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1 INTRODUCTION

Development of appropriate life prediction methods in the fatigue-creep
regime is strongly needed for the design purpose of high temperature machine
components exposed to severe operating condition. This paper deals with the
second task A-II of the co-operative project (Phase III) and presents the
fatigue=creep life prediction under multiaxial stress condition of combined
tension-compression and c¢yclic +torsion which is expected to extend the
conclugiong obtained in Phase-IT of the project, being carried out by the
Subcommittee on Inelastic 2Analysis and Life Prediction of High Temperature
Materials, JSMS (Members of the Subcommittee are listed in the footnote of
the zreport A-I). Three types of fatigue-creep tests were performed
including pure torsion, in-phase and out-of-phase strain-controlled wave
patterns, and seven types of life prediction methods were evaluated by
comparing the experimental data with the analysis.

2 FPATIGUE-CREEP TESTS ~ PROCEDURE AND RESULTS
2.1 Test conditions

A normalized and tempered 2-1/4Cr-IMo steel is employed, and ten kinds of
fatigue~creep benchmark tests illustrated in Table 1 were performed at
600°C. Fatigue-creep tests for problem II-2(a), II-2{(b}, III-2(a) and
ITII-2(b) were carried out in Phase ITI of the project and discussions on the
life prediction methods have been conducted (1] . In this paper, we intend
to evaluate all of the benchmark test results including other six test
results obtained in Phase III.

Thin-walled tubular specimens with outer and inner diameters of 22 mm and
18 mm respectively were used in pure torsion tests,; while outer and innér
diameters of the specimen in in-phase and out-of-phase tests were 13 mm and
10 mm respectively. This paper also utilizes many kinds of uniaxial data of
the identical material acqguired in Phase I of the collaborated benchmark
roject [2, 3].

2.2 Test results

Both uniaxial and multiaxial fatigue-creep lives in experiments are
summarized in Fig., 1, where the ordinate expresses the Mises equivalent
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Table 1 Illustration of benchmark problems
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3 SUMMARY OF FATIGUE-CREED LIFE Fig. 1 Summary of experimental results

PREDICTION METHODS

Following seven types of fatigue-cresp life prediction methods are adopted
to evaluate the failure life in this project: They are linear damage rule,
strain range partitioning method and wethods proposed by Majumdar,
Ostergren, Lemaitre-~Plumtree~Chaboche and Bui-Quoc, and the ['-plane method.
Since the application to multiaxial stress condition is not clearly stated
in some methods in the original papers, some modifications are given to the
methods without disturbing the essential concept. The prediction methods
employed are briefly reviewed as follows.

(1) Linear Damage Rule (ILDR, for brevity)

Following six different ways terxmed as LDR-1 -~ 6 are applied in this
project, by making some modifications in evaluating fatigue damage Dz and
creep damage De .,

IDR-1: The Mises eguivalent strain range and the Mises equivalent stress
are adopted to evaluate Df and De respectively as described in the Code
Case N=-47.

LDR-2: Df is calculated by the same procedurs as LDR-1, and the evaluation
of De 1s modified by employing the Huddleston's eguivalent stress [4].
LDR=3: D is defined as the ratio of experimental 1life in slow-slow
cycling to that in fast-fast pattern under each loading phase condition, and
De is identified by the same procedure as LDR-1.



LDR-4: The same procedure as LDR-3 1s applied to calculate Df , while that
of LDR-2 ig used for the D¢ .
1DR-5: The equivalent strain range along strain path AEpath is defined as

AEpatn = =] gE = %I (de? + dy2/3) /2 (1)

2 " cycle cycle

and the fatigue damage Df is identified by this value. The same procedure
of LDR-1 is also applied in calculating De.

LDR-6: Df and De are evaluated by the same procedures as LDR-5 and LDR~2
respectively.

(2) Strain range partitioning method (SRP, for brevity)

The inelastic strain range Aein is assumed to be composed of four specific
strain components A£ij under the combination of fast and slow strain waves,
and these components are related to the inherent material lives which are
represented by the Manson-Coffin type eguations:

Ag iy - Mii*T = iy (2)

Fatigue~Creep life can be now estimated by the "Interaction Damage Rule®
[5]:

1/Ns = Z(Fi3/Ni3), Fi3 = Aeij/A€in (3}

The inelastic strain range is partitioned based on the Mises eguivalent
stress-strain hysteresis loop with the signs of principal stress and strain.

(3) Majumdaxr method
The crack controlled failure life 1s given by

Ne= [~1+ {1+ (2De/Dt) }*/2] /De (4)

with

Do = | GogeffMZerskedr, Dt =|

Co € eff™ £ ez Al (5)
cycle cycle

where geff is the inelastic shear strain on the maximum inelastic shear strain
range plane. The characteristics of failure under multiaxial stress
condition is taken into consideration in the material constants, Co, Go,
k, ke and m which are the functions of the parameters of 1, 7' and &
representing the degree of stress multiaxiality ([6].

