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FATIGUE PREDICTION BY MULTIAXIAL CRITERIA IN THE REGION OF LIMITED
LIFETIME

N. Schmidova !, J. Papuga?

Summary: The paper describes validation of selected multiaxial fatigue criteria in the
region of limited lifetime. Used test data and methodology of validation areridesic
Results of validation are presented.
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1 Introduction

Many stress-based multiaxial criteria were proposed for high-cycleuaiigfCF) prediction. When investi-
gating fatigue behavior of materials it is often difficult to say, which criteriauthbe used for which fatigue
life domain. The concept of S-N curves based on the assumption of thie e&sponse is often used even
in low-cycle fatigue (LCF) domain, where it is not possible to guaranteenthglastic strain occur. FKM
analysis guide [5] thus accepts the prediction by S-N curves from thed#@fain till 10.000 cycles, i.e. at
least touching the LCF domain. Our team has not found any proof that the xiallpaediction based on the
S-N curve provides adequate prediction results. This paper thedsogibes results of predictions realized
at substantially lower lifetimes than the typical HCF domain is. Not only the relagbmden the number of
cycles and quality of the results of multiaxial criteria was studied but also theeirde of the type of material
and of the loading type was analyzed.

2 Testdata

Validation was realized on experimental data obtained from tests on smoatimsps to suppress the notch
effect. All specimens were loaded by a combination of axial (biaxial in samses) and torsion channels
with sinusoidal or constant signals. The phase shift on involved loachettecan vary. A high number of
experimental results are required for an adequate validation. It wassey to process whole fatigue curves
in order to get fatigue test data also for lower lifetimes than the usual fatigue lintitegsed e.g. in [2]
or [3]. The final test batch contairi$)5 fatigue curves for multiaxial or uniaxial loading with or without
mean stress valu&8 curves relate to ferrous materials, while curves concern aluminum alloys. In total,
495 data points (combinations of local stresses at an evaluated number of)oyelee gathered in the test
batch. Detailed description of particular fatigue curves can be found]inTé realize the evaluation of
the prediction quality, it was necessary to know not only the complex load ioatdns, but also so-called
material data, which relate to stress values at examined number of cyclabyfoeversed and fully repeated
axial and torsion loadings. If the examined experiments were not affegtetkan stress, we do not need the
data for repeated loadings. It is very rare to find fatigue data for tegearsion. The only criteria, which
need experimental data in this load case are Papuga’s PCr and PQ 3iteajuga suggests to replace this
experimental input (if absent) by calculating its estimated value accordingrtaufa proposed by Liu et al
in [8]. This proposal was accepted here.
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3 Type of evaluation

The evaluation process commonly used in the HCF domain was used alstdoe fdata for medium-cycle
fatigue (MCF) or low-cycle fatigue (LCF). All criteria can be formulated ie tbrm, where the left hand side
represents the damage parameter (a composition of weighted local gtredsiesa material parameter (the
fatigue strength in fully reversed axial loading at evaluated number ¢é<€yis located on the right side.

a-f(C)+b-g(N) < fa (LHS < RHS) (1)

The material parametetsandb express, how the particular criterion balances the damage effecdcause
by shear stres§' and normal stresd’. If the left side is lower than the right side of the criteria, the compo-
nent would withstand the applied load. Because we deal with experimentalyasecombinations for the
examined numbers of cycles, the right side should be equal to the leftfsitle particular criteria. Such
situation happens quite rarely because neither the experimental data oateha are ideal. Therefore, the
fatigue index error is defined to be

LHS(load) — RH S(material)
RH S (material)

AFI = ( > -100 % 2

Values of the fatigue index error below zero mean, that the criterion dagsedict failure, although the
examined specimen actually broke, which is non-conservative behavVilues higher than zero correspond
to conservative prediction. ResultsAfF'I for all investigated methods are described by three basic statistic
values- mean value, standard deviation (S.D.) and range of results (i.enmax

4 Processing of input data

First, the raw test data were retrieved from literature experiment by iexgetr and then fatigue curves were
prepared using the Kohout&¢het regression [1]. For particular numbers of cycles, the strésssvevere
deduced from fatigue curves as local loads (for LHS of Eq. (1)) deria property (its RHS). Fatigue index
errors were calculated for several multiaxial methods using PragTiwdiredatigue solver [4]. As described
in [2], results for experiments loaded with negative mean stress arecomservative, so these load cases
were excluded from the evaluation in this paper.

It was found during the evaluation of results of particular methods, treatjoup of experimental data for
aluminum alloys gives results very different from other results [6].r&élzae only few experimental sources
available for aluminum alloys. It was not thus possible to decide, if thererigkdgm related to this specific
experimental data set, or it is a typical behavior of aluminum alloys. Expetahdata for ferrous alloys
therefore are treated here only.

