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FATIGUE PARAMETER BASED ON THE ASSESSMENT OF THE
STRESSCOMPONENTSON ALL MATERIAL PLANES

C. LU, J. MELENDEZ, J. M. MARTINEZ-ESNAOLA
CEIT-IK4 and TECNUN (University of Navarra), Spain

A new fatigue parameter is proposed, which providesew way of thinking to assess
fatigue damage problems. The complete stress atateertain material point, i.e., taking
into account any material plane at that pointniduded in this method. The influence of
tension and compression state and also mean stresdso included. Some experiments
with different materials and loading conditions ased to validate the capabilities of this
method. The results show that the method providesl gredictions for axial cyclic and/or
torsion cyclic conditions with zero or non-zero mesiress, in-phase and out-of-phase,
different shapes of the specimen, loading wavefanchloading path.

Keywords: fatigue parameter, mean stress effect, fatigue dgntarrve, complex loading,
material planes.

Introduction. Fatigue is one of the most common damage mechariissgi-
neering components. The methods for evaluatingdatidamage can be divided into
three main categories according to the mechanieghitudes used in the definition of
the different criteria, i.e. stress-based, straiednl and energy-based methods. As a
general rule, stress-based methods are used irchdie fatigue, strain-based methods
are used in low-cyclic fatigue and can also be usddgh-cyclic fatigue and energy-
based methods can be used in both high- and lolicdatigue because they contain
contributions of both stress and strain magnituBesically, in the stress/strain-based
methods, maximum normal or shear stress/strairsesl in tension fatigue or torsion
fatigue, and then some simple modifications likephtude, mean value, separation
between elastic/plastic components are used. Tesssinvariant likel,, or hydrostatic
pressureoy, or some equivalent stress/strain like Mises, daggtc. are also used to
predict fatigue damage.

More complex formulations assume that fatigue darslwuld take into account
the stress or strain components (typically, noraral shear components) that can be
active on different planes at a given material pdior instance in [1] a fatigue para-
meter (FP) given bynad2 + SAe,, whereAynax is the range of maximum shear strain,
Ag, is the range of normal strain on the plane of maxn range of shear strain aSd
is a material constant, is proposed. It is theefissumed that both shear and normal
strain can affect fatigue damage, shear straihegptedominant factor in crack forma-
tion and at the first stages of crack developmamd, normal strain is dominant during
macrocrack propagation. The authors of [2] have ifieatl the Kandil method as
AYmad2 + (1 —0n/20,)A, , whereo, is normal stress on the plane of maximum range
of shear strain and, is yield limit. In this modification the influencef normal stress
can be taken into consideration. The influencearfnmal loading with the help of the
maximum normal stress,"*, in the form 0.Bym.{1 + ko, /oy], wherek is a mate-
rial constant, is considered in [3]. In this methbd assumed that the fatigue damage
is mainly affected by the maximum shear strain earitge maximum normal stress is
only used as a correcting term to revise the imbgeof maximum shear strain range.
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The energy-based methods assume that the fatignag#ais controlled by the
energy dissipation in the cyclic loading, repreedriy the hysteretic loop in the stress-
strain plot. Fatigue parametey™Ag,/2, whereo,™ is the maximum principal stress
andAgy, is the range of principal strain, is presente{¥in Note that it represents the
tractive part of a sort of hysteretic loop in dyfukbversed cycle. In this approach normal
energy is used to calculate fatigue damage, whicttcurate when tensile failure of the
material is predominant. Fatigue parameter in ¢t f0.2Ry;,A01[1/(1 —01, " Vof) +
+ 1/(1 -05,"*1a¢)], whereAy;, is the range of shear straig,, is the range of shear
stress A, > is the maximum shear stredsy,,"* is the maximum normal stress’
andoy are shear and normal fatigue strength limit, fneéel in [5]. In this method it is
assumed that the shear energy provides the mairidion to fatigue damage and, at
the same time, both maximum shear and normal sselave some influence on
fatigue damage. Authors of [6] combine two abovéhoés and suggest the parameter
Ae1Aoy + KAY1AT,, whereAo,, Aty are the range of normal and shear stress, respecti
vely; Ay, Ag; are the range of shear and normal strain, resfedeiindk is a material
constant. It is assumed in this method that bot#tassland normal energy can affect
fatigue damage and the relative contribution ofastesd normal energy is quantified
by the parametek. Further modifications are proposed in §gAcAe/ofef + (1 +
+ 0" 10¢ ) (ATmad(0.5ymax)/Tf Ve, Whereo,™ is the mean normal stress; and oy are
shear and normal fatigue strength coefficieatsandyy are normal and shear fatigue
ductility coefficients. In this method the influenof mean normal stress" is taken
into consideration.

