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1 INTRODUCTION

The authorization of constitutive models under plasticity-creep condition 
and life estimation methods in fatigue-creep regime is expected to be 
achieved from the viewpoint of design purposes of high temperature com­
ponents of reactor structures.

To contribute to the aims, the Subcommittee*on Inelastic Analysis and 
Life Prediction of High Temperature Materials, whose members are listed 
in foot note, was organized in 1982 under the sponsorship of the Commit­
tee on High Temperature Strength, the Society of Materials Science, 
Japan. The present Subcommittee has performed the cooperative project 
consisting of the following two parts: (A) to review and evaluate 
inelastic constitutive models relevant to the material response under 
plasticity-creep interaction and (B) to recommend some adequate methods 
to estimate material life under fatigue-creep interaction by taking 
account of the effect of plasticity-creep interaction on the stress­
strain hysteresis loops.

The project is mainly based on the bench mark problems established 
respectively for the two parts. Ten kinds of inelastic constitutive 
models and eight types of life prediction rules were employed to solve 
these problems, which were specified in uniaixal stress states as the 
first step of the project. In order to examine the results of analysis, 
experiments were also carried out for all the bench mark problems. The 
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material treated is normalized and tempered 24Cr-1Mo steel at 600oC.
The part (A) plays a preliminary role for the part (B), since the 

constitutive models examined in the part (A) were used to describe the 
stress-strain hysteresis loops necessary to predict analytically the 
lives under fatigue-creep interaction. In the part (A), thererfore, it 
is important to check how accurately the constitutive models simulate the 
stress-strain hysteresis loops especially by taking account of the effect 
of plasticity-creep interaction.

The present paper deals with some of the results obtained in the part 
(A), while the companion paper presented in this conference (Inoue et al. 
1987) is concerned with the part (B). The results of the part (A) were 
partly published as the interim report (Inoue et al. 1985) for the same 
category of steel, but not the same heat as the one reported in this 
paper. In the interim report, however, a part of the calculated results 
were compared with the available data, while the present report covers 
newly simulated results and comparisons with the experiments for the 
bench mark problems.

The bench mark problems established for the part (A) are sixteen clas­
sified into the following four categories; (I) tensile stress-strain 
relations and creep curves, (II) material response under mixed modes of 
plasticity and creep, (III) ratcheting and deformation under stress- 
controlled loads, (IV) cyclic deformation behaviour under the combination 
of high and low strain rates including the strain patterns with hold 
time.

2 FUNDAMENTAL PROPERTIES OF MATERIAL

Normalized and tempered 24Cr-1Mo steel (SA387, Gr.22) was employed in the 
uniaxial stress state at 600°C. Material data obtained from three kinds 
of conventional tests were prepared as the fundamental characterisitics 
to identify material parameters involved in the constitutive models:

300
€=0.5 2/s

250 - 0.1

0.01
200

0.001
10'

St
re

ss

150 0.0001 10

Experiments!

o-275MPe
250

220 180 
o 150

8
97

120 
o° 90

a

100

50 107 Best fitted by
" eq.(1)

__  Calculated by 
eq.(l) with eq.(2)

10" —
10"' 10"' 10' 10 10' 10 10

Time

Figure 1. Strain-rate dependence Figure 2. Creep strain versus time with 
of tensile stress-strain diagram, the parameters of applied stress.

16



300

fast-fast

250

H
al

f o
f s

tr
es

s 
ra

ng
e 

80
/2

 . 
M

Pa

200

150

100

50

N-1
2
5

10

N/2

a-k(EP) . n-0.07 0 °— 0 4
Ac (Z)

2.0

□

□
0

0 0.5 1.0

Half of strain range Ae/2 . %. Accumulated plastic strain CP. %

Figure 3. Cyclic stress-
strain diagram.

Figure 4. Variation of hardening coeffi­
cient k with accumulated plastic strain EP.

1. Stress-strain diagrams at five kinds of strain rates, & = 0.5, 0.1, 
10-2, 10-3 and 10-4 %/s (Figure 1). Since the strain-rate dependence of 
the curve seems to be saturated approximately at £ = 0.5 %/s, material 
behaviour at this strain rate is defined as "plastic" if necessary.

