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1.Introduction.

Qtudies of multiaxial low cycle fatigue are an important problem from a
view pﬁint of désign criterion of practiéal componénts since they éuffer more or
less biaxial/multiaxial loadiﬁgs. In the previous papersfl1-91, the authors have
discussed the multiaxial fatigue criterioﬁ at high temperatures anduhave found
that classicél parameters such as Mises’ parameter are not appropriate, bﬁt £he
COD criterion [2,4,5} and ¥ plané theory [10,11] are a proper parameter fof fhé
biaxial low cycle fatigﬁe data correlation.

This paper aerives the stréss/strain multiaxial fatigue pafameters‘i£ more
simplified form.and also discusses the aﬁplicability of the COD‘péfameterS to

high temperature multiaxial fatigue data.'

2.C0D Criterion
2.1 High Temﬁerature Fatigne Life in Biaxiél Stress States.

Before defiving thé coD parameter; we willidiscuss the correlation of fhe
biaxiai fatigue data with the classical parameters, The'speciﬁén ﬁsed_wés arthin
valled Sﬁ8304 auétenitic stainless steél cyiinder soluiion treated at 1373K,
whose innér diametef ig 9mm, outer diameter 11mﬁ and gage iength ZOmm.A The
specimen used for the stress controlled tesf has a center notch of lmm—diamefer
inr order to obserfe the crack initiatiom and extension, but that used for the

strain controlled test has no notch. Test apparatus was an electoro-hydraulic
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servo machine which can apply an axial load in combination with a torsional load
in any loading wave shape.

Figure 1 [5,7] shows the correlation of the stress controlled bhiaxial
fatigue data with (a) the maximum principal stress and {b) the Mises’ stress,
and the strain conﬁrdlled fatigue data with (¢) the maximum principal strain
and (d} the Mises’ strain. On the stress base, the maxiﬁum principal stress
correlates the reversed torsion data {A=-1) below the push-pull data ( A=0),
while the Mises' stress reverses the trend of the correlation. On the strain
base, the reversed torsion data {$#=-1) are arranged conservatively and are jﬁst
outside a factor of two scétter band. The Mises' strain enlérges the scatter of
the data than the maximum principal strain. In these figures, A is the ratio of
the minimum principal stress to the maximum one and ¢ is that of the maximum
principal strain to the minimum one. The data correlation with thé strain

parameters yields a smaller scatter of the data in comparison with the stress

parameters.,

The above discussion cleared that the classical parameters, such as the
maximum principal and Mises’ parameters‘are not effecfive to thé multiaxial
fatigue data correlation. In {he next section, we will discuss the cause of the
ineffective data correlation from crack behavior.

2.2 Effect of Parallel Stress on Fatigue Crack Propagation.

Now, we discuss .the effect of parallel stress on fatigue crack
propagation aﬁd clear why the reversed arrangement occurs between Fig.1(a} and
F;g.l(b). The relation between crack direction and applied stress is
schematically shown. in Fig.2, where {a) is the push-pull test and (b) the
reversed torsion test. Simce the crack propagated in the normal direction to the
maximum principal stress in both the tests, only the difference ié the
application of the parallel stress to the crack. There exists no parallel stress
in the push-pull test but exists the parallel stress of which sign and amplitude
are rgspectively opposite and same to the normal in the principal stress

controlled test,
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Fig.2 Schematic figure showing relationship between the crack direction and

applied stress in the stress controlled push-pull and reversed torsion tests.

Figure 3 {[5] shows the experimental relation between crack propagation
ratey; dl/dN, and crack length,l. The crack propagation rate in the reversed
torsion test is larger than that in the push-pull test at the same crack length.
This indicates that the compressive stress parallel to fatigue crack
accelerates the c¢rack propagation rate so that the maximum érincipal stress
locates the reversed torsion data unconservatively because it does not take
account of the -effect of parallel stress.

On the other hand, since #he Mises’ stress, Oeq, is quated as oéqf( 612—
610é+ 622)1/2 with 61 andtfz, it estimates the contribution of parallel stress

same as 61. This is the excessive estimate of ¢, than the actual. Thus, the

2
Mises'® stress correlates the reversed torsion data conservatively. In
conclusion, if we can find a parameter which estimates the contribution of the

parallel stress properly, the parameter will be a good measure to correlate the

multiaxial fatigue life.
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Fig.3 Experimental relationship between crack propagation rate and crack length.

The above discussion is on the siress controiled fatigue. As for the strain
coqtrolled fatigue shown in Figs.1(c) and (d), the same argument helds if we
discuss the strain controllied fatigue from the viewpoint-of applied stress. The
de£ailed discussion on the stréin controlled fatigue has been published
elsewhere [2}.

