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Abstract. Thiswork concernsthe application of the Dang Van criterion to predict fretting fatigue crack initiation. To validate the
analysis a number of experiments published in the literature are considered. These experiments, which were carried out in a
high strength Aluminium alloy, revealed there is a contact size effect in fretting fatigue life. The results show that the Dang
Criterion can correctly predict the initiation of fretting cracks for larger contact configurations. It is concluded that the reason
for the poor performance of the criterion in predicting failure at smaller contacts may well be related to attributed to the effect of
the stress gradient, a variable not accounted for in the mesoscopic criterion proposed by Dang Van.
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1. Introduction

Fretting fatigue is a term used to describe the process of cradk nucledion, eventually leading to the failure of
components in a mechanica asembly. Such phenomenon invariably occurs when the fixing is under some sort of
vibration and one or both of the cmporents of the assembly is aso subjected to a bulk fatigue load. The vibrational
load wsually provokes a smal relative displacement between contad surfaces leading to the formation of micro flaws.
These will further propagate shoud the fatigue load be sufficiently severe. Riveted or balted lap joints, spline couplings
and fan blade mnnections are just a few among many other examples of practical structures that have shown fretting
cracks (Shaffer and Glaeser, 1994).

Fretting cradks nucleate in a region where the stressfield is multiaxial and the principal stress magnitudes and
diredions vary with time. It therefore seans appropriate to seek to apply multiaxia fatigue damage models that can
accommodate these patterns to predict the initiation of such crads, though there ae aiticisms in such approach. For
instance, Mugadu et a. (2000) suggest that fretting initiation life must be influenced by the amount of damage in the
dip zones, a variable nat considered by the multiaxia fatigue parameters. We accept that slip amplitude will affed the
fretting process at an asperity scale. However, the reader shoud be reminded that, as siggested by Miller (1993), the
initiation life may well be dominated by the need for a crack to overcome the strongest microstructural barrier (e.g. a
grain boundary). If thisis the case, the fretting problem can also be gproached as a plain fatigue problem subject to a
locdized stressconcentration (seeGiannakopouos et al., 2000).

Returning to the multiaxial fatigue approach, many different methodologies have been proposed to model the
fatigue phenomenon under complex stress $ates. Most of them have been extensively reviewed in the literature (You
and Leg 1996, Papadopoulos, 1997 and Aradjo, 2000). Among these methodol ogies the one that considers the fatigue
problem at the mesoscopic level (e.g. Dang Van, 1989, and Papadopoul os, 1994) have gained increasing interest due to
the good predictions of fatigue strength associated with a strong physical interpretation of the phenomenon. In this
article we wil | assessthe use of the Dang Van model to the fretting case.

2. TheDangVan Criterion

Suppose that a volume of material containing a number of grains with arbitrary orientationsis subjected to a gyclic
elastic stress sate, which is asauimed to be known at any time t. Althoughthe stress sate is macroscopically elastic,
locdized plasticity may take place within some favourably oriented grain. Under high cycle fatigue conditions, this
locdized plastic deformation in the grain is contained by the bulk material, which remains elastic. According to Dang
Van et a. (1989) crad initiation will take placeif a state of plastic shakedown isachieved within this grain. Hence, the
boundary between infinite life and failure @rrespords to conditions of elastic shakedown at mesoscopic level. In this
setting, Dang Van proposes that an important variable controlling the fatigue processis the microscopic deviatoric
stresstensor, (t), which isgiven as:

s(t) =S(t)-p. €
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where S(t) is the deviatoric stresstensor at any timet, and p is the stabilized deviatoric residual stresstensor after
the state of shakedown was achieved. There is a number of well established techniques to determine p, spaceonly
preclude usto present any of them here but an interested reader shoud consult Dang Van et a. (1989), Araljo (2000) or
Bernasconi (2001). Ancther important variable governing the initiation of a crack is the hydrostatic presaure py, since a
pasitive py, will encourage crack opening. A simple fatigue criterion relating these variables was then proposed as:

7(t)+ mp,(t)-n=0, @)
where T(t)is
1) = 26,0 -5,,(0). 3

being s;,(t) and szp(t) the maximum and minimum principal microscopic deviatoric stresses at eech instant t.

