading are likewise amerdable to a constraint-based correlation or

description.

Beload From Unlcad Ratio AK/Kwp S = 2/3

Result_ in Figs. 8(a,b) indicate that with 2/3 prior unload,

observations #i and #2 reported for the 1/3 prior unload results

continue to apply in the present case. Specifically, constraint

relaxation is observed up to a reload ratio of 0.91 < K/KwPs < i. The

observed increase in constraint for K/Kwp s = 1 is minimal. On the other

hand, the spatial dependence of the constraint loss is non-monotonic

with respect to distances ahead of the crack tip throughout the unload-

reload cycle.

Reload Frown Unload Ratio AK/K,4ps = i

Results in Figs. 9(a,b) indicate that the nature of the near-tip

crack-tip fields, and hence the character of the crack-tip constraint,

are very different for the present case of _K/Kwp s = 1 as compared with

_K/Kwp s = 1/3 or 2/3. Furthermore, the relative increase or decrease in

crack-tip constraint is dependent on the location ahead of the crack

tip, in addition to the value of the reload ratio K/Kwp s. For the range

of reload ratios indicated, the crack-tip constraint over the

approximate region 1 _ r/(J/_o) _ 3 is higher than the reference K-

dominant SSY conchition. The observation of higher crack-tip constraint

is significant since it suggests the possibility of anti-shielding of
the crack-tip and hence toughness degradation under certain range of WPS

conditions and will be addressed in a latter section.

Numerical results in Ref. [I] indicate that constraint deviation

from the SSY state for the case of full unload essentially disappears by

_ reloading to K! _ 1.6 Kwp s, which indicate that the combined effects of

- load-path dependence due,to prior unloading and reloading on the crack-

tip fields are "washed out" by -1.6 Kwp s. The observation of



progressive return to the SSY constraint st,re with increasing reload is
reflected by the progressive change in the slope of the J-CTOD results

presented in Fig. 5. Based on the progressive evolution of crack-tip
fields indicated in Figs. 7 and 8, a similar disappearance of constraint

deviation before reacnlng 1.6 Kwp s is anticipated for the cases of 1/3

and 2/3 prior unload. The observation of conformance to SSY conditions

suggest that potential effects of WPS loading on constraint, whether

they be shielding or anti-shielding in nature, only operate over a

limited range of the loading conditions, lt is possible to establish a

qualitative connection between the load-paTh results presented thus far

with crack-tip conditions associated with fatigue applications [8]. The

load-path results provide a numerical justification for the suggestion
that, when the range of fatigue cycling is limited with respect to the

final fracture condition in terms of relative values of K, the

cumulative effects of the prior cycling on the crack-tip conditions at
the onset of crack initiation are insignificant.

Anti-Shie!dinq Effects Under Warm Prestress _nditiens

Experimentally, conditions of WPS are associated with toughness

enhancement. Recent studies in the area of crack-tip constraint suggest

that the loss of crack-tip constraint represents one avenue through

which toughness enhancement can be achieved under monotonic-loading

conditions [2,9]. Consequently, the observation of increase in crack-

tip constraint, and hence the potential for anti-shielding or toughness

degradation effects, under a range of WPS-related load-unload-reload

conditions is somewhat unexpected. It might be suggested that the

prediction of constraint increase is indicative of errors associated
with the SSY formulation presented here. The monotonic-loading results

are consistent with available results in the open literature.

Consequently, any potential errors within the current foz_nulation are

likely to be limited to the extent to which the assumed isotropic-

hardening plasticity formulation can accurately capture the physical
stress and strain response of RPV-grade steels under load-unload-reload

conditions. Recall that the isotropic-hardening formulation is adopted

based on rather limited experimental data. Further confirmation of the

appropriateness of this choice awaits additional experiments to

elucidate the cyclic-yielding behavior of RPV-grade steels.

The analysis assumption of a stationary crack has also been

identified as a potential source of error within the present formulation

[I]. Under conditions representative of those encountered in an RPV

under PTS conditions, a rough estimate of the extent of crack

blunting/growth due to a load-full unload cycle is ~0.14 J/C o. With

= reference to Figs. 9(a and b), it remains to be determined if a WPS

crack-tip model that takes into account limited crack blunting/growth
- would exhibit anti-shielding effects.