2. Creep strain versus time, € vs. t, data under stress levels of O = 
275, 250, 220, 180, 150, 120 and 90 MPa (Figure 2). By use of the 
formula

c U O V c(1) E = AO th + BO t ; E (mm/mm), O (MPa), t (s) 

each creep curve in the figure was best-fitted as shown by dashed lines; 
different values of A, B, and p were assumed for different stress levels. 
However, with the constants determined by the data for O = 150 MPa, i.e.,

(2) A=2.540X10-1®, B=2.806x10-24, u=5.18, V=7.81, p=0.421

most of the creep curves were simulated fairly accurately as solid lines.
3. Cyclic stress-strain curves under E=0.5 %/S at N = 1, 2, 5, 10 (N; 

number of cycles) and at Nf/2 (Nf; that at failure) shown in Figure 3. 
As seen in the figure, the present material cyclically hardens during 
early several cycles and then cyclically softens. Cyclic plastic charac­
teristics were evaluated by representing the shapes of stress-strain 
hysteresis loops by the relation

(3) 0 = k (cP)n ; O (MPa), EP (mm/mm)

where. O and EP are stress and plastic 
hysteresis loop (See the illustration 
strain ranges A€ = 2.0, 1.2 and 0.8%, 
hardening exponent n takes the common 
ening coefficient k is expressible as 
strain EP.

strain measured from the peak of 
in Figure 4). For three levels of 
it was found from Figure 4 that the 
value of 0.07, and that the hard- 
a function of accumulated plastic
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Table 1. Illustration of bench mark problems A.
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3 BENCH MARK PROBLEMS

Sixteen bench mark problems of four categories as illustrated in Table 1 
were propounded for the evaluation of constitutive models. Note that 
some of the numerical values in the table are different from those of the 
interim report. The figures in Table 1 represent the strain or stress 
versus time diagrams, where solid lines refer to the controlled (input) 
value of strain or stress and the broken lines are the resulting output 
of stress or strain.

A-1. Tensile stress-strain relations and creep curves.
1-1 Tension at constant strain rates; & = 0.5, 0.1, 10-2, 10-3, and 

10-4 %/s
1-2 Creep under constant stresses; o = 90, 120, 150, 180, 220, 250 

and 275 MPa
A-II. Material response under mixed modes of plasticity and creep. Here, 

"plastic" straining signifies the monotonic tensile straining € = 
0.5% at strain rate £ = 0.5%/s, and "creep" means the constant 
stress creep under O = 120 MPa for 10 h.

II-l Successive creep and plastic deformation of plastically pre­
strained material

11-2 Successive plastic and creep deformation of prestrained material 
by creep

11-3 Cyclic plastic straining of 20 cycles with strain range A€ = 1 % 
followed by creep
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11-4 Creep followed by cyclic plastic straining under the same condi­
tion as 11-3

11-5 Reversed creep of 10 cycles under A(J=300 MPa with dwell time tr 
of 1 h followed by ten cycle plastic straining with A€ = 2 %

11-6 Stress relaxation for 10 h in the prestrained state with E = 1 % 
followed by stress relaxation in the cyclically strained state 
of N = 10 and Ae = 2 %

A-III. Ratcheting and deformation under stress-controlled loads.
111-1 Variations of maximum stress Omax and stress rate a
III-2 Variations of stress ratio R = Omin/Omax
111-3 Change in stress rate 6 and maximum stress Omax with constant 

dwell time tH = 10 h
A-IV. Cyclic deformation behaviour up to 10 cycles under constant strain 

range AE = 2 % with high and/or low strain rates
IV-1 Fast-fast pattern with £ = 0.5 %/s
IV-2 Slow-fast pattern with e = 0.01 and 0.5 %/s
IV-3 Fast-slow pattern with & = 0.5 and 0.01 %/s
IV-4 Slow-slow pattern with £ = 0.01 %/s
IV-5 Fast-fast pattern containing dwell time tn = 5 min in the ten­

sion side
Since some of the constitutive models mentioned later do not need all 

the experimental data as given in section 2, Problem A-I is proposed to 
check the accuracy of the models in simulating the fundamental character­
istics of the material behaviour. The capability of constitutive models 
to describe plasticity-creep interaction effects is examined by calculat­
ing Problem A-II. Problem A-III is concerned with the applicability of 
constitutive models to stress-controlled cyclic deformation like ratchet­
ing. The calculated results of hysteresis loops under strain controlled 
condition in Problem A-IV, on the other hand, will be used for the life 
prediction in fatigue-creep regime in the part (B) (Inoue et al. 1987).