A new proposed fatigue parameter. The different approaches to assessing
fatigue damage reviewed in the previous sectioc@id that the stress/strain-based
methods are essentially based on normal/sheass&tein, and some modification
such as those due to the range, (maximum and meanjombination of some of them
(the methods based on energy magnitudes can beapk).

The presented approach is based on generalizingiélaethat normal and shear
components of the stress and strain are diffenelifferent planes at a certain material
point further to the simple combination of maximwtress or strain values. The
definition of the new fatigue parameter is desdilbelow. The well-known Mohr's
circle representation of the stress (or strainestdll be used to illustrate the main
ideas of the proposed method.
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Fig. 1. Mohr’s stress circlex — 3D stressh — plane stress.
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Figure 1 presents the Mohr’s stress circle for3Bestress state (Figaland the
plane stress state (Figb)l The black point in the figure represents themmadrand
shear stress components on a certain material .plartbe methods sketched in the
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previous section only some stress/strain comporedraiscertain point (or maybe two)

are used to calculate fatigue damage. Althouglsttess (or strain) state at a material
point is fully described by the Mohr's represerdatifatigue damage is, in general,
dependent on the normal and shear stress (or )stainponents on a given plane.
Therefore we need a method to quantify the amofidamage on each plane and find
a weighting procedure to define the equivalengtati damage parameter at that point.
The possible combinations of normal/shear stressrepresented by the shadowed
region in the 3D Mohr's stress circle in Figa, and by the whole circumference for

plane stress conditions (Figh)1 The new fatigue parameter is defined as follows:

Fp= > AD AP ’ )
P

where AD is fatigue damage on a certain material plane e¢rtain material point
which is a function ob andt, andAP is the contribution of each material plane to the
total set of possible planes, the summation is exteraled taterial planes is the
summation of allAP. In this way all stress/strain components at a certatenal point
can be taken into consideration. We do not needhémse some specific components
as the representative components to calculateatigué damage. This overcomes the
shortcoming of the methods above. The mathematicat bf Eq. (1) for the 3D and
2D stress (or strain) states can be written as Eq. (Drely'S is the area section in
the 3D Mohr's stress circle ambl/L is the arc length section in the plane of the
Mohr’s stress circle:

Fp= > AD ms; Fp= > AD AL . )

As the stress components on a certain material pamée reduced to a normal
component and a shear component, we define tlgpuéatamagaD as:

AD =p(A|o |[+B ]t |), ©))

where A andB are coefficients describing the influence of normall shear stress
components, respectively, on fatigue damage. Inrdcdenake sure that the influence
of both normal and shear stress is positivendB should be greater than zero. In this
paper it is assumed that the influence of normal sirehr stresses is the saepB.
Here the absolute value ofis used because of the up-down symmetry @f the
Mohr's circle, otherwise the mean influence ofvould be zero as a result of the
averaging procedure. In order to make sure thaffidtigue damage is positive, the
absolute value of is usedy is used to represent the different influence of tenaiad
compression loading and is defined as follows:

_ +1 0,20,

-1l 0,0,
in which o, is the mean stress andis the coefficient to describe the influence ofneo
pression. The value ob is assumed to be 1 in this paper, which means thsibteand

compression have the same influence. In the multids#ling conditions FP can be
calculated as

H (4)

FP= FRiax~ FRun, ©)

where FRax and FR;, are the maximum and minimum value of the FP iyaec Ac-
cording to this new method we can consider threescis calculating the fatigue para-
meter in both the 3D stress state and plane stress statd-ig. 2) depending on the
sign of the principal stresses. The first case corresptndse situation where the
minimum principal stress is greater than or equaleim,zas in Figs. 2 andd; the
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second case is when the maximum principal streksssthan or equal to zero, as in
Figs. 2 ande; and the third case is when the maximum principass is greater than
zero and the minimum principal stress is less #t&an as in Figs.@andf.
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Fig. 2. Different stress states for the 3D and @lsiness state:
a—c — 3 cases of 304-f — 3 cases of plane.