5 Methods and test results

Altogether six experimental methods were examined in the area of limited lifetimeseTdre Dang Van
criterion (D), Findley criterion (F), McDiarmid maximum shear stress ramigerion (M), Crossland criterion
(C) (see all in [2]), and two Papuga’s criteria PCr and PQ [3]. Resilfatigue index error of particular
methods were sorted according to the load combination acting during fatigeerments, according to the
material of specimens and the number of cycles to failure. Because theyedaough space to present all
results here, only main characteristics of behavior of particular criterido@itlescribed.

6 Testresults and their analysis

Results of experimental data were first classified according to the nurityaes to failure into three groups
(Table 1). It is evident that in general, rangesXifl for MCF are not dramatically different compared to
HCF region, which is the most important conclusion for practical use ostigeted methods. Approaching
the LCF domain, we see that the values of ranges and standard deviatitis domain are for the best
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three evaluated methods (D, PQ, PCr) lower than the ranges and stdeslations of Findley, McDiarmid
and Crossland methods in the region of HCF. Therefore, only resultsad thest criteria will be described
further.

Table 1: Fatigue results for ferrous materials

HCF (128 experimental data) MCF (129 experimental data) LCF (120 experimental data)

200,000 < nr. of cycles. < 50,000 <nr. of cycles <
10,000,000 200,000

AFI[%] D F M C PCrPQ D F M C PCrPQ D F M C PCr PQ

Mean -02 68 -62 -66 1.8 -04 -40 38 -74 -69 29 09 36 1.2 -19 40 44 3.0

S.D. 85 143 132 116 3.7 54 102 13.7 13.8 132 46 6.6 97 9.5 136 148 51 &9

Range 48 71 56 53 25 36 48 70 535 54 28 38 40 45 352 57 21 39

Cycles < 50,000

Table 2: Fatigue results for ferrous materials - mean valuésFdffor D, PCr and PQ criterion

HCF MCF LCF
Loadin N.of N.of N.of
groupsg data b Per PQ data b PCr PQ data b PCr PQ
nMS, P 70 1.9 22 02 37 35 30 07 18 59 406 22
MS, NP 34 23 12 23 53 6.5 38 08 82 -39 56 42
MS, uniax 15 -32 02 -09 23 -8.7 -0.1 -06 20 -109 -06 -12
FA, ductile 94 -1.1 1.8 -1.1 106 5.1 29 04 85 46 44 23

nMS, loading without mean stress; MS, loading with mearsstr, proportional loading; NP, non-proportional loagling
uniax, uniaxial loading; FA, ductile, group of results ferfous ductile materials

Table 3: Fatigue results for ferrous materials - values of standard desdadiAFI for D, PCr and PQ
criterion

HCF MCF LCF
Loadin N. of N.of N.of
groupsg data D Per PQ data b PCr PQ data D PCr PQ
nMS, P 70 36 28 34 37 34 26 3.1 18 41 36 36
MS, NP 34 119 47 75 53 104 49 8.1 82 99 53 103
S, uniax 15 98 16 40 23 82 12 29 20 38 08 18
FA, ductile 94 91 39 356 106 10,6 45 6.5 835 95 33 93

nMS, loading without mean stress; MS, loading with mearsstre, proportional loading; NP, non-proportional loaging
uniax, uniaxial loading; FA, ductile, group of results ferfous ductile materials

Mean values of fatigue index error closest to optimum zero were obtaimddafiog Van, PCr and PQ
methods. Dang Van criterion is implemented in several commercial fatigue sabgbetter results provide
criteria suggested by Papuga [3], the PCr and PQ criterion, becausttigard deviations and ranges are
significantly greater for the Dang Van method than for the PCr and PQ métemh values of results of the
Dang Van, PCr and PQ criterion for particular groups of loading arsgmted in Table 2. Some trends were
observed by these criteria:

e The average of\FI for the Dang Van criterion for proportional experiments without meagsstis
conservative in all lifetime domains and increases from HCF to LCF lifetime domain
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e The mean value oAFI for the PCr criterion for proportional experiments without mean stress a

for experiments loaded non-proportionally with mean stress is consaxrvatle can see a rise of
conservativeness of the mean value\dil from HCF to LCF lifetime domain.

The mean value ofAFI for the PQ criterion for proportional experiments without mean stresisds a
conservative in all lifetime domains, with the same rise of conservativesesatad by PCr. The mean
values of AFI for the PQ criterion are for this type of loading closer to optimum (zeroe)atuian the
mean value ofAFI for the PCr criterion.

Results for loading combinations with non-proportional loading without méassand for loading
combinations with proportional loading with mean stress were not evaluatedbkeeause of small
number of gathered experimental data for these type of loading.

e Results for PCr and PQ criteria are well balanced for all tested groupadihg.

7 Conclusion

The assumption, that it is possible to use multiaxial stress-based criteria dlsoanea of limited lifetime
was confirmed. Considering mean values, standard deviations andrangdest results for all lifetime
domains were obtained by using the PCr method. Further work shoulddoayathering more experimental
data, mainly for aluminum alloys, brittle and extra-ductile materials.
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