4 CONSTITUTIVE MODELS EXAMINED

Ten types of inelastic constitutive models were examined on the basis of 
the bench mark problems explained in the preceding section. The selection 
of these models is more or less casual and is based on the simplicity of 
the theories and the easiness in determining the material parameters by 
conventional experiments. This does not reject further applications of 
the constitutive rules proposed by many researchers, e.g., Hart (1976), 
Robinson (1978), Bodner and Merzer (1978), Craggs (1965), Valanis (1971), 
Eisenberg and Yen (1981), Weng (1981), Ponter and Leckie (1976), and so 
on. The constitutive models examined are outlined in the following:

(1) "Superposition model", or, in another word, the classical model in 
which inelastic strain rate is divided into two independent components of 
plastic and creep strain rates. The kinematic hardening rule modified 
for incorporating cyclic hardening and softening is adopted for plastic 
strain rate in most analyses of the present superposition model, while 
the creep flow rule based on the modified strain hardening rule of ORNL 
(Corum et al. 1974) is employed in all analyses.

(2) "Modified superposition model" proposed by Pugh (1983): In this 
model, plastic and creep strain rates are defined independently, but the 
effect of creep on the plastic hardening is considered and vice versa.

(3) "Mroz model superposed by creep" (Inoue and Imatani 1985):
Kujawski and Mroz (1980) developed a viscoplastic theory by considering 
time dependent terms in the evolution equation of yield surface. Howev­
er, since inelastic strain does not occur below yield stress in their 
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theory, creep rate is further superimposed to the viscoplastic strain 
rate.

(4) "Chaboche model" (Chaboche and Rousselie 1983) is one of the models 
which give the unified inelastic strain rate due to the excess stress 
beyond the static yield surface. Two internal variables representing 
kinematic and isotropic hardening effects are introduced.

(5) "Miller model" (Miller 1976) is based on the creep theory by 
Garofalo and developed by incorporating the physical mechanism of inelas­
tic deformation. Two internal variables called back stress and drag 
stress are employed to describe kinematic and isotropic hardening 
effects, respectively.

(6) "Krempi model" (Cernocky and Krempl 1980) as treated here is 
characterized as the nonlinearlization of simple linear viscoelasticity. 
The time dependence of deformation is described by the overstress beyond 
the equilibrium state.

(7) "Fraction model" by Suzuki and Tsuchiya (1984) and Suzuki (1986a) 
is one version of the theory by Besseling (1958), which is conceptionally 
based on the parallel overlay of elements with different material proper­
ties .

(8) "Murakami-Ohno model" is an extension of the plasticity model by 
Ohno and Kachi (1986), and is based on the the recoverable or non­
hardening strain region, used for creep by Murakami and Ohno (1982), as 
well as on the two surface theory by Dafalias and Popov (1976) and Krieg 
(1975).

(9) "Modified Murakami-Ohno model" by Suzuki (1986b) (for brevity, non­
linear MOS or NLMOS model): The Murakami-Ohno model above is modified by 
assuming that the bounding surface is a function of inelastic strain rate.

(10) "Ohno model" is similar to the Murakami-Ohno model, but the 
bounding surface is specified for back stress, so that the isotropic 
hardening is described without introducing the static yield surface.

5 RESULTS OF ANALYSIS

The bench mark problems in Table 1 were calculated numerically by sixteen 
members (or institutions) of the Subcommittee, and the results were 
published as the Part I of the report of 430 pages with approximately 400 
figures (Inoue 1986). Some of the results are given in what follows.
For comparison with the interim report (Inoue et al. 1985), only the same 
types of figures will be presented due to the lack of space.

Since some of the models explained in the preceding section were 
employed by plural members of the subcommittee independently, the detail 
of the analytical method and the way to determine the material parameters 
were left in each member’s disposal.

