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Abstract. This paper is an attempt to make a finite element (FE) analysis of fretting fatigue by searching an appropriate mesh
refinement level able to consider the experimentally observed contact size effect into the calculation of fatigue strength. The basic
idea underlying such methodology is based on the fact that there is an intrinsic approximation of the stress state along a finite
element due to the integral formulation of the method. The usual FE procedure proposed by other authors to incorporate the stress
gradient in the fatigue strength analysis requires the determination of the stress state, as accuratelly as possible, in a sufficiently
large number of points (elements) within a process volume and then cal culate the average volume stress. The approach developed in
this work considers the finite element itself as the process volume.
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1. Introduction

Fretting fatigue is the cause of premature failiwre number of mechanical assemblies subjectedbi@ations.
Examples include riveted or bolted lap joints, splcouplings and fan blade/disc fixings (Shaffeat &aeser, 1994).
To gain a better understanding of this phenomeraripus experimental apparatus and methodologies bhaen
developed (Kinyon et al., 2002) considering a numtfedifferent contact configurations (Harish andrfis, 1998;
Shaffer et al., 1994; Wittkowsky et al., 1999)

Bramhall (1973) first verified the existence of @tical contact size, dividing infinite and finitieetting fatigue
regimes. This work revealed that for contact sirealler than the critical one lives were very Igr@® cycles), while
for larger contacts lives were finite. Since thaaw and better controlled experimental data hawn lggroduced by
other researchers confirming the effect of the acinsize on fretting life (Aradjo, 1998; Nowell, 88). For instance,
Nowell conducted experimental series using bothdibg bone specimens and cylindrical pads made of Al4%Cuyallo
The results provided by his work have been extehgigonsidered to validate methodologies for prigalicof fretting
fatigue strength (Castro, 2003).

On the fretted surfaces, there may be a strongssttencentration that creates favorable conditionsrack
nucleation. However, as the crack grows away froendurface, a high stress gradient will slow dowohscrack, so
that it may eventually arrest (Aratjo and Nowell999). Since not only the localized stress statie,abso the stress
gradient should be considered to model such praolieenfretting fatigue life prediction of structugdements becomes
a hard task (Hills and Nowell, 1994). Moreover,yioas works (Aradjo and Nowell, 2002; Castro, 20B8uvry et al.,
2002) showed that the application of multiaxialgate criteria upon the fretting surface provideyweonservative life
estimates, although they may be useful to estitbath, the crack nucleation site (Fouvry et al., 208nd the crack
growth orientation (Swalla and Neu, 2003). In ortteincorporate the effect of the stress gradiernhée analysis many
authors have considered a process volume appréaatj¢ and Nowell, 2002; Foubry et al., 2002; Nabpwand Mall,
2003; Namjoshi et al., 2002; Swalla and Neu, 2008)ich consists in the application of the fatiguiecia upon the
stress history approximated onto a volume ratham th a single point.

This paper is an attempt to make a finite elemER) @nalysis of fretting fatigue by searching aprapriate mesh
refinement level able to consider the stress gradédfect into the calculation of fatigue strengithe basic idea
underlying such methodology is based on the faat there is an intrinsic approximation of the sretate along a
finite element due to the integral formulation lo¢ tmethod.



2. Experimental data

The FE analysis presented in this paper will bédatéd considering the work conducted by Nowell88P A
schematic representation of the configuration teteshowed in Fig. 1 wheRis the radius of cylindrical fretting pad
(Figure 3),P is the normal loadgs is the bulk stress an@ denotes the tangential load induced by the sptinghe
contact load® andQ and the bulk stresss were applied as shown in Fig. 2, iB.is a static load an® andsg are in
phase sinusoidal functions of time. Moreover thespurgy, can be computed by the equation

Po =£, 1)
c

whereC is the contact area between the specimen and/linelrical pad. Thereforg,is proportional td>.

Table 1. Experimental parameters and critical adrgi&ze range.