(4) Ostergren method

Ostergren emphasized the effect of tensile peak stress Ot during strain
cycling as well as a cycle frequency v on fatigue life, and proposed the
equation (7]

ot At inNgPVBk-D) = ¢ (e)

where B, k and C are the material constants. In applying this method to
this project, ot and Agin are represented by the Mises eqguivalent stress and
inelastic strain ranges respectlvely.

(5) Temaltre~Plumtree-Chaboche method
Damage rate equations for Df of transgranular type cracking and De of
intergranular type are characterized as [8]
dDz/dN = { (om-oo) /B (1-Dz) } B (1-De) P (7)
dDe/dt = { |G /A (L=Dc) } ¥ {1-Dc) ™3 (8)

and the failure is assumed to occur when the sum of Df and Dc reaches



unity. The Mises equivalent stress-strain hysteresis locp is employed in
applying this method.

(6} Bui-Quoc method

The axial fatigue damage Dfa and the torsional fatigue damage Dft is assumed
to be the function of cycle fraction Pra=n/Nfa and PBrt=-n/Nft expressed in
the form [9)

Dra=Pra/ (Pra+ (1-Pta) {ra— (ra/rau) ¥}/ (ra-1)] (9)

Dee=PBee/ (Bee + (1-Pre) {re — (re/rew) 81/ (re-1) ] (10)
The effects of strain rate -— ér and £s — are considered by the equation

(N£) s/ (NE) £ = (E5/E8)© (11)

On applying this method to the multiaxial stress state, the increment of a
single representative damage is assumed to be the larger of Dra and Drfe in
each cycle of the in-phase cyecling, while both Dfa and Dft are added to the
damage in each cycle of the out-of-phase cycling.

{7) T-plane method

Brown and Miller [10] have proposed to use the I['-plane composed of the
maximum shear strain range Aymax and the normal strain range A&n on the plane
of maximum shear strain range. In this project, the equivalent shear strain
range Ay is defined based on the test results of Type 304 stainless steel at
550°C and &600°C [11]:

1 AYmax
1.05 { 2
The fatigue life Nf can be obtained from the characteristics for uniaxial
tests using the eguivalent shear strain range.

Ay= + 1.2 Agn) (12)

4  RESULTS OF LIFE PREDICTION AND DISCUSSION
4,1 Life Prediction based on experimental stress-strain behavior

The predicted fatigue=-creep lives by typical nine prediction methods, in
which stress-strain behavior was obtained from the experiment, are
summarized in Fig. 2. The life prediction under out-of-phase cycling was
executed by IDE, Majumdar method, Bui-Quoc method and I'-plane method, and
following characteristics can be pointed out about the predicted results
under out-of-phase wave pattern.

The effect of the definition of eguivalent stress on the predicted lives
is fairly notable as seen in the comparison of LDR-1 and LDR-2. It follows
that the prediction method in +term of the Mises equivalent stress
overestimates the creep damage, while the Huddleston's stress gives better
prediction.

The second remark is that the definition of strain range has little effect
on prediction in ILDR by the comparison of LDR-2 and LDR-4,

Finally, more preferable predictions can be achieved by the methods by
Majumdar and Bui-Quoc than by LDR, since material parameters identified from
multiaxial experiments are employed in former methods. The TI-plane method
has almost same accuracy as LDR-2 and LDR-4, when using multiaxial test data
of Type 304 stainless steel.

Relating to pure torsion and in-phase cycling, SRP, Ostergren method and
Lemaitre~-Plumtree~Chaboche method estimate more or less the greater damage
than the methods by Majumdar and Bui-Quoc. It may suggest that the Mises
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Fig. 2 Comparison of predicted failure life Nypre by different methods with experimental life Nfex

equivalent strain is not appropriate for the prediction cf multiaxial
fatigue-creep lives.

4.2 Life prediction based on the simulated stress-strain relation

The fatigue-creep lives were predicted based on the simulated stress-strain
relation in combination with three 1life prediction methods; IDR, SRP and
Majumdar method. Several kinds of inelastic constitutive models, detailed
description of which is made in the report of the project A-I, are employed
for the evaluation of stress~strain response.

Figure 3 shows that, whatever constitutive models are used, the trends of
each prediction method are similar to the corresponding results based on
experiments.
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estimation of life, though of constitutive models

these methods predict more ox

less the greater damage than the experiment under pure torsion and in~phase
cycling, and cannot predict the life under out-of-phase cycling. The reason
is considered to be owing to employment of the Mises equivalent strain,
which might be possibly improved by using more sophisticated equivalent
strain such as the strain defined on the I'-plane .

The life prediction based on the analytical stress-strain relation gives
almost similar results as that based on the experimental data. It suggests
the applicability of the inelastic congtitutive models to give the
fundamental data for life prediction.
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