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ABSTRACT This paper describes a low-cycle fatigue criterion for tension-tersien and
cquibiaxial tension—compression tow-cycle fatigue. The suitability of several multiaxial fatigue
strain parameters is discussed by applying these parameters to the experimental data of heat
resistant sieels, conventional cast, directionally solidified and single-crystal superalloys. Aniso-
tropic strain is proposed to correlate multiaxial low-cycle fatigue kife of the directionally solidified
and single-crystal superalloys. Also, nonproportional strain is proposed for the correlation of
nonproportional low-cycle fatigue life under 13 strain paths.

1 Introduction

Development of an appropriate multiaxial low-cycle fatigue (LCF) strain
parameter is needed for a proper design of components which receive multiaxial
low-cycle fatigue damage at elevated temperatures. Von Mises equivalent strain
has been used for the design basis but recent studies have demonstrated that
von Mises strain is not always applicable to the multiaxial LCF data correlation.

The objective of this paper is to discuss the applicability of multiaxial strain
parameters. Multiaxial strain parameters are applied to the experimental data
and the suitability of the parameters is examined. Recent high-temperature
materials have anisotropic deformation behaviour, for example, single-crystal
{SC) and directionally solidified {DS) superalloy, so that multiaxial low-cycle
fatigue parameter must take account of the anisotropy of materials.

2 Tension-Torsion High-Temperature Multiaxial Low-Cycle Fatigue

Figure ! shows the correlation of the tension—torsion LCF data with von Mises
strain for:

{a) Type 304 stainless steel (1);
(b} 1Cr-1Mo-{1/4}V steel {2);
(c) 635n-37Pb solder (3),

In these figures, solid lines are drawn based on the tension data and dotted
lines indicate a factor of two scatier bands. Von Mises strain cannot correlate
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Figl Correlation of tension-torsion multiaxial low-cycle fatigue life behaviour with ven Mises strain

for {a) Type 304 stainless steel; (b) 1Cr-1Mo—(1/4)V steel; (c) 63Sn-37Pb solder,

the tension-torsion multiaxial LCF lives within a factor of two scatter bands
for Type 304 stainless steel. The torsion data are correlated conservatively and
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Fig 2 Correlation of tension-tersion multiaxial fow-cycle fatigue life behaviour with COD strain
for (a) Type 304 stainless steel; (b) 1Cr-1Mo—(1/4)V steel; (c) 635n-37Pb solder.

arc out of a factor of two scatter bands. Von Mises strain also gives a similar
correlation for 1Cr—1Mo—{1/4)V steel to Type 304 stainless steel, but the torsion
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data are just cutside a factor of two scatter bands for 1Cr—1Mo—{1/4) steel. For
638n-37Pb solder, von Mises strain is a suitable parameter for the data
correlation.

Figure 2 (4) also shows the same correlation as Fig. | but with the equivalent
strain based on crack opening displacement (COD) strain. COD strain is
expressed by the following equation

Aet = B2 — ¢ As,
B=183,m = —0.66 (1)

In the equation Ae, is the maximum principal strain range and ¢ is the principal
strain ratio defined as ¢ = £,/¢; £, is the maximum principal strain and ¢, the
minimum principal strain. The constants m” and f# do not depend on material.
The COD strain shows a better correlation for Type 304 stainless steel in
comparison with von Mises strain. The torsion data come into a factor of two
scatter bands. The COLD strain also shows a satisfactory data correlation for
the other two materials.
Figure 3 shows the correlation of tension—torsion LCF fatigue lives for:

{a) Inconel 738LC conventional cast superalloy (5);
{b) Mar-M247LC dircctionally solidified superalloy (6);

{d) CMSX-2 single-crystal superalloy with von Mises strain (8}.

Von Mises strain correlates Inconel 738L.C conventional cast superalloy with
a small scaiter. For directional and single-crysial superalloys, on the other hand,
von Mises strain is not suitable for the data correlation. Von Mises strain gives
a large scatter of the data. The torsion LCF data locate unconservatively in
comparison with the tension data. The torsion data for SC superalloy are more
unconservatively correlated than those for DS superalloy. The inappropriate
data correlation for DS and SC superalloys is resulted from the anisotropy of
deformation behaviour of such materials.

Figure 4 shows the stress—total strain relation on von Mises equivalent basis
for CMSX-2 single-crystal superalloy. Von Mises stress increases with decreas-
ing principal strain ratio. This stress increase is caused by the anisotropy of
Young's modulus, Understanding of anisotropy of Young’s modulus is essential
for the life prediction of DS and SC superalloys.

