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Abstract

Fretting fatigue has been studied mainly with constant normal load. Abbasi and Majzoobi £#4(2017) suggest an new testing method where contact pressure can be independently varied during the test. The authors
compare the case of constant normal load, with that of in phase or 90° and 180° degrees out-of-phase loads, but at the same frequency. However, the results are not obvious to interpret, and it is hoped that a reply from the
authors and a discussion could lead to some progress. In particular, contact mechanics (and even the authors’ own numerical simulations) seem in contrast with some experiments. Also, the case of constant normal load is
found to be the Jeast damaging despite less frictional force is developed which seems to imply an oxidation phenomenon which depends on greater exposure to air, but the time of tests seems similar. If these surprising effects

are confirmed, this varying normal load effect calls for some new models in fretting. Or there is something wrong in the experiments?
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1 Introduction
Abbasi and Majzoobi [1] have recently presented some work related to the effect of out-of-phase loading on fretting fatigue response of Al7075-T6 under cyclic normal loading using a new testing apparatus. The vast majority of
fretting experiments assumes that the normal contact load is constant, because this is certainly considered to be simpler to realize in experiments and much simpler to analyze in terms of stress field induced. For a review of

experimental rigs, and of much of the progress and understanding, see the very good review of Nowell et atal. [2], where a series of references is collected. Many authors have recently concentrated on the “fatigue-“fatique aspect”

especially to capture the fracture mechanics size dependence on the contact area, which was recognized very neatly by the MIT group of Suresh in the so-called “eraek “crack analogue” (CA) model of fretting [3] which essentially avoids
all numerical calculations, simplifies the shear stress distribution due to the contact problem (which is correct anyway for large friction coefficient), and also defines a mode I and mode II SIF again simplifying the geometry as square
ended. However, similarly, many contributions from Oxford, Purdue and others (see again [2]) used essentially concepts of fatigue from notches and cracks perhaps using Hertzian pads in order to resolve the details of the stress field
(and also, as a side effect, solve alignments problems). The shape of the contacting bodies during tangential oscillatory loading was in the early times important in order to know the detailed solution of the stress field induced in the so
called Cattaneo problem, although this was later on shown a solution easily generalized to almost any geometry with the “Ciavarellafeeger~"Ciavarella-Jaeger” theorem [4]. The original CA model may seem quite arbitrary for geometries
which have no sharp corners, but the reason why this works is that Mode I stress field is constant (and is actually compressive, so it has no strict equivalent in standard Fatigue as it would simply close the crack), and that the
distribution of shear stresses is often at the highest loads very close to the singular distribution of the fully stuck flat punch. In fatigue, it is well known that notches behave “eraektike” “crack-like” if they are not too large and then like

“pblant-“blunt notches”, so that a unified approximate treatment reveals that it is the stress at a given “eritieal-“critical distance” ahead of the crack or notch which matters, and this eliminates many details [5-7].

However, another, perhaps even older school of thought, attributes to fretting damage a crucial role, and has studied fretting wear and fretting fatigue with “fretting-“fretting maps”, introduced by Vingsbo and Soderberg [8] in a
largely cited paper—diagrams-paper—diagrams showing regime boundaries representing critical values for the transition from one regime to another. They observed, also reviewing the literature about both fretting wear and fretting

fatigue, that

1. at low amplitudes of displacement, a “stiek"stick regime” is found with no crack formation. This is also partly in contrast with the classical Cattaneo-Mindlin-Ciavarella-Jaeger [4] picture for which slip should immediately initiate at the edges of

contact for arbitrarily small tangential force;
2. at higher amplitudes, a partial slip regime with an annular slip region appears, in which extensive crack formation is observed (crack lengths in metals are +6—46-10-40 microns. Strongly reduced fatigue life).

3. gross slip regime. Severe surface damage by wear, assisted by oxidation. Limited crack formation. Fretting wear rather than fretting fatigue. There is a competing mechanism of crack formation and crack removal due to wear, as observed for



example in rail-wheel rolling contact [9,10], and was proposed by Waterhouse [11].

