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ABSTRACT

This paper describes the correlation of high temperature multiaxial low
cycle fatigue life with different fracture mode. Crack opening
displacement(COD) was analyzed by FEM for mode I, II and III cracks. The
equivalent stress and strain based on the COD were developed and the
applicability of these parameters was discussed.
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INTRODUCTION

Studies of the biaxial/multiaxial fatigue are essential since most of
structural components suffer more or less multiaxial fatigue damages.
Recent studies(Hamada et al., 1985, Sakane et al., 1987) of high
temperature multiaxial fatigue have cleared that the Mises' stress and
strain, which have been most frequently used historically as a multiaxial
fatigue failure parameter, are not necessarily appropriate for assessing
the multiaxial low cycle fatigue life. These parameters in essential
describe the strain energy accumulated in the specimen but the low cycle
fatigue failure is determined by cracks. A more accurate multiaxial low
cycle fatigue parameter is needed.

This paper challenges to clear what parameter is effective to correlate the
multiaxial low cycle fatigue lives in mode I, II and III of a type 304
stainless steel at elevated temperatures. Fatigue failure lives are mostly
spent in crack propagation life, so the parameters which correlate the
crack propagation rate in multiaxial stress states are also described in
the paper.

FAILURE ANALYSIS
The failure mode discussed in this paper is mode I, mode I with parallel

stress to the crack, mode II and mode III. As is well known, mode I type
failure occurs in the uniaxial push-pull test and the low cycle fatigue
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data obtained in this test i
estimate the multiaxial low
data is necessary.

s considered as the basic data in design. To
cycle fatigue life from the uniaxial fatigue

I.’arallel Stress additionally applied to mode I crack significantly
lncreases the crack propagation rate(Sakane et al., 1987, Hamada et al.
1987) When assessing the multiaxial fatigue life we could not igno_reﬁé
contribution of the parallel stress. This type of failure occurs in the
reve}*sed torsion fatigue of the notched and precracked tubular
specimens(Sakane et al., 1988). It is very interesting that for the
precracked specimen the direction of ‘the precrack has almost no effect on
the post-crack direction. The macro crack always propagates in mode I
regardless the precrack direction(Sakane et al., 1988). As the parallel
Stress increases the crack propagation rate and which results in the
smaller fatigue life. So, analyzing the effect of parallel stress is

he biaxial fatigue life. Firstly this paper

Figure 1(Sakane et al., 1987) shows the crack transition of the type 304
tubular smooth specimen at 923 K in the combined push-pull and reversed
torsion test. The main crack direction changes from mode I to IT as the
principal strain ratio decreases, where the principal strain ratio is
defined as €3/€, . For correlating the fatigue life between the push-pull
an(_i the reversed torsion tests, the failure parameter to connect both the
failure modes is necessary. This paper secondly discusses the correlation
of the reversed torsion fatigue life with the push-pull fatigue life
considering the crack propagation behavior in two modes.
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torsion fatigue test at
823 K using the maximum principal stress.
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EFFECT OF PARALLEL STRESS IN MODE I FATIGUE FAILURE LIFE

Figure 2(Hamada et al., 1985) shows the principal stress range-low cycle
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fatigue life relation in the push-pull and reversed torsion test for a type
304 hollow cylindrical Specimen with a 1-mm center notch hole at 823 K.
The reversed torsion test exhibits the smaller fatigue life in comparison
with the push-pull test. For both the tests, the specimen failures in mode
I, so only the difference in the loading condition is the parallel stress
to the crack in the reversed torsion test. Figure 3(Hamada et al., 1985)
compares the crack propagation rate in the push-pull test with that in the
reversed torsion test. The latter is larger than the former at the same
principal stress, which shows that the parallel stress increases the crack
propagation rate. The effect of the parallel stress should be properly
taken account of for the biaxial low cycle fatigue life data correlation.

To take account of the parallel stress, the authors have proposed the crack
opening displacement (COD) approach(Ohnami and Sakane, 1987). The COD
approach is that the cracks exhibit the same propagation rate if they have
the same COD amplitude. Conversely, if we can estimate the contribution of

the parallel stress to the COD quantitatively, we can predict the crack
propagation rate.