On the other hand, an intriguing possibility is that the anti-

shielding results do indeed capture the essential nature of the near-tip

stress and strain distributions for an RPV-grade steel after one load-

unload-reload cycle. Motivation for this viewpoint comes from the

obzervation that the results can be viewed as qualitatively describing

certain aspects of the so-called "zero to tension" full-unloading

fatigue cycle [8]. Within a fatigue interpretation, the results

-- presented here would suggest the possibility uf a constraint-based

element to the fatigue crack-growth process. However, it is emphasized

that this viewpoint certainly requires additional confirmation. It is

I

=



recognized that differences exist between the present model of a

stationary "sharp" crack and a steadily propagating crack associated

with fatigue. For example, crack-closure is not observed in the present

analysis results under full unloading (see Fig. 5) , while it is

observed for a steadily propagating fatigue crack under full unloading

[7] .

IMPLICATIONS TOWARD TRANSFERABILITY

Analysis results presented thus far have quantified the nature of

the crack-tip fields, within the assumptions of K-dominant SSY

conditions, as a function of unload and reload ratios. Insofar as these

results do not depend explicitly on geometry and loading conditions,

these results provide a first step toward unifying the wide range of WPS

loading conditions encountered in specimen and structural applications.

It is emphasized that these results represent self-similar fields in

that they are valid for the specified ratios of unloading and reloading,

and are not dependent on the magnitude of individual K values

themselves. In this section, the implications of these near-tip crack-

tip fields toward the transferability of fracture toughness data under

conditions of WPS will be addressed in light of transferability

methodologies developed for monotonic-loading con_.cions.

Transferability Based on Global Conditions--

Near-tip results presented thus far indicate that for a wide range
of unload-reload conditions the near-tip fields are not uniquely related

to the current value of the remote K. However, transferability based on
similarity of the global crack-tip fields remains possible within the

present SSY fraunework if the loading conditions are specified in terms

of both the unload and reload ratios AK/Kwp s and K/Kwp s. That is, a

unique correlation does exist between the near-tip crack-tip fields and
the remote K-dominant annular region when the unload and reload

histories of that annular region, and not simply the current value of K,
are specified. The proposed history-dependent correlation is akin to

the trear_nent of transferability of small-specimen fatigue data to

structural applications based on various empirical fatigue correlations

[8]. The strength of a transferability methodology based on "global"

annular fields is that it does not involve explicit evaluation of the

near-tip elastic-plastic crack-tip fields that more directly detern%ine

the fracture event. However, the empirical nature of this

transferability methodology requires close "matching" of the global

conditions associated with small-scale specimens and structural

application. For example, a limitation of the SSY requirement is that

small-specimen WPS toughness data generated under general-yielding

conditions cannot be used to assess the fracture response of a structure
under globally linear-elastic conditions.

_ransferabilit v Based on Near-TiD Conditions

In a manner analogous to K- and J-based approaches, the J-Q

approach for monotonic loading permits a unique correlation between

continuum crack-tip fields within a J-Q annulus and the stress and

strain fields within the fracture process zone [2]. Within a J-Q

approach and based on theoretical considerations, the J-integral

provides the characteristic near-tip length-scale (via J/_o] that

highlights the self-similar nature of the elastic-plastic crack-tip



fields as a function of cracK-tip constraint relative to conditions of

SSY. That is, when the spatial distributions of the crack-tip stress

and strain fields are scalee with respect to the current value of J/_=,

the resultant distributions permit the ordering and hence comparison of

crack-tip constraint in a manner characteristic of the near-tip
deformation states.

At present, there are no analogous theoretical considerations that

establish the nature of the continuum elastic-plastic crack-tip fields

under non-monotonic loading conditions. For this reason, it was

emphasized previously that the current value of J/_o merely represents a

convenient length-scale by which to normalize the non-monotonic near-tip

results, and that the relation between the current value of J/_o and the

nature of the near-tip deformation is undetermined. Indeed, the

analysis results presented here represent a first attempt at a detailed

numerical description of the non-monotonic crack-tip fields.

Consequently, work remains to develop an alternate approach to the

establishment of transferability based on near-tip length-scales that

can characterize the nature of the elastic-plastic crack-tip deformation

under non-monotonic loading conditions. An example of the type of

approach that might be needed can be fovld in the development of the

length-scale Lg associated with the characterization of near-tip crack-

tip fields under steady-state mode I crack growth conditions [i0]. The

main advantage of a near-tip approach, should its development prove

i successful, is to eliminate the limitation that small-specimen WPS

toughness data must be generated under SSY conditions for applications

to structural scenarios involving globally linear-elastic conditions.