Sensitivity analysis. Here we consider some simple cases to show thesirde
of the change of principal stresses on the FP dogpto this method. We use Figsl, 2
e as examples to show the influence of the principr@ss. In this discussion we assu-
me that only one principal stress is changing teeh& comparison of the different in-
fluence of the change of each of the different@pal stresses. For the case in Fig. 2
we have the rates of the FP variation as followe (etails of the calculations are
given in the appendix)

oFP A B oFP _A B
o= o=l 6)
doo; 2 ™ 00, 2 T
Similarly, for the case in Fig.eave get
aF_P:—_A+_B; aF_P:—é—_B_ (7)
d0, 2 1 003 2 m
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Fig. 3. Some cases with the same stress ampliaudéully reversed torsion;
b — fully reversed biaxial tension-compressior; fully reversed axial.

We can notice that for the case in Fid, @hereA andB are greater than zero, the
value of the FP increases with the increase;pfind the influence o, on the FP is
bigger than that ofi,. The value o6, only has a positive influence on the FP when the
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value ofA/B is bigger than 21 For the case in Figezhe influence ob, is bigger than
that of 03 andos always has a negative influence on the FP. Aldenathe value of
A/B is smaller than 2i, 0, has a positive influence on the FP. For other cdlse
influence of the principal stresses variation isrenoomplex and each case should be
considered separately.

Some other special cases, such as fully revergsibmo fully reversed biaxial
tension-compression and fully reversed axial logdionditions with the same stress
amplitude are depicted in Fig. 3. It can be seean #itcording to the new parameter
proposed in this paper, the fatigue damage in fullyersed torsion and biaxial
opposite tension-compression conditions with theesatress amplitude is the same,
while it is different from the fatigue damage iljueversed axial loading conditions.

Results and experimental validation. In order to check the capabilities of this
new proposed fatigue parameter, some experimeasailts with different materials
subjected to different loading conditions are udeds. & represent experimental
measurements in fatigue under axial and torsioditgaconditions. Tests shown in
Fig. 4a were conducted in a fully reversed axial and fullyersed torsion loading
conditions with zero mean stress. Tests in Flg.cdrrespond to axial and torsion
loading conditions with zero or non-zero mean str@gsts in Fig. dwere conducted
in axial and torsion loading conditions with zerean stress and with different speci-
men shapes. It can be noticed that for the singld ar single torsion loading condi-
tions with different materials, different shapestioé specimen and zero or non-zero
mean stress, the prediction with the new propoatgue parameter is pretty good.
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Fig. 4. Dependences of the FP on number of cyblefof different materials:

a— S355 J2 [8]p — SNCM630 [9]c— AW-2007 [10] © — reversed axial (experiment);
— —reversed axial (predictior)]] — reversed torsion (experiment); - - - - — reversgsion
(prediction));d — Haynes 188 [11]® — in/out of phase axial+torsion (experimert; — in/out
of phase axial+torsion (predictiong= 42CrMo [12] O — complex loading (experiment);
— — complex loading (prediction))— AW-2007 [10] O — complex loading (experiment),
— — complex loading (fitting), - - - - — complex [iag (prediction)).

There is an experimental evidence of differencesvéen the axial and torsion
fatigue damage curves [8, 10], as a clear indindtiat fatigue damage depends on the
loading conditions. Most experimental results aye dxial and torsional loading. In
order to predict the fatigue damage in the moremerloading conditions, such as
axial-torsion loading, in-phase and out-of-phasadiog and even random loading,
which contain various combinations of normal andashstresses, it is assumed here
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that fatigue damage curve in complex loading cdmmit F(FP., N.), can be predicted by
an axial fatigue damage cur@FP,, Ny) and a shear fatigue damage cUMEPR;, Ny):

F(FP:, No) =f(€Q, (W). (8)

The parameter§ and{ represent the influence of the axial and torsicading
conditions. These can be thought of as the relatveributions to the fatigue damage
curve in the complex loading condition, axial loggliconditions and torsion conditions,
respectively. For example, §{ = 1, the fatigue damage curve in complex loading
conditions is the angle bisector of fatigue damagees in axial and torsion loading
conditions.

The results of the test shown in Figl wtere conducted in an in-phase and out-of-
phase axial-torsion loading conditions with differealues of mean stress, different
phase difference and different shape of the loadiageform. Because both axial and
torsional loadings are included in these loadingd@@mns we can use these data to get
the fatigue damage curve for the complex loadingdi@mns directly. It can be seen
that the proposed method provides a good agreerfiests in Fig. 4 correspond to a
more complex loading condition with different shamé the load path. It can be seen
that the results are also good, within a factowaf, accepted as reasonable in fatigue
experiments.