Series (Mplga) Quex/P (‘K/‘?Eﬁ;) agit (MM)
1 157 0.45 92.7 0.28-0.38
2 143 0.24 92.7 0.54-0.72
3 143 0.45 92.7 0.18-0.27
4 143 0.45 77.2 0.36-0.54
5 120 0.45 61.8 0.57-0.71
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Figure 1. Experimental scheme used by Nowell.
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Figure 2. Load modes of the fretting experimentsdemted by Nowell.
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Five experimental series were conducted. In eaehadfrthis data series, the paramefgythe peak pressure),
Qmax/P and ognax, Were kept constant, while the pad radius wasedafiom 12.5 to 150mm. Here the subscripgix
denotes the maximum value reacheddgndoss over time (Figure 2). These parameters for eabssare presented in
Tab. 1. The importance of varying keepingpo constant is that it is possible to produce a datides where all
specimens are submitted to the same superficedsttate although they experience different sttesays along the
depth.

The tests carried out by Nowell revealed an eftécthe pad radius (or contact siz),on fretting life. It was
observed that for small contact sizes frettingstéestt infinitely while for large contacts speciradaroke within a finite
number of cycles. The range defined by the largestact to show infinite life and the smallest @atto provide finite
life was termed (Bramhall, 1973) the critical canttsize rangea;;. Table 1 reports such range for each data series.

3. FE model

To simulate the experiments, the FE cefiet+, developed by the Mechanics of Materials Rese@mtup of the
University of Brasilia, was used. As a graphicaeiface this code uses the GIiD platform (Rib6, 200@Mich carries
out both, pre — geometry creation, meshing and daynconditions assignment — and post processistgess, strain
and displacement field visualization. A contactned@t was recently implemented (Bernardo, 2003) tihéoFE code,
which allows the calculation of the stress fieldden fretting situations (Bernardo et al., 2003).e T@rossland
(Crossland, 1956), Dang Van (Dang Van and Papadopoii987) and Prismatic Hull (PRH) (Goncgalveslet2003;
Mamiya and Aradjo, 2000) multiaxial fatigue crigetiave been implemented to the code (Dantas &04I3) so that a
direct fatigue strength analysis can be carried Dug program is able to apply these criteria enrtbdal stress history.

In order to perform the FE analysis of the confadiem depicted in Fig. 1 and considering its synmnete
model showed in Fig. 3 was adopted. The fundarh@at@meters (Bramhall, 1973) necessary to cartythmistress
analysis are: the Young's modulus £ 74GPa) and the coefficient of frictioh< 0.75), while for the fatigue strength
computation data concerning the fatigue limit undiernate bendingf¢ = 124MPa at 5x10cycles) and under
alternate torsion — estimated for Al4%Cuas= 72MPa at 5x10cycles (Forrest, 1962) — are necessary.
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Figure 3. Scheme of the adopted model.
4. FE mesh

An example of a characteristic mesh generated ddr fretting pad (150mm radius) and specimen isatieg in
Fig. 4. Plane strain linear elastic triangular edats are used on the pad and specimen domaingmiitate the contact
problem bi-dimensional two-node interface elemewese considered, as shown in Fig. 5. In the samediit can be
noted that a structured mesh region was defineéruthé contact surface. Within such region the nnehement level
and the finite element size are characterized tBetparametersjz the contact mesh width, and the element width
and depthl. andh,, respectively.
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Figure 4. Mesh of both 150mm radius pad and speatime
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Figure 5. Mesh parameters.

In a recent work conducted by one of the authoesr{Brdo, 2004) it was shown that the numericaliygoted
stress field for Nowell's contact configuration apgmates well from the analytical solution for tadimensionalized
parameters/a > 2.10,l/a < 0.0726 andya < 0.0146 . Furthermore, the authors of that wdsk @oticed that fot,
less than 2@um and/of¢/h ratio far from the unit, the numerical simulatioecomes unstable.