The authors have derived the equivalent stress which includes the

contribution of the parallel stress to the COD(Hamada et al., 1985). The
equivalent stress is expressed as

4oy =ado(2— )™ a=1/v 2.m=0.5 (

where ¢ is the maximum principal stress, XN the principal stress ratio
(= o3/ 0, ) and ¢ and m are the material constant. These material
constants have the same value in the wide range of temperatures for the
type 304 steel. Figure 4(Hamada et al., 1985) shows the correlation of the
data shown in Fig.3 with the equivalent stress, The discrepancy of the
data correlation between the push-pull and the reversed torsion tests is
disappeared.

The COD strain, which alsc expresses the intensity of COD, can be also
derived from the o} using continuum mechanics. The equation has the

following form(Hamada et al.,, 1985).

m]l'n
dei=Cde(o 4041 (o 42) B+t 1 2T oy
where 9 is the Principal strain ratio and is expressed as €3 /€, . The
material constant m is the same value in Eq.(1), n is the cyclic strain
hardening exponent of the material and C is 0.62. Figure S5(Hamada et al.,
1985) correlates the strain controlled fatigue data with the equivalent COD
strain. All the data locate inside a factor of two scatter band.

From the above discussion, the equivalent COD stress and strain which

torsion tests. So, we can conclude that these equivalent values are
available to correlate the maode I type failure in biaxial stress condition.
Besides the equivalent COD values, the data correlation using Mises' stress
and strain was made. Only the correlation using the equivalent stress is
shown in Fig.6(Hamada et al., 1985). The reversed torsion fatigue data
locate far above the push-pull data so that the Mises' stress is not an
appropriate parameter for the correlation. The Mises' strain gives almost
satisfactory correlation but the reversed torsion fatigue data locate above

the push-pull fatigue and they are just outside a factor of two scatter
band(Sakane et al., 1987).
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Fig.10 Correlation of the crack propagation life between mode I and mode
III with the equivalent mode III COD stress.

mode I in this paper. The crack propagation life in mode III was generated
by the reversed torsion fatigue for the circumferential notched solid
specimen. Note that the low cycle fatigue failure life is significantly
affected by the sharpness of the notch but the propagation life is not
influenced by the sharpness of the notch(Sakane and Ohnami, 1986). So, the
comparison of the crack propagation 1ife made here is appropriate.

Figure 10 shows the correlation between the crack propagation lives in mode
I and mode III. The specimen was type 304 stainless steel circumferential
notched bar and the stress controlled fatigue test was carried out at 873
K. The notched specimen failured in mode I in the push-pull test but in
mode IITI in the reversed torsion test. The correlation of the crack
propagation life is good but the reversed torsion test exhibits the larger
propagation life especially at the lower stress level, which may be
attributed to the stress gradient in the reversed torsion test. The mode
[IT strain controlled fatigue data wes not available so the comparison
using the strain parameter was not mate here. The data correlation with
the strain parameter is still an open guestion.

SUMMARY

The multiaxial low cycle fatigue parameters in mode I, II and III were
derived from the FEM COD analysis and the correlation of the multiaxial
fatigue data with these parameter was discussed. The summary of the
offective parameter is listed in Table 1, where additionally the effective
parameter, which is not discussed in this paper, is also added to the

table.

Regarding the stress controlled fatigue, all the classical parameters such
as Mises' equivalent stress, maximum principal stress, are not effective
for the correlation of the multiaxisl low cycle fatigue data. Only the
equivalent stress based on the crack opening displacement is effective to
the data correlation. As with the strain controlled fatigue, the COD
strain is applicable to the correlation. The Mises' equivalent strain is

1673



o

A

et
iR

Table 1 Summary of the effective parameter to correlate the multiaxial
fatigue life.

Stress basis Strain basis
Mode 1 0120 6001 €17€ ca=E1
Mode 1+ ot s
Parallel stress
Mode I ot Els € ea
Mode II ol Cal, €ea )

( )iNot confirmed with experimental data.

also applicable if we permit a slightly larger scatter of the data. Only
for the mode III strain controlled fatigue, the confirmation to the
experimental results was not made because of the unavailability of the
experimental data.
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