Figure 5 shows the variation of Young’s modulus with ¢ and ¢ for pure
nickel. The heavy line in the figure indicates the specimen axis. The angles 6
and ¢ are the deviation angle from [001] axis and the rotation angle about the
specimen axis, respectively. The Young’s modulus increases with increasing @
and the increased ratio is larger for larger ¢ up to 8 = 45 degrees. The anisotropy
of Young’s modulus should be taken into account in the muitiaxial strain
parameter. This paper proposes the following strain parameter for correlating
multiaxial LCF data for DS and SC superalloys (8).
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In the equation Ae,, is the anisotropic strain range proposed here and Ag, is
the maximum principal strain range. E, is Young’s moduius in f0017] direction
and E(z, f) is that in the maximum principal direction. The angle « is taken as

25 T T T T T
o [001]
W
©
=] 2F T T OONN YN N 4
o s A
3 i SPECIMEN AXIS
3 e C——104-7 |
5 15 N ' (010]
gl fmon
&
>“ R

1 z\.\.

0 80

Crientation from DS axis ¢, deg.

Fig 5 Variation of Young's modulus with 6 and ¢ together with the definftion of two angles,




RIGH-TEMPERATURE MULTIAXIAL LOW-CYCLE FATIGUE 161

 ——

[001) €,

N

Fig 6 Definition of angles z and # in anisotropic strain range.

the angle between the specimen axis and principal strain direction as shown in
Fig. 6. The angle § is randomly distributed so that the mean value of 25.0
degrees was employed in this paper.

Figure 7 correlates the LCF lives with the anisotropic strain expressed by
equation (2). For the two DS superalloys, the correlation of the data is
satisfactory and almost all of the data are located within a factor of two scatter
bands. For SC superalloy, the anisotropic strain is also suitable but the torsion
data are slightly out by a factor of two scatter bands. The degree of anisotropy
is stronger in SC superalloy in comparison with DS superailoy.

3 Equibiaxial Tension-Compression Multiaxial Low-Cycle Fatigue Using
Cruciform Specimens

Tension-torsion LCF studies have been made for developing a suitable
multiaxial strain parameter but tension—torsion tests only enable experiments
in imited multiaxial stress/strain states. Experimental verification in more widely
ranged multiaxial stress states is required. The authors have developed a
high-temperature multiaxial LCF machine for cruciform specimens, the ge-
ometry of which is shown in Fig. § (9).

Figure 9 (9) shows the LCF life behaviour of Type 304 cruciform specimens
with the principal strain range in the y-direction. In the figure, the ¢ = — 1 test
cotresponds to the torsion test and the ¢ = 1 test is the equibiaxial tension—
compression test. LCF life decreases with increasing principal strain ratio in
Ac, constant tests.
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Fig 10 Correlation of multiaxial LCF lives with von Mises strain

The data correlation with von Mises strain is shown in Fig. 10 (9). Von Mises
strain cannot correlate the multiaxial LCF lives in the range of principal strain
ratio between —1 and 1 within a small scatter. The ¢ = —1 data are located
unconservatively. Figure 11 (9) also shows the data correlation with COD
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strain range. Most of all the data are within a factor of two scatter bands.

Figure 12 (9) compares several multiaxial strain parameters. The ordinate is
normalized by the principal strain. The test results of cruciform specimens
showed that the LCF life decreases with increasing ¢, so that the appropriate
parameter for correlating the multiaxial LCF data should increase with
increasing ¢ in Fig. 12. The parameter which meets this condition is only COD
strain, The T*-parameter proposed by Lohr and Ellison (10) also meets this
condition but the I'*-parameter does not agree with the value of maximum
principal strain in uniaxial tests. Von Mises strain is appropriate in the principal
strain ratio of —0.5 < ¢ < | but disagrees with the experimental data in the
principal strain ratio range of —1 < ¢ < —0.5. In this range, von Mises strain
decreases with increasing ¢ so that the data correlation with von Mises strain
is not satisfactory.

4 Nonproportional Low-Cycle Fatigue

Nonproportional loading sometimes oceurs in practical components under the
combined loading of mechanical and thermal stresses. ASME Code Case (11}
has been used as a design criterion for nonproportional fatigue, but recent
studies have shown that the Code Case estimates unconservative lives for the
nonproportional fatigue. In order to examine the effect of nonproportional
loading on fatigue life behaviour, fatigue tests under 13 nonproportional strain
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paths were carried out for Type 304 stainless steel hollow cylinder specimens
(O.D. 11 mm, L.D. 9 mm, G.L. 42 mm) at room temperature (12). The 13 strain
paths are shown in Fig. 13 (12). The 13 strain paths were programmed to help
study several effects of nonproportional loading shown in Table 1 (12).

Table 1 Nonproportional factors examined in 13 strain paths

Aspect Strain path number
Effect of two principal 01,2 53,4
strain directions
Effect of out-of-phase 51112
loadings (07, 457, 90°)
Full reversed loading or 12 3«4
zero-to-maximum loading
Mean strain effect -89 809 B8-9-10
Step length effect 56-7<8,9
Rotating or 1213

turn around loading

Tables 2 and 3 (12) list fatigue life in cases 0 and 13 nonproportional tests.
Nonproportional tests were carried out at two strain ranges of 0.5% and 0.8%
to confirm the characteristics of fatigue life behaviour in elastic and plastic
dominant regions. In all the 13 strain paths, the normal strain had the same
amplitude as the shear strain on von Mises basis. A complete loading along
the strain paths shown in Fig. 13 was counted as one cycle for all the cases
except case 3, 4 and 13. In cases 3, 4 and 13 a complete loading was counted
as two cycles.