The material constants m and n are evaluated by considering the fatigue limits in bending (oy) and torsion (t),
yielding:

n=rt, , @)
and
6r, —30
m= fl fl
20 )

Noticethat Eq. (1) leads to two interseding linesin the z versus p, plane (Fig.1). If thelocd stresscycle, plotted on
this plane stays within these lines the comporent is sfe, if it crosses one or both of the lines fail ure will result. The use

of Eq. (3) asaures that the loading path is always above the py axis. From the foregoing a aad nucledion risk fador
can be defined for the Dang Van criterion.
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Figure 1- 7 x py plane showing the torsion and bending load peths.
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The maximizationisto be caried ou ontime (t), and if DV is greaer than 1fatigue failureis expected to occur.
3. Experimental Results

To validate the analysis, experimental data published by Nowell (1989) will be mnsidered. A schematic diagram of
the experimental geometry is $own in Fig. 2. The main spedmenis a “dog’'s bore” tensile test piece held between two
movable jaws. This is clamped by two cylindricd pads sibjeded to a normal load per unit specimen width, P. The
specimen was then subjected to an oscillatory load gpsin(wt). This causes extension and contradion of the speamen. As



the pads are in contact with the specimen and are restrained by springs a cyclic tangentia fretting force, Qsin(wt), is
also developed. Five series of tests were carried out under this configuration. Within each data series the tests were
conducted so that the contact size, a, was varied while the peak contact pressure, py, was held constant. This was
possible because of the Hertzian nature of the experimental configuration, where the peak contact pressure, po, is
proportional to V(P/R) and the contact semi-with, a, is proportional to V(PR). Hence, it is possible to vary P and R
keeping their ratio constant. The advantage of conducting such tests is that it was possible to produce a data series
where the magnitude of the stress field was held constant on the surface but it varied in extent from test to test. The
fretting pads and specimens were made of Al4%Cu (HEL15-TF). In order to provide arange of contact sizes, eight pairs
of fretting pads were chosen with radii of curvature varying from 12.5 mm to 150 mm. An average of eight tests were
run within each data series keeping the sdient parameters p,, Q/P and gy constant. Table 1 summarizes the
characteristic contact parameters for the data series analyzed here while Table 2 records the average total life and
corresponding contact size and pad radius for each test condition. From Table 2 it is clear that within each data series
small contacts produced a life greater than 107 cycles, whereas larger contacts produced livesin the region of 10° to 10°
cycles. For Al series 2 data, the salient parameters gave rise to a condition of reverse dip. This requires a more complex
approach to raise the subsurface stress field; hence this data series will not be considered in this work.
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Figure 2 — Schematic configuration of the fretting fatigue tests.
4. Subsurface StressField

In order to apply the Dang Van criterion to the fretting problem it is first necessary to evaluate the gyclic stressfield
developed under the oontact in the experimental configuration. These quantities may be evaluated using a well-
established technique and only an overview will be presented here. The first step towards a solution for the subsurface
stressfield isto solve the mntad problem itself, i.e., to find the magnitude and distribution d the surfacetractions. The
shear tradions will not cause any disturbance in the Hertzian presare distribution if the contacting surfaces are
elagticdly similar. Thus, since the normal load is constant, the normal traction will also be independent of time. The
cyclic shea load on the other hand will give rise to history dependent tradions as described by Cattaneo (1938) and
Mindlin (1949). Once the normal and shea tradions have been found, the cyclic stressfield can be obtained at eah
load step by using Muskhelishvili’s patential theory (Muskhelishvili, 1953).

Table 1. Contact parameters for the experimental series analyzed.

Series No. po (MPa) 0, (MPa) QP Friction coefficient

1 157 93 0.45 0.75
3 143 93 0.45 0.75
4 143 77 0.45 0.75
5 120 62 0.45 0.75




Table 2 — Experimental fretting fatigue total life of Al4%Cu for ead theoretical contact size, a, and pad radius, R.

Al Series 1
Pad Radius, R (mm) 125 25 375 50 75 100 125 150
Contad size, a (mm) 0.10 0.19 0.28 0.38 0.57 0.76 0.95 1.14
Life (10° cycles) >10 >10 >10 1.29 0.67 0.85 0.73 0.67
Al Series3
Pad Radius, R (mm) 125 25 375 50 75 100 125 150
Contad size, a (mm) 0.09 0.18 0.27 0.36 0.54 0.72 0.9 1.08
Life (10° cycles) >10 >10 4.04 1.50 0.80 0.61 1.24 0.69
Al Series4
Pad Radius, R (mm) 125 25 50 75 100 125
Contad size, a (mm) 0.09 0.18 0.36 0.54 0.72 0.9
Life (10° cycles) >10 >10 1.2 142 0.61 1.24
Al Series5
Pad Radius, R (mm) 25 375 50 75 100 125 150
Contad size, a (mm) 0.14 0.21 0.28 0.42 0.57 0.71 0.85
Life (10° cycles) >10 >10 >10 >10 >10 157 1.23