Tests in Fig. #icorrespond to the same material as those in Ejdut the loading
conditions are more complex, containing differexad paths. Firstly, we use Eg. (8) to
predict fatigue damage curve in the complex loadiogditions with the help of axial
and torsion fatigue damage curve but without uslatp generated in the complex
loading conditions. Then the experimental fatigesuits in the complex loading condi-
tions are compared with the predicted fatigue damagve. The complex loading con-
ditions have different loading paths but all loaaths satisfysmaJymaX=3°'5, so it is
assumed here that the influence coefficigat= 3*°. This means that the fatigue curve
in this particular complex loading condition is 4o to the fatigue damage curve in the
axial loading condition. It can be seen that thedlted fatigue damage curve is almost
the same as that based on direct fitting for theeamental data.

CONCLUSIONS

In this paper a new fatigue parameter is proposeidhnvsuggests a new way of
thinking to tackle the fatigue damage problems. difference between this new method
and other existing methods is that there is no ne&thoose some certain stress, strain
or energy components on a certain material plame@ssentative parameters to calcu-
late fatigue damage. The stress components on enetgrial plane at a certain material
point are averaged and included in this method vban show all features of the stress
state at a certain material point. In this new rodtthe difference between tension and
compression state and the influence of the meassstire accounted for.

Some experiments with different materials and diffié loading conditions are used
to validate the capabilities of the proposed methoith for data representation and for
life prediction. The loading conditions consideiiadthe validation include reversed
axial, reversed torsion, axial cycling with nonaenean stress, torsion cycling with
non-zero mean stress, different types of the spagindifferent shapes of loading
waveform, in-phase and out-of-phase loading animifit loading paths. The results
show that this new method provides good correlatiand predictions for all these
materials and loading conditions.

Appendix
$(Alo|+B |t s

For the case in Figd2the FP is calculated aBP= C
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The integral is performed in terms of the anglecdbig the Mohr’s circle, bet-
ween 0 andt, according to the symmetry ofin the Mohr’s circle, as explained in the
text:

2T A B79%2 o+ 91192 ) 5917 T2 gy | 9170 2
o 2 2 2 2

FP
T(0y ~0))
And finally, P -A,B. OFP_A_B
do, 2 m do, 2 T

PE3FOME. 3anponoHOBaHO HOBUI METOJ OLIHIOBaHHS BTOMHUX IOIIKO/KEHb, SKUH Bpa-
XOBY€ HaIpYKEHUH CTaH y MEBHiH ToUIll MaTepiany. B3gTo 1o yBaru BIIIMB pO3TATY i CTHCKY, a
TaKOX CEepPEeJHbOr0 3HA4YEHHS HampyxKeHHs. BumpoOyBaHO pi3HI MaTrepianaMu Ta JOCIIIKEHO
pi3HI YMOBH HaBaHTaKCHHSA. BHABIICHO, [0 METOA MPHIATHUII JUIS TPOTHO3YBaHHS yMOB BH-
HUKHCHHS OChOBUX LIMKJIIYHOTO HATPY>KCHHS Y 3aKPYTY 3 HYJIbOBUM UM HEHYJIBOBHM CEPEIHIM
3HAYEHHSM, 110 30iraloThCs M He 30iratoThes 3a (a3oro, I PI3HUX TeOMETPii 3pa3KiB, popMu
[MKJTy Ta TPAEKTOPIi HABAHTAXKCHHS.

PE3IOME. llpemioskeH HOBBI METOJT OLIEHKH YCTAJIOCTHBIX MOBPEXICHNUH, KOTOPBIN yUu-
TBHIBAET HAINpPsKEHHOE COCTOSHHE B HEKOTOPOI Touke Marepuaina. [IpuHsITO BO BHUMaHKUE BIIUS-
HHE PACTSKEHUS U CKaTHsl, a TAK)KE CPEJHETr0 3HAUYECHHUs HalpspkeHus. VcnblTaHsl pasninyHble
MaTepHasbl U UCCIEI0BAHbI pPa3HbIe YCIOBUS Harpy>kKeHus. BeIABICHO, YTO METO IPUTOJEH IS
TIPOTHO3UPOBAHMSI YCIOBUN BO3HUKHOBEHHS OCEBBIX IUKINYECKHX HANPSOKEHUS WM KPyYEHUS
C HYJIEBBIM WJIM HEHYJIEBBIM CPEJHUM 3Hau€HHEM, KOTOpbIE COBIAJAOT WM HE COBMNAIAIOT IO
(haze, U1 pa3IMYHBIX TeOMETpUil 00pa3oB, GOPMBI IIUKIIA U TPAEKTOPUH HArPy>KEHHs.
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