As mentioned before there is a number of authocdding ourselves, who have tried to associatedmact size
effect in fretting fatigue life with the presenckeostress gradient in the vicinity of the contagion. In this paper it is
claimed that such an effect can be incorporatetheocalculation of the fatigue strength by choosamgappropriate
mesh refinement level. The basic idea underlyinghsmethodology is based on the fact that therenisn&insic
approximation of the stress state along a finiement due to the integral formulation of the methddnce, the
methodology proposed here is to vary the elemem, sihich will provide different average stresstesta until the
numerical fatigue strength predictions match theeexnental data. Therefore, as can be seen, thefathis work is
not to generate a well refined mesh capable taucaphe analytical stress field.

The reader should notice that the usual FE proeepitaposed by other authors (Swalla and Neu, 2888jjoshi et al.,
2002) to incorporate the stress gradient in thigdatstrength analysis needs to determine thessttase, as accurately
as possible, in a sufficiently large number of p®ifelements) within the process volume and théculzte the average
volume stress. The approach developed in this worlsiders the finite element itself as the prosedsme. Thus the
computational cost of the analysis is substantisduced. Furthermore, it will be assessed in flhiser whether the
element size may be associated with material pagemeuch as the grain size. In order to do sdredting tests were
simulated considering structured meshes havingdhee. andl, and varying the element degth

5. Results

Numerical simulations of fatigue strength have beamducted by considering the Crossland, Dang VahRRH
multiaxial models. Only space limits us to preseate a detailed description of these criteria, tvhiave been well
documented and discussed in the literature (Cnodsld956; Dang Van and Papadopoulos, 1987; Gorgatel.,
2003 Mamiya and Araujo, 2000; Papadopoulos el @8y).

The results of the numerical analysis are then @agpwith Nowell's experimental data. Following sbeesults
are presented and evaluated, but before a fatigelegsh index £Sl) is defined. This parameter, which is obtained for
each multiaxial fatigue criteria studied, is usedjtiantify the fatigue strength of a component.

5.1 Fatigue strength index
A generic multiaxial fatigue criterion based om #iress invariant approach can be expressed liyaaality
0,(r) + kg, (0) < A, )

wherex andA are material constantg,(z) is a function of the deviatoric stress history @s(o) denotes a function of
the normal stress history. In this setting, B8 to compute the fatigue strength can be defined as

FS = gl(r)”j’z(a)_/] x100%. @
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If this index assumes positive values, inequalliydoes not hold, it essentially means that thergoin predicts failure
of the mechanical structure. On the other hanBSifassumes values less than or equal to zero thearmnpis safe,
according to the model.

5.2 Fretting fatigue strength computation using FEmodel

The numerical simulation was conducted aiming teemfgine the size of the finite element necessanyrtwide
the correct fretting fatigue strength predictiorthivi each data series considered. Two set of siredtmeshes each
havingle equal to 83 and 1@4n were adopted to model the experimental data, bwimtaining the parametér =
2.4mm. For each set four different meshes werergé&ek considering, values varying from 160 to 4{ith as reported
in Tab. 2. In this table the predicted critical tamt size rang@y;; is also reported for each value lgf(these results
concern the structured mesh whére 2.4mm and. = 83um and was variethy). The smallest value of this range
corresponds to the greatest contact semi-wagjtthat presented non-positive valued=& in the numerical simulation
of the configuration tested, while the other vatdiehe range is the smallestwhere positivd values were computed.
Notice that the fatigue strength index is compud¢cevery node of the mesh. The predicted range oktained
considering the node where this index was maximarthe specimen domain. Bolded data in Tab. 2 cpores to the
predicted critical contact size range which matdfedexperimental data.

An alternative manner to present such results gcted in figures 5 and 6. These graphs plot thiguda strength
index against the contact semi-width fpr= 83um. The two dashed vertical lines are used to ddfieeexperimental
critical contact size range. It can be seen thasdéoies 1 data thie value which predicts the correct contact size eang
is he = 267um for the Crossland and PRH criteria dnd 40Qum for the Dang Van model.