4. reciprocating sliding regime Shding-(“Sliding wear”). Wear mechanisms and wear rates become similar to those of unidirectional sliding.

In the most famous map, see Fig. 1, it is seen that the most detrimental regime in terms of fatigue life is an intermediate range for fretting amplitude displacement of the order of 20 pm . This map has been later found to give

an erroneous finding [12], in that slip in the contact area show is not the same as the applied remote displacement, and the strong dependence of wear on fretting amplitude in gross sliding was questioned.
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Fig. 1 The well known fretting map introduced by Vingsbo and Soderberg [8] showing regime boundaries: in mixed stick-slip, prevalance of fretting-fatigue, in gross slip, prevalence of fretting wear.

Now, below this amplitude displacement of the order of 20 pm probably the frictional force is much smaller (in these experiments, the frictional force is a reaction to an imposed displacement) and therefore we could expect
that fretting life increases. At higher values, instead, life increases only when full slip occurs: but the correlation with the increase of the wear rate should be reconsidered in view of the Pearson & Shipway findings [12]. The beneficial
effect of wear is important for applications like turbine joints attachments, where in general conditions are closer to partial slip than to full slip regime, provided of course wear is tolerated and replacement of parts is done in regular

maintenance intervals.

More recently, Madge et al. [13] simulated cylinder on plane fretting fatigue conditions using FEM, taking into account wear (Archard law) and accumulation of fatigue damage with initiation parameters and Palmgren-Miner
damage rules, and similar approaches have been followed also in other works [14]. The argument that increasing fatigue life in the gross sliding regime is explained by combined action of ‘crack embryo wipe-out mechanism’ and
gradual increase in contact area alleviating overall fatigue load has been confirmed.

Hugq et al. [15,16] Hojjati-Talemi et at-al. [17] Xin et al.[18] examined the effect of cyclic normal load on fretting fatigue lifetime, and found that the presence of cyclic normal loading condition reduces fatigue lifetime drastically,
and this is confirmed by the paper under discussion [1]. However, it is unclear if this can be attributed to the decrease in crack initiation lifetime which is controlled by frictional and contact stresses. Depending on how the cyclic

normal load occurs, slip may occur or not occur, and perhaps [1] shows an interesting new feature, by changing the phase with respect to the tangential load. Hattori et al. [20] present simple fretting fatigue limit estimation method

based on the assumption that in the final stage of wear process the contact pressure distributions near contact edges converge to a uniform distribution.

The scope of the present discussion is to raise three points, listed in the abstract, hoping that some of them could be also answered by the authors of [1]:-

(1) when load is varied in phase with the axial stresses in the specimen, contact mechanics [21] and even the authors own simulations would predict that no slip should be obtained, whereas apparently larger slip is found with respect to the

constant normal load. How can this be explained?

(2) that the case of constant normal load is found to be the least damaging despite less frictional force is developed (the zfaH-“full sliding limit” is also time-varying so we don’t reach the maximum normal load in phase) is also curious. It has been
found in another paper by the same authors, just accepted [22] that frequency of normal load has a dramatic influence, and at large frequencies the effect disappears. However, the experiments were conducted using the same far field axial load

frequency of +8Hz-10 Hz. So the time of the test is mainly given by the number of cycles of the axial load, and the frequency of normal load does not seem to change the total exposure time.

(3) this varying normal load effect calls for some new models in fretting, as we briefly review. Indeed, Zeraek “crack and notch” analogues which do not consider the tribological effects of wear, and the more recent models which either consider

wear only as a change of the contact geometry, or attempt also to find the damage in the material with initiation models while geometry is changing due to wear - not a real competing effects of cracks initiated and removed.

