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his problem which ane considered: (i) The constiturive reaponse of materials underpoing history
depemlent creep straining, (i) the corresponding crick prowth behavior including a discussion of fractare
iaramcters capable of predicting the reapense, and (i) experiments] evidence of the impartance of history
dependent response, Finally, sumerical studies wihich use the constintive mode] and fractupe theory of (i)
vl L} respectively are ysed examine the caperimental results deveboped in (iii),
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INTRODUCTION

Mot studies of creep erack growth 1o date have been concerned with simplifiad load conditions and
vrstimtive relations. For comstant joad treep crck growth, the engincaring approaches attzmpt o
urclate crack growth rats with a parameter {i.ee, C°, C, K, o) (B¢ References [1-5] for instance. )
triple Croep-fatigue engineering approaches rely on Miner's Rule where the effects of creep cruck

grvwth and Galipue are considersd separately. The correlating parameiers for the engincering approaches

fawever, for structusa) components which opersle in 4 severs thermal environment, including the =ffecis
‘! thermal Inad history in the analysis procedure is cssential for accumte crack growih predictions,

Ie development of & suscessful predictive agulvrical methodolegy involves (i) the choice of an
rirnate constitutive model that incorporates both nonlinear material behavior and Joad history effects,
ol ] selection of 3 suitahle fracture paramedtsr that characterizes the crack tip process under constant

Wity dependence on ereep omeck growth, bat also are ysed 1o verifly the predictive ahility of the

taivtical methods that are developed. This Paper provides both experimental and compatational resulis

whih illnstrate the effects of boad hislory on creep crack growth.

i
} il vanahla loads, Additionally, experimental dats are generated tha not only illustre the impertance of
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HISTORY DEPENDENCE

Uniaxial Bar. Fig. 1 illustrates the material response of a creeping solid which experiences stress
reversals. Fig. la illustrates a uniaxial bar which is loaded, unloaded at t, and held, reloaded to o at 13
and held until time = t;, then finally unloaded and held at negative stress. Fig. 1b illustrates the total
creep strain which develops at as a function of time. Note that after each stress reversal, the creep strain
increases rapidly for a period of time. Also shown in Fig. 1b are the corresponding strain-versus-time
responses for the constant load case and when assuming classical strain hardening theory of creep.

Fig. lc shows the corresponding strain rate versus time response. Note that after each stress reversal, the
strain rate increases rapidly. Note also from Fig. 1b that the strains predicted using classical strain
hardening theory greatly underpredict the response. This process can be explained in terms of dislocations
losing their mobility due to their piling up to obstacles and corresponding remobilization during stress
reversals (See References [6, m.
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Figure 1. Creep Response Under Stress Reversals.

Crack Problem. Let us now focus on the corresponding crack problem. Creep strains develop and grow
from the crack tip during the load hold period. Upon removal of the load, stress reversal occurs almost
immediately at the crack tip because of the localized creep strains previously developed at the crack tip.
When the load is completely removed, even to zero load (non-negative global load), a zone of compressive
stresses which can be quite significant in size will develop. After reloading and subsequent hold, a zone
near the crack tip experiences stress reversal again. Based on the discussions in the previous paragraph,
it is seen that a zone in the crack tip region is continuously experiencing stress reversals and,
correspondingly, increased strain rates and creep- damage. (An example is provided in the next section
which illustrates this effect.) It is seen that, neglecting these reversals by using strain hardening theory
may be quite non-conservative (Fig. 1b). For constant load problems, classical strain hardening theory
and/or Norton Creep can be adequate for practical applications [3,5].

Constitutive Law and Performance for Crack Problems. A number of constitutive models have been

proposed to predict high-temperature material response. However, their mathematical structures are often
complicated and thus cumbersome to be employed in numerical analyses of creep behavior in cracked
bodies. The determination of material constants in these models also causes major difficulties. One model
that successfully describes creep under non-steady state of stress and for which material constants can be
obtained very easily is that developed by Murakami and Ohno (7) and is based on the concept of a creep
hardening surface.
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This model has been shown to perform very well when compared to complex-load experimental
data (Inoue et al. [8]). Moreover, in the Inoue benchmark problem (Inoue et al. [8], the Murakami and
Ohno model performs as well or better than the ten other constitutive laws studied in that work.

LExample - Crack Problem. Consider a standard compact tension specimen with crack length, a = 23.75
mm, uncracked ligament length, ¢ = 27.05 mm. A finite element analysis of this specimen (9 CrMo
Steel) was made with an imposed load spectrum consisting of : (1) Load with 24-hour hold period, (2)
unload (to zero load), and hold for one hour, (3) reload and hold for 24 hours, and (4) etc. This spectrum
was applied up to 99 total hours. This means that the end of the load-hold periods were 24, 49, 74, and
‘%) hours while the end of the unload-hold periods was 25, 50, and 75 hours (4 load and 3 upload

periods). The specimen is made of 9 CrMo steel (at 538 C) with time hardening creep law:

E=Ag"t™ 1)

with
A=709x10"n=56m=0.24

for stress in MPa and time in hours. These same constants are used for a strain hardening law and for the
Murakami-Ohno cyclic creep law [7]. The Murakami-Ohno law can model the effects illustrated in Fig. 1
(uite well.