Table 3 reports the values bf necessary to predict the correct contact sizeeraogording to the multiaxial
fatigue criteria considered in this work figr= 2.40mm and, = 83um, respectively. All values obtained are between
160 and 400m. To illustrate some of the results reported ib. T3 figures 8 and 9 are used. They contain graptise
PRH fatigue strength index versus element dempdhf@r the critical contact size ranges of serid&if). 8) and series 3
(Fig. 9) data. It can be observed in Fig 6 that BfRH model predicts that the corregf; for series 1 data can be
obtained foth, = 267.um while for series 3 values bf between 160 and 2{ith are required. Other graphs for different
mesh characteristics and considering the other m@dsessed are not shown due a space limitation.

Table 2. Critical contact sizes in series 1 Wjth 2.40mm andi, = 83um.

Critical contact siz@g; (mm)

he (um)  Crossland Dang Van PRH
160 0.10-0.19 0.10-0.19 0.10-0.19
200 0.19-0.28 0.10-0.19 0.19-0.28
267 0.28-0.38 0.19-0.28 0.28-0.38
400 0.38-0.57  0.28-0.38 0.38-0.57
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Figure 6.FS for data series 1 with mesh parametgrs2.40mm|, = 83um andh, = 20Qum.
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Figure 7.FS for data series 1 with mesh parametgrs2.40mm|). = 83um andh, = 26 4um.

Table 3. Values of, that provide the same fatigue strength resultaguisi= 2.40mm and, = 83um compared to
experimental data.

he (wm)
Series Crossland Dang Van PRH
1 267 400 267
2 267 400 267
3 160-200 267 160-200
4 200-267 267 200-267
5 160 200 160
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Figure 8.FS (using PRH criterion) versus with mesh parametets= 2.40mm and, = 83um for data series 1
considering the contact semi-widths that limit g for this series.
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Figure 9.FS (using PRH criterion) versusg with mesh parametets= 2.40mm andi, = 83um for data series 3
considering the contact semi-widths that limit &g for this series.

6. Discussion and conclusion

The analysis carried out in this work showed asaraditive procedure to numerically compute the ¢ftéche
stress gradient in the prediction of fretting fatigstrength. It was shown that the choice of arr@pjate mesh
refinement level and element size is capable toessfully predict the critical contact size effebserved in Nowell's
fretting experiments.

More specifically, it was found that the Crosslamt! the PRH criteria required the same elementtsipeedict
the correcti; (Table 3), while Dang Van model presented a lakgifor the same element dimension.

In the used set of structured mesh neither of theria studied found a unique range of elemerg ¢iz range)
capable to predich,;; for all data considered (Tab. 3). However, oneukh@emember that: (i) the fatigue limit in
torsion was estimated and this introduce inaccagsato the analysis; (ii) the size of the elememtetermined based on
the prediction provided by the multiaxial fatigudteria, hence if such criteria are not working Welr the tests
considered they will provide a poor analysis. Netibat these models do not take in account thetedfethe relative
slip between the contacting surfaces on frettifeg though this influence may not be very strosigice in the partial
slip regime the amount of wear is small, it wilténly introduce some level of inaccuracy into tadculation.

It is worthy of notice that recent approaches ($avahd Neu, 2003; Naboulsi and Mall, 2003) usedatwy out a
FE fretting fatigue strength analysis rely on tlhiization of very fine meshes, which usually cdntalements whose
size is considerably smaller than a charactenstiterial grain size. For instance, the Al4%Cu aliogin size is around
100um (Nowell, 1988). It was observed that, in ordecdémnpute a stress field which closely agrees vhiéhanalytical
solution for series 1 data and pad raditus 12.5 mm an element with, = 1.46um andl. = 7.24im was required.
Besides being computationally very expensive suchpproach seems to violate the continuum assumptio

4. References

Aragjo, J.A., 1998, On the iniciation and arresfrefting cracks, Doctor of Philosophy thesis, Ggftniversity.

Aradjo, J.A., Nowell, D., 1999, Analysis of pad exffs in fretting fatigue using short crack arresthndologies,
International Journal of Fatigue, 21, pp. 947-956.

Araujo, J.A. & Nowell, 2002, D., The effect of rapy varying contact stress fields on fretting fatg International
Journal of Fatigue, 24, pp. 763-775.

Bernardo, A.T.S., 2003, Fadiga por fretting: modela e simulacdo numérica, Projeto final de gradmaca
Universidade de Brasilia.