Figure 4 [5] shows the rearrangement of the crack propagation rate with
crack ~opening displaéement, COD, measured in experiment. Crack opening
displacement correlates succesgfuliy the crack propagation rate regardless of
the stress level and principal stress ratio. Thus, if we can express the COD by
a simple equation with the applied stresses the equation will be a good
comparison parameter for arranging the biaxial fatigue data. We will formulate

the equation from the FEM analysis.

3.Derivation of COD Parameter
Figure 5 [4] shows a result of the elastic-plastic FEM analysis for a

center cracked plate in static tension. The figure shows the relation between
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Fig.b Relationship between crack opening displacement and principal siress ratio

calculated from FEM,

the crack opening displacement and (2-A) in plane stress condition. The

H
n
y) » vhere &, Geq and

o.eqy are Mises’ strain, Mises’ stress and Mises’ yield stress. The values of E,

3 3 3 i ={o (o] (a3
constitutive equation used is geq { eq/E )+({ eq/ eq

n’ and C are respectively 1.5x104MPa, '8 and 0.018% which are those of type 304
stainless steel at 873K [12]. . The relationship between COD and (2-1) can be

approximated by a straight line on log-log ploting and the slope of the line is

0.5 in the principal stress range of 2<2-2<3 and 0.075 in 1<2-A<2. The slope has

almost a constant value in wide range of the constitutive relation from room

temperature up to 923K [4] for type 304 stainless steel.
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From holding the straight line, we can derive the equivalent stress, ¢ ,

which expresses the intensity of COD in biaxial stress state as;

c*zao‘i(z—x)m, : (1)
where m is 0.5 in the range of —1<ﬂ<0 and 0.075 in 0{2&1. Coefficient o is
determined so that(T* is reduced to o4 in the uniaxi#l stress state. The value
of o is 1/J2 in -1<A<0 and 0.383 in 0<A<i. Equivalent strain e*, which
correéponds tocy% andléxpresses-the intensity of €OD, can be derived from the
equivalent stress G* by continuum mechanics;

s¥=s (2-0)" . ,_ (2)
B is. 8.61 for m'=-2,35 in -1<¢¥<0 éndf3=1.86 for m’=-0.250 O0<$<1.. Figure 6
examines the Vrelation of the stress and strain based multiaxial fatigue
parameters normalized by the principal stress and strain. The €OD stress is
between the DMises and maximum prihcipal streéses in -1<A<0 ‘and there is no

large difference betweern all the paramefers in 0<A<1, where O is the equivalent

stress proposed by Joshi [13]. On the étrain bhase, " the COD strain, as well as
the T*—parameter [10] which is express as (?*max/2)+0.28n* increases as the
principal sirain rati; increases. The Mises’ strain has the samé trend as &? in
the range of -0.5<¢¥<1 but_there exists contradiction in the range of - -1<g<-0.5.
Figure 7[{9] shows the experihental results in the principal strain controliled
fatigue using a,lCr—1M0—1/4V.st§el cruciform specimen at 823K. The inverse of

failure cycle corresponds to the failure parameter in Fiff.6(b) soiﬁhat the COD

paraneter andTY*"parameter can be conclude to be a proper parameter..
4, Applicationcof COD_Criterion to Biaxial Fatigue Data,

Figure 8 {5] shows £he coyreiétion of the stress controlléd data with G*
which was derived in the previous section. The correlation of the data with 6*
is quite well, “Figure 9 [7]” correlates the strain controlled bi%xial fatigue
data with 6*. The figure shows that the equivalent strain s* correlates well
the push-pull, reversed torsion and combined push-pull/reversed torsion data.

Although the transition of the fracture mode from mode I to mode II occurs at

. L X . ' Lo ' ST . .
the principal strain ratio of 0.74, the correlation of the data with & is in
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SUCCESS.

5.Conclusions

(1)The Mises’ and maximum principal stresses are not a sufficient parameter to
correlate the biaxial fatigune data. The cause of the unsuccessful data
correlation is that both the stresses do not take account of the contribution of
the parallel stress to the crack propagation properly.

(2)The COD stress and strain which take account of the parallel stress properly
are derived. They are expressed as G*=a01(2"l)m and £*=ﬁsl(2~¢)m’. The material
constants «, m, B and m’ are 1/J2, 0.5, 8.61 and -2.35 in the principal
stréss/strain ratio of -1<A<0 and -~1<$<0. They are 0.383, 0.075, 1.86 and —D.éﬁ
in the range of 0<A<1 and 0<¢<1.

{3)The COD stress and strain correlate sucpessfully the stress and strain

controlled biaxial low cycle fatigue data,
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