Table 2 Fatigue lives in Case 0 tests

Strain range 0.5 0.65 0.8 1.0 1.2 1.5
Ae (%)
Path Case 49000 23400 7100 1500 690 540
number 0

Table 3 Summary of fatigue lives under 13 nonproportional loadings

Path number 1 2 3 4 5 6
(Case)
Strain 0.5 9500 20000 2400 3400 17500 9700
range 0.8 1260 2100 820 900 3200 2700
Ae (%)
7 8 9 10 11 12 13
18000 2050 2950 2600 14 400 4750 3200

1700 470 660 320 1930 710 1000




168 MULTIAXIAL FATIGUE AND DESIGN

59 | i
g 2r
2
6]
< 1+
) N
g) i
® 0.5
- - ©® Case0 1
‘w I & Case 1-13, A€=0.5% |
= O Case 1-13, A£=0.8%
m —_ 2l PR S A T | PP W T
0.2 2 3 4 5
10 10 10 10°

Number of cycles to failure N

Fig 14 Correlation of nonproportional LCF lives with ASME strain.

Figure 14 (12) correlates the nonproportional LCF lives with the equivalent
strain recommended by ASME Code Case (11). In the figure, a factor of two
scatter bands is shown by the lines based on the tension data, i.e, case 0 data.
The equivalent strain in the Code Case is expressed as

Aepsupe = Max[{(z, — g5)* + (y4 — /33 1%] (3)

Fatigue lives for cases 5-7 and for case 11 locate within a factor of two scatter
bands. The fatigue data in all the other strain paths are correlated unconser-
vatively. Especially, fatigue lives of cases 3, 4, 12 and 13 are 8-30 percent of
those in case 0. Thus, the life prediction based on the ASME Code Case for
nonproportional loading becomes unconservative for most of the strain paths.

This paper proposes a new nonproportional parameter, Agy,, expressed by
the following equation (12)

Aeyp = (1 + o fup)Ag 4

where ¢ is a malerial constant related to the additional hardening under
nonproportional loading. fy, is the nonproportional factor which expresses the
severity of nonproportional loading and is described only by the strain history.
Ag, is the maximum principal strain range under nonproportional loading. For
Type 304 stainless steel, « is equal to 0.9.

The nonproportional factor is defined as

T

j(?sill(cr(f))l'ﬂlff)) dt {5)
[}
k=157

fNP = ’T'F

“Imax
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In the equation, &(t), &,,,, and &(r) are the parameters defined in equations (6)
and (7) (see Fig. 15). T is the time for a cycle. fyp is a nondimensional value
normalized by T and g,,,,. k is a constant to make f,, unity under 90 degrees
out of phase loading: its value is 1.57

AHl = Max[glmax - COS(":(”)'EI(I)] (6)
&(t) = Max[|,(1)], |&;(0)]] (7

Figure 16 (12) correlates the nonproportional fatigue lives with the nonpropor-
tional strain parameter shown in equation (4). Almost all the nonproportional
data are within a factor of two scatter bands in the correlation with the
nonproportional strain. Therefore, the nonproportional strain proposed by
equation (4) is able to predict nonproportional LCF lives with various strain
histories. This equation has only one material constant which is determined by
the stress range ratios under 90 degrees out-of-phase and proportional loadings.

It should be noted that the nonproportional strain in equation (4) is based
on the maximum principal strain. The nonproportional strain correlates well
the nonproportional LCF life behaviour but it will not correlate proportional
LCF life at various principal strain ratios (11). For correlating nonproportional
LCF life including proportional fatigue life behaviour, nonproportional strain
based on COD strain has been proposed in a somewhat different form from
equation (4) (12).

5 Conclusions

The suitability of a multiaxial strain parameter is material dependent. Von
Mises equivalent strain is not suitable for the data correlation of Type 304
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Fig 16 Cerrelation of nonproportional LCE life behaviour with nonproportional strain.

stainless steel and 1Cr—1Mo—{1/4)V steel, but is suitable for that of 635n-37Pb
solder. For all of these materials, the equivalent strain based on COD is suitable.

Multiaxial LCF life behaviour using cruciform specimens is described. The
strain biaxiality ratio has a significant influence on LCF life. The muitiaxial
strain parameter which correlates multiaxial LCF life including equibiaxial
tension—compression life is COD strain and I'*-parameter.

Von Mises strain is suitable for the data correlation of Inconel 738LC
superalloy but is not suitable for DS and SC superalloys. Anisotropic strain
parameter is proposed to correlate DS and SC superalloys, which takes account
of the anisotropy of Young’s modulus, Anisotropic strain correlates the LCF
lives of DS and SC superalloys with a small scatter.

Nonproportional strain parameter is proposed. The proposed strain par-
ameter is a function of only strain path except for one material constant. The
nonproportional strain correlates the nonproportional fatigue life behaviour
under 13 strain paths within a small scatter band.
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