Relation to Monotonic-Loadin_ J-O Constraint ConceDtn

Within a SSY formulation, Q-stress constraint effects under

monotonic-loading conditions are the consequenue of non-zero values of
the remote T-stress. On the other hand, the constraint effects under

non-monotonic loading conditions discussed herein are cntirely a
consequence of load-path effects and not attributable to the T-stress

since T = 0 in this study. The absence of a theoretical framework for

organizing the non-monotonic near-tip results is the major reason why J-

Q constraint concepts developed for monotonic-loading conditions

strictly cannot be applied in this case. Nevertheless, a number of
similarities in the crack-tip fields are evident between these two sets

of conditions. Consequently, the question remains concerning the extent

to which these two types of constraint effects can be treated within a

unified framework. Comprehensive answers to these questions are not
available at this time. Instead, a number of observations based on a

formal (le, without theoretical rigor) interpretation of the non-

monotonic results within the J-Q approach are offered for future
considerations.

According to the J-Q approach, the loss of crack-tip constraint is

quantified based on evaluation of the difference-field associated with a

given application. Specifically, the constraint parameters Q and Qm

(based on G and G m respectively) are defined at crack-tip location r - 2

J/G o. The appropriateness of the J-Q characterization is determined

based on the gradient parameters Q' and Qm' satisfying the inequalities

Q' K 0.i and Qm' K 0.i [2]. One avenue to illustrate the effects of

prior unloading on crack-tip constraint under reloading conditions is to

follow the formalism of the J-Q methodology. Specifically, Q-like and



Qm-like parameters are evaluated based on the stress distributions

indicated in Figs. 7(b), 8(b) and 9(b). The results of this formal

evaluation are presented in Fig. 10 as a function of the extent of prior

unloading (_LK/K,,.;._s) and the magnitude of the reload ratio K/Kwp s. In

Fig. I0, the vertical axis is labelled as indicated to emphasize the

manner in which the constraint parameters are evaluated without explicit

identifization with either Q or Qm. However, it is of interest to note

that for the case of 1/3 prior unload, the constraint-loss indicated in

Fig. i0 can formally be phrased in terms of the Q and Qm parameters for

K/Kwp s >-0.93 based on satisfyinq the "validity" requirements pertaining

to the gradient parameters Q' and Q_'. For the case of 2/3 prior

unload, a formal description based on Q and Qm is possible for K/Kwp s ->

0.91. Eor the case of full unload, a formal description based on Q and

Qm is possible for K/Kwp s >_ 0.73.
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FIG. lO--Crack-tip constraint as a function of L_K/Kwp s and K/Kwp s.

Notwithstanding the anpropriateness of a Q- or Q_-based

description of the WPS-induced constraint loss, results in Fig. l0

indicate that for a given magnitude of the reload ratio K/Kwp s,

constraint relaxation varies inversely with the extent of prior
unloading. Therefore, to the extent that loss of constraint (in terms

of _ or _m) can be correlated with a greater "resistance" to crack-

initiation relative to the SSY state, these results are in qualitative

agreement with the experimentally observed trend of decrease in WPS-

induced toughness with increase in the amount of unloading during the

WPS cycle [6]. However, the above constraint-based interpretation of

unloading effects is in some sense fortuitous. It is observed from

Figs. 7 to 9 that the nature of the difference-fields, in terms of their

dependence on distances ahead of the crack tip, vary widely for the

three cases considered. Furthermore, the spatial dependence is

monotonic for the case of 1/3 prior unload but non-monotonic for the
cases of 2/3 and full prior unloading. The nature of the constraint



deviation has also been _aantified based on two other crack-tip

locations, r = 5 J/_ and r = 7 J/C= [I]. In the latter two cases, when

the results are presented in the form of Fig. i0, it is observed that
the constraint loss is now slightly greater for 2/3 prior unloading than

1/3 prior unloading. However, the constraint loss for both 2/3 and 1/3

prior unloading remains substantially greater than that for the case of
full unloading.