Bernardo, A.T.S., Calculo do limite de resistériciadiga por fretting via método dos elementogdiiMaster thesis,
Universidade de Brasilia, 2004.

Bernardo, A.T.S., Aradjo, J.A., Mamiya, E.N., 20@8terminagéo das distribuicdes de tensdes emawgié fretting
via elementos finitosProc. of the 24" Iberian Latin-American Congressin Computational Methods in Engineering.

Bramhall, R.,1973, Studies in fretting fatigue. Bwof Philosophy thesis, Oxford University.

Castro, R.V., 2003, Metodologia para determinagédirdiar da iniciacdo de trincas sob condi¢desrdtifg, Master
thesis, Universidade de Brasilia.



Crossland, B., 1956, Effect of large hydrostatiegsures on the torsional fatigue strength of ary alleel Proc. of the
International Conference on Fatigue of Metal, IMechE.

Dang Van, K. & Papadopoulos, I.V., 1987, Multiaxfatigue failure criterion: a new approadProc. of the Third
International Conference on Fatigue and Fatigue Thresholds.

Dantas, A. P., Araljo, J. A., & Mamiya, E. N., 20@3nite Element Evaluation of Fatigue Strength” International
Congress of Mechanical Engineering, COBEM, S&odaul

Forrest, P.G., 196Fatigue of Metals, Pergamon Press: Oxford, pp.110-110.

Fouvry, S., Elleuch, K. & Simeon, G., 2002, Predictof crack nucleation under partial slip frettipgedictions,
Journal of Strain Analysis, 37, pp. 549-564.

Gongalves, C. A., Ara(jo, J. A. & Mamiya, E. N.,®0 Multiaxial fatigue: A stress based criteriom f@ard metals,
International Journal of Fatigue, under review.

Harish, G. & Farris, T. N., 1998, Effect of fretlicontact stresses on crack nucleation in riveapgbints,Proc. of the
39" AIAAJASME/ASCE Structures, Structural Dynamics and Materials Conference, pp. 1-9.

Hills, D.A. & Nowell, D., 1994, Mechanics of Freig Fatigue, Kluwe Academic Publishers: Dordrecht.

Kinyon, S.E., Hoeppner, D.W. & Mutoh, Y., (eds),020 Fretting fatigue: experimental and analytieduits, ASTM
STP 1425.

Mamiya, E.N., Aradjo, J.A., 2002, Fatigue limit wrdmultiaxial loadings: on the definition of theuiplent shear
stressMechanics Research Communications, 29, pp.141-151.

Naboulsi, S. & Mall, S., 2003, Fretting fatigue @kainitiation behaviour using process volume apphoand finite
element analysis, Triboloby International, 36, pp1-131.

Namjoshi, S.A., Mall, S., Jain, V.K. & Jin, O., 2ZDCEffects of process variables on fretting fatigoack initiation in
Ti-6Al-4V, Journal of Strain Analysis, 37, pp. 5387.

Nowell, D., 1988, An analysis of fretting fatigueoctor of Philosophy thesis, Oxford University.

Papadopoulos, 1.V., Davoli, P., Gorla, C., FilippM. & Bernasconi, A., A comparative study of makial high-cycle
fatigue for metalsinternational Journal of Fatigue, 29, pp. 219-235, 1997.

Ribg, R., Pasenau, M.A.R. & Escolano, E., 2000, B&erence Manual, International Center for Nunaridethods
in Engineering (CIMNE), http://gid.cimne.upc.es

Shaffer, S.J. & Glaeser, W.A., 1994, Fretting fatigASM fatigue and fracture handbook.

Swalla, D.R. & Neu, R.W., 2003, Characterizationfrafting fatigue process volume using finite el@manalysis,
Fretting Fatigue: Advances in Basic Understandimd Applications, STP 1425, ASTM International.

Wittkowsky, B.U., Birch, P.R., 1999, Dominguez&Suresh, S., An apparatus for quantitative fngtiatigue testing,
Fatigue Fract. Engng. Mater. Struct., 22, pp. 300-3