The symmetric finite element mesh was a focused mesh with 10 rings of 6-noded isoparametric
triangular elements surrounding the crack tip and 8-noded elements elsewhere. The element size at the
«rack tip is about 0.0005 c, which is about two and one-half times more refined compared to the mesh
used by Shih and German [9] in their studies of HRR field dominance. Fig. 2a shows the y-direction
(i.c., in the load direction) stresses directly ahead of the crack tip (along the symmetry plane). Fig. 2b
‘hows the corresponding creep strains. For both stresses and strains, the importance of adequately
modeling creep strains using the Murakami-Ohno creep law is evident.

Two interesting observations can be made regarding Fig. 2. The stresses tend to be higher when
unng a strain hardening law compared to the Murakami-Ohno law, while the creep strains are lower.

I'his can be explained as follows. During the load changes (Fig. 1), the creep strain rates are greatly
under-predicted using a strain hardening law while they are adequately predicted using the Murakami-
Ohno law. Because of this, the stresses do not relax after load path changes as much as they should using
a strain hardening law. At the same time, the corresponding creep strains do not accumulate as rapidly as
they should using strain hardening theory. Interestingly, if the Murakami-Ohno results of Fig. 2a are
<tamined on a log-log scale, the slope is about 0.15, which is what one expects for a constant load

(see Riedel [S]). More asymptotic studies will appear in
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problem using a primary creep law
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upcoming publications.
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Fig. 2a. Y-direction stresses ahead of crack tip at the end
of hold periods of 24, 49, 74, and 99 hours.

M-O = Murakami-Ohno and ST-H = strain hardening.
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Figure 2h. Y-Component Todal Creep Straing,
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parsmeters e pressed in integral forms have appearcd in the literature, These include Blackburm [1] (I:}I'

Kishimoto, Aoki, and Sakar 1321 §; McClintock 13 ; Witanahe Brus i .

(T, ol Congean Pl [13] ) [14] (g, and Athuri [15)
The physical interpretation of many

1Mo smﬂ which iﬁ_ suhjected 1o the high-temperature (523 C}) load lpnﬁ::::;:mud :E;i; Dl'?h: e
EApTimental tﬂd:nmr. 8 automated wilh details presented in References [19, 20]. The five-minute bold
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immediately after refoading is smaller thin the value before unlosding. Thinmnl_:mmaf
displacement recovery s the compressive streases develop st (he cracke Gp. Fig.dblllmvfurhd:hﬂod
load displacement response a1 the 2Tth day, Api.-,ohﬂveﬁﬂdkphoemmwmt.hm
cycle. After reload, the initisl displacement is smaller than the walse before usloading.  With lime, the
displacement eventually overtakes the value before unloading.
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Fig. 3. Load Spectrum for 3CR- 1Mo Test

From Figs. 4a and 4b i is clear that the unioad cveles, even to zero load, inerease the displacement
rabes compared to constant load Lt Tb:dh:hnmnuarﬁgjwubdb:lcwu_humm
days 15 W0 28 if unloading hed not occurred. Th;hﬂh-dn.wbﬂum_rwl
hystesesis loop @a scen in Fig. 4b. Indeed, near the crack tip, the stress strain hysteresis loops are much

greaier,
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Fig. 4a. Details of Displacement Response Between Days 25 to 28 For 9CR-1Mo Test
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ANALYSIS RESULTS

Fig. 5b shows an enlargement of the experimental and anal
360 to 460 hours. The displacement recovery upon unload
(compared to before unload) after reloading, and the inc
evident. This same effect is observed ex; imentally with the effect becomi
growth is occurring (see Reference [20] and Fi
shown in Fig. 5b near the time of 438 hours.
experiment are very close while the magnitud
is seen here.

Fig. 6a compares all of the integral parameters as a function of time. The T* and Jy integrals both

experience a step jump after each cycle, as expected. The Jg, J, and Ju integrals also do, but to a much
smaller extent. This makes the Practical application of these |

€S vary somewhat. The displacement recovery after un,

lines are drawn between 100 and 130 KJ/m? to compare. A
unstable, suggesting that unstable creep failure is predicted.

nearly constant values for T and Jw during crack growth suggest that these
used as a creep fracture parameter for cyclic creep. The fact that they are not perfectly
three-dimensional crack-growth effects and the plane-stress assumption. However, this suggests that these
integrals may be used to predict crack initiation as well as growth by using the value at initiation
throughout the history. Many more details are forthcoming in future publications.

parameters may be
uniform is due to
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