ADDITIONAL CONSIDERATIONS

Effects of Mu!ti;!e Cycles

A comment on the practical utility of a constraint-based

description of the effects of type-II and type-III WPS on crack-tip
fields and fracture toughness is appropriate at this point. For the

purpose of ease in illustration, it will prove convenient to phrase the
comment within the context of a J-Q constraint approach. That is, it is

assumed that the J-Q methodology provides a viable means to characterize

the near-crack-tiP fields (crack-driving force and crack-tip constraint)

over certain ranges of the WPS load-path in terms of the load-trajectory

J(Q) and hence a toughness locus expressible in terms of Jc(Q).

Potential limitations on the practical utility of the J-Q approach to

WPS loading conditions exist if J(Q) and/or Jc(Q), in addition to being

depending on the load-path, are also dependen_ on the number of load-

path cycles N such that J(Q,N) and Jc(Q,N). Example KPV applications

that potentially involve multiple-cycle WPS-type load-paths include the
start-up/cool-down refueling cycles and PTS transients with thermal and

pressure oscillations. Note that limited results for an A508 steel
indicate that the WPS-induced toughness is independent of the number of

WPS cycles [ll]. Clearly, much experimental and analytical work remain
toward resolving the impac_ of cyclic loading on a constraint-based

description of WPS effects.

Effects of General Yieldin=

Within the present SSY formulation, the load-path has no effects

on the crack-driving force since the crack-driving force is part of the

specified boundary conditions. Instead, the effects of unloading and

reloading are to shield the crack-tip via decrease in the crack-tip
constraint relative to SSY conditions. However, it is conceivable that

under general large-scale yielding conditions, unloading and reloading
can shield the crack-tip by decreasing both the crack-tip constraint and

the crack-driving force (or equivalently the deformation level).

Consequently, as the nature of the near-tip fields under non-monotonic
conditions are not known, the possibility of different shielding effects

under small scale and general yielding provide another motivation for

establishing transferability based on _tching of global conditions.

T_lications Toward Vessel Analysis

The WPS-induced crack-tip fields in an RPV subjected to a series

of related PTS transients that include repressurization have recently

become available [1]. An approximate but direct comparison between the

K-dominant SSY and the RPV results indicate that the vessel WPS loading

does indeed take place under near K-dominant SSY conditions.

Consequently, the present SSY formulation can be used to model a variety



of PTS-related WPS loading conditions. A significant finding from the

RPV analyses is that deviation of the RPV crack-tip fields from the

reference K-dominant SSY conditions is significant only for transient

times beyond the initial unloadinq of the crack tip. Consequently,

inclusion of load-path effects on crack-tip constraint is indeed a

necessary precursor to the application of constraint concepts (eg. J-Q)

toward the fracture-marq:n assessment of RPVs under PTS conditions.

!m_lizaniens Teward !nter_retatien of Smal!-S_ecimen Data

The crack-tiD fields in small-scale specimens subjected to a

complete WPS load cycle are not yet available. Preliminary analysis

results for a 4T-Dlanform compact-tension specimen geometry for which

WPS experimental data are available indicate the presence of significant

three-dimensional crack-tip constraint effects during the monotonic-

loading phase of the WPS load cycle [I]. Consequently, inclusion of T-

stress effects in the present SSY formulation is necessary toward a more

realistic simulation of the small-specimen WPS-induced crack-tip fields.

CONCLUSIONS

Evaluation of load-path effects associated with monotonic

unloading type-I WPS indicates progressive loss of crack-tip constraint

with increase in the amount of unloading. The progressive loss of
constraint is consistent with the absence of crack-initiation under

type-I WPS. Evaluation of reloading effects associated with type-II and

type-III WPS indicates that for a given state of reloading as

characterized by the reload ratio K/KwPs, the degree of crack-tip-

constraint relaxation at r / (J/c o) varies inversely with the extent of

prior unloading. The inverse relationship is qualitatively consistent

with the experimental observation of decrease in WPS-induced toughness

with increase in the amount of unloading during the WPS cycle. The

nature of the constraint effects under unloading and reloading

corresponds to a spatially varying hydrostatic stress field relative to
K-dominant SSY conditions in a manner somewhat similar to that

associated with the Q-stress parameter. The range of WPS conditions

under which a global measure of the crack-driving force in terms of K

can be used to uniquely describe the crack-tip conditions are
identified.
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