5.1 Problem A-1: Tensile stress-strain diagrams and creep curves

The flow stress at € = 1.0 % versus strain rate reproduced from the rate 
dependent stress-strain curves calculated at £ = 0.5, 10-1, 10-2, 10-3, 
10-4 %/s are shown in Figure 5, as an- example, together with the experi­
mental values. Although the tensile stress-strain curves are fundamental 
data in determining material parameters, the calculated results do not 
necessarily agree accurately with the experiments. It is because some 
models as the simple and modified superposition models do not need all 
the tensile stress-strain curves in determining the material parameters, 
and because the way to determine the material parameters was left in each
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analyst's disposal. The last reason led to the different results by the 
same model, when it was employed by plural members (e.g., the Chaboche 
model). Nevertheless, the scatter of the calculated results is much 
smaller than that in the interim report.

In the experiments in Figure 5, the increase of flow stress decelerates 
as E becomes higher. However, some models as Chaboche and Miller do not 
describe this tendency of deceleration in the increase of flow stress, 
though all the model predict the increase of flow stress.

Figure 6 shows the relation between creep strain at 10 h and applied 
stress level reproduced from the creep curves. In this figure, open and 
solid circles indicate the experimental data in Figure 2 and the creep 
strain estimated by eqs. (1) and (2), respectively. The results by the 
simple and modified superposition models agree very well with the experi­
ments, because these models employ the creep data themselves in determin­
ing the material parameters of their creep equations.

The calculated results by other models in Figure 6 scatter especially 
under high stress levels; for example, the Krempl and NLMOS models under­
estimate the experiments, and the Fraction and Murakami-Ohno models have 
the opposite tendency. Their material parameters were determined on the 
basis of the tension tests of constant strain rate. However, creep 
strain under high stress level in Figure 6 exceeds the strain range 
covered by the tensile tests in Figure 1. Such extraporative use of 
constitutive models is one of the reasons for the scattering of the 
calculated results in Figure 6. In other words, there exists some dif­
ficulties in applying the same material parameters to both cases of 
plasticity and creep.

5.2 Problem A-II: Material response under mixed modes of plasticity and 
creep

The effect of plastic and creep prestrains on the subsequent plastic 
deformation in Problem 11-1 is illustrated in Figure 7, together with the 
experimental result. The shapes of the calculated stress-strain curves

21



250

Problem I-2 Problem I-1 Problem I-3

200

150

A --------  Modified superp. (A), Kremp1, NLMOS

A'-------- Fraction, Murakami-Ohno, Ohno

B --------  Superp. (B), Chaboche (A),(B),(C)

C --------  Superp. (A),(C),(0), Miller

D --------  Modified superp. (B), Mroz

-------  Experimental

Experimental 
Superp.

100

Modified 
superp.

Mroz 
Chaboche

(A) 

(B) 
(C) 
(0) 
(A) 

(B)

Ec/Ca

(A)

(8)
(C)

50

Strain e , %

0

Krempi 

Fraction
Murakami-Ohno
NLMOS
Ohno

o 0.5

Creep strain ratio

Figure 7. Classification of the 
stress-strain responses (Prob. 
A-II-1).

Figure 8. Effect of plastic pre­
strain on creep deformation (Prob. 
A-II-1, 2 and 3).

under the subsequent plastic loading are roughly classified into five 
types, i.e., curves A, A’, B, C, and D as illustrated in the figure.

Most of the superposition models predict the curve of type C, because 
the creep does not affect the subsequent plastic deformation. On the 
other hand, some of the modified superposition models give the curve of 
type B when considering the contribution of creep to the kinematic hard­
ening in plasticity, or of type D owing to the decrease of yield stress 
induced by creep. The results of unified models depend on whether time 
dependent recovery terms expressing thermal softening are included in the 
evolution equations of internal variables or not. The models of Krempi 
and NLMOS without such terms predict the curve of type A because of no 
distinction between creep and plastic strains. If time dependent recov­
ery terms are considered as in the models of Chaboche, Miller and Mroz, 
we obtain the curve of type B, C or D, depending on how active such 
recovery terms are in the preceding creep. The models of Murakami-Ohno 
and Ohno assume small or no effect of thermal recovery on the bounding 
surface but its large effect on back stress, and thus they give signifi­
cant transient process as the curve A*. The Fraction model, which has no 
recovery term, also predicts the transient process, but it originates 
from the redistribution of stresses in the fraction elements in the 
preceding creep. In Figure 7, however, only the modified superposition 
(B) and Mroz models describe qualitatively the experimental tendency that 
the material softens considerably in the preceding creep.