5. Results

The Dang Van criterion is now used to asessthe aadk nucleaion risk for Nowell’s experiments with Al4%Cu.
Applicaion of the aiterion requires the knowledge of the fatigue limit in bending, oy, and torsion, z4.. The endurance
limit in bending for this aloy is reported to be 0qy=124 MPa (Nowell, 1988). Specific torsional data has not been found
for such material, however r; can be predicted approximately from the ratio zq/04, which is available in the literature for
a wide range of Aluminum alloys (Forrest, 1962, Sauer and Lemmon, 1949, Nishihara and Kawamoto, 1953, Mathaes,
1932, Ludwik, 1931,). These data reveds that the average value of /04 for wrought aluminum alloys is 0.55. This
yields 77,=68.2 M Pa.

The aadkingrisk DV was evaluated on and under the surface at spatial intervals Ax/a = Ay/a = 0.01. At each point
sixteen different load steps in the complete o/cle were examined. The analysis reveaded that the larger values of DV
were found on the surface. Fig. 3 depicts the variation of the parameter on the contad surfacefor Al series 1 data. This
plot shows that the maximum global value of the parameter, DV, IS reached on the surface @ x/a=-1. Thisis at the
trailing edge of the contad. Asthe parameter exceeds unity at this pasition high cycle fatigue failure is predicted.
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Figure 3 — Surface variation of the Dang Van crading risk parameter DV for Al series 1.

Perhaps a better way to visualize the gplication of the fatigue aiterionisto plot on the same graphic the history of
the local stress $ate and the crading risk line dividing the safe life and damage regions. Thisis depicted in Figs. 4 and
5. The aurves hown arefor Al series1 and 5 datarespectively. A summary of the application of the Dang VVan criterion
to all testswith Al is presented in Table 3. Thisrecords the maximum global value of the aackingrisk parameter DV yax
and its correspording location of occurrence on the surface (x/a)max, for ead data series. Notice that application of the



criterion for each different contact size within the same data series is not necessary once the magnitude of stressfield
does vary for tests under the same po.
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Figure 4. History of locd stress sate and Dang Van fatigue aiterion for Al series 1 data at (x,y)=(-1, 0).
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Figure 5. History of locd stress sate and Dang Van fatigue aiterionfor Al series’5 data & (x,y)=(-1, 0).

Values greder than one ae predicted for DV g in al the different series data sssessed. However, as previously
reported the experimental data show that for smaller contad sizes infinite lives were achieved while for larger contads
failure occurred. Here the reader should be reminded that smaller contacts present a more rapidly varying stressfield
than larger contacts if they are subjeded to the same pe&k pressure. On the other hand, the Dang Van's cradking risk
parameter assumes that fatigue damage is controlled by local microscopic stresses of superficia critically stressed
points, hence, the Dang Van criterion can not account for the presence of sharp stressgradients.

Table 3. Summary of the Dang Van cracking risk predictions for tests with Al4% Cu

Series DVmax x/a
1 2.90 -1.0
3 2.67 -1.0
4 2.44 -1.0
5 1.91 -1.0

6. Discussion And Conclusions

The analysis of the results previously presented reveds that the Dang Van criterion can not explain the pad size
effed in Nowell’ s experiments with Al4%Cu (Nowell, 1988) if the evaluation d the cracking risk parameter is based on
the microscopic loca stress state of single superficial severely stressed points. The reason for such phenomenon may be
associated with the stegper stress gradient present at smaller contads. As previously discussed, the tests carried out by
Nowell (1988) were designed so that the contad size ould be varied whilst the peak pressure was kept constant. This



esentialy means that the stressfield for smaller contads decline more rapidly than for larger ones thoughthey are
equal in magnitude on the surface A dired consequence of thisisthat a aack growing under smaller contads will be
less severely stresed as it moves away from the interface ad therefore it is likely that it will propagate slower than a
crack of the same size growing under a larger contact. On the other hand, the Dang Van mesoscopic criterion suggests
that the fatigue initiation process is a punctual phenomenon, which will start and be controlled by the level of
microscopic stresses at the most severely stressed pdnt of the component. The @orementioned results provide us with
strong evidences that thisis not the case when stee stressgradients are present. Therefore, a modification of the Dang
Van criterion or the development of a new multiaxia fatigue model which can incorporate such characteristic is of
fundamental importance. The authors intend to addressthisisaue in future work.
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