The effects of plastic straining on the subsequent creep in Problems 
11-1, 11-2 and 11-3 are shown in Figure 8. Let us denote the creep 
strains in Problem 11-2 by EA and EB, Problem 11-1 by Sc, and Problem II- 
3 by €D (See Figure 8). Then, since these creep strains are induced 
under the same condition of 0 = 120 MPa for 10 h, the ratios €B/€A, Ec/CA 
and ED/CA represent the effects of preceding plastic and creep strains, 
preceding plastic strain, and preceding cyclic plastic strain, respec­
tively. It is seen from Figure 8 that the values of ratio EC/CA pre-
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dieted by the models of superposition, modified superposition and Mroz 
are about 1.0 since the plastic strain exerts no influence on creep, 
while.the experimental result is about 0.4. Other models give the values 
less than 1.0 because of the effect of plastic strain on creep hardening, 
and thus their results agree with the experiment at least qualitatively. 
With respect to €B/EA, on the other hand, the models without effect of 
plastic strain on creep predict the values of about 0.7, fairly close to 
the experimental result. However, the other models give the values less 
than 0.7 and hence have excessive effect of plastic strain.

Figure 9 shows the stress relaxation behaviour in Problem I1-6, in 
which initial stress relaxes for 10 h keeping the strain of E = 1% and 
again successive stress decreases ater ten cycle straining with Ae = 2%. 
Although all the models are able to describe the stress relaxation, some 
models give the predictions deviating from the experiment; e.g, the 
Chaboche model underestimates the amount of relaxation.

5.3 Problem A-III: Ratcheting and deformation under stress-controlled 
loads

Accumulated strain due to ratcheting under the stress histories of 
Problem III-2 is presented in Figure 10. It is seen that the amount of 
accumulated strain depends markedly on the model employed. However, the 
scatter among the present calculated results is small in comparison with 
that in the interim report. This is a result of the improvement in 
determining material parameters from the fundamental experiments. Never­
theless, there still exists a fairly large scatter among the calculated 
results. Models predicting larger creep strains under high stress levels 
like Murakami-Ohno and Chaboche (B) tend to estimate larger amount of 
ratcheting strain accumulation.
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5.4 Problem A-IV: Cyclic deformation behaviour under the combination of 
high and low strain rates

Figure 11 shows the peak stresses at the first and tenth cycles under the 
slow-fast pattern (Problems IV-2), as an example of cyclic deformation
behaviour. Since the present mate­
rial cyclically hardens a little 
during the early several cycles and 
then cyclically softens very gradu­
ally (Figures 3 and 4), the experi­
mental peak stresses at the tenth 
cycle differ little from those at 
the first cycle as shown by solid 
and dashed lines in Figure 11. This 
experimental feature makes insig­
nificant the consideration of cyclic 
hardening and softening in constitu­
tive models, as far as the compari­
son between the first and the tenth 
cycle is concerned. Thus, much 
difference cannot be found among the 
calculated results, although the 
constitutive models are classified 
into three .groups which consider 
both cyclic hardening and softening, 
only cyclic softening, and none of 
them, respectively.

As the summary of the cyclic 
straining characteristics, calcu­
lated peak stresses at the tenth 
cycle are plotted in Figure 12 for 
the five patters of cyclic straining 
in Problem V.
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6 CONCLUDING REMARKS

In order to evaluate the validity of existing inelastic constitutive 
models under the condition of plasticity-creep interaction, ten kinds of 
constitutive models were applied to sixteen bench mark problems of four 
categories, and the calculated results were compared with the experiments 
of 2*Cr-1Mo steel at 600°C. The present bench mark project provides the 
following remarks:

(1) The strain rate effect on the stress-strain relation can be repre­
sented, in some degree, even by a simple superposition model of classical 
type, and some of unified models describe the saturation of increase in 
flow stress with higher strain rate.

(2) The characteristics of the plasticity-creep interaction were pre­
dicted by the modified superposition model as well as by unified ones in 
the actual calculations for the propounded problems.

(3) Although the sophisticated unified constitutive models tend to 
give qualitatively better results, the complicated procedures in 
determining material parameters from the data of conventional tests need 
some improvements.

The subcommittee has been reorganized to focus her attension in apply­
ing thus developed results under uniaxial stress state to multiaxial one, 
and the out-put will be expected to report in a couple of years.
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