2 Contact mechanics under varying normal load



As [1] makes use of independent control of the normal force P closing the contact, and the axial stress in the specimen o, (which in turn is resisted by tangential forces Q in bridge pad specimen), we can imagine this

corresponds to a prescribed loading cycle involving normal tangential and bulk stress. The most general form will be
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where P> 0 at all times since otherwise we lose contact, and F{# are periodic functions. Subscripts “a*-“a” refer to amplitude of the respective component of stress or load, and “m*“m” refers to the mean values. One case of

interest is when the periodic functions are all in phase, and in particular we can consider an harmonic variation. This leads in the plane P,Q to a simple line (we consider here a pulsating” load Q, = Q, and o, = 03, , as

indicated in Fig. 2).
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Fig. 2 Pulsating (in phase) loading cycle after an initial state of pure normal loading, in the example £, =2,0,= Q,= P,=1 (arbitrary units). The inclination Q./P, of the line is less than friction coefficient (with bulk stress, a more precise condition can be

written). In fact, the authors of [1] consider a load ratio R=0 so that Q,=P,=0p,=0.

As the case of constant normal load does not lead to full sliding, for the same imposed maximum bulk stress there is no reason to think that there will be full sliding under in-phase loading, and hence the line is inclined less

than friction coefficient. Assuming full stick implies that (see also [21]), the shear traction distribution g¢(x) will be
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This implies obviously that if % and ’;i; are constant, and if as in our in-phase loading case, then integrating the equation above leads to bounded solutions: the term involving the tangential load is exactly proportional to the

@)

increase of the pressure distribution in any finite interval, and this leads, for

to a full stick solution, where fis friction coefficient. This is confirmed by Fig. 20 of [1] which shows, presumably, numerical solution of the problem, where the case of proportional in phase loading finds negligible slip.
However, this seems in contrast with Fig. 18 where optical microscopy pictures of contact region seem to indicate more important wear scars and more extensive slip zones for this case, rather than the case of normal load. This raise

the first question, which hopefully could be answered by the authors of [1]. How this can be explained?

3 Fatigue life

Despite in theory the case of constant normal load has small slip areas, this is found to be the Jeast damaging in experiments as in Fig. 15 of [1], while the in-phase loading is found to be the most damaging. The authors appeal
to the Vingsbo & Soderberg map but their findings are instead quite in contrast with the classical maps; they also point to a possible effect of air exposure in the case of varying contact area, but it is hard to believe this could have

such a profound influence, or anyway it is not clear why this effect should disappear when frequency of normal load alone (and not of bulk stresses) is increased as in [22].

When loads are out-of-phase, the “f##-“full sliding limit” is also time-varying and in particular when axial stress is at its maximum, normal force is not, so that the tangential force we can develop will be much smaller than the

case of constant normal force (which in turn should be the same of the in-phase loading). It is a pity we don’t have actual measurements of the frictional force, which would also shed some #gth-light about the possible increase of



friction coefficient, which may depend on the loading regime.

With less frictional force, it is not surprising that life is greater than for proportional loading, especially as we probably enter in a regime of higher wear rate (again, it would be nice to have estimates with respect to Vingsbo &

Soderberg maps, or, much better, the modern ones with accurate measurements of local displacements), but why should life be shorter than in the case of constant normal load — we have both smaller friction force, and greater wear!

A tentative explanation advanced by the same authors in a recent paper which we discovered in press [22] is that the normal load frequency of the cyclic load was found to be a crucial factor. In [22], the experiments were

limited to in-phase loading, and for a frequency of f=1 Hz, fatigue life decreased by 52% in the high cycle fatigue regime whereas of 28% in the low cycle fatigue regime (see Fig. 3). However, for frequency of 86-Hz-80 Hz, the fretting

fatigue life converged to its corresponding life under constant normal load condition. In other words, in Fig. 3 fatigue curves move to the sigth-right when normal load frequency is increased.
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Fig. 3 Adapted from [22] S-N fatigue curves obtained for (in phase) loading, but different normal load frequency, while far field stress $= ¢, (and hence tangential) loading is at 10 Hz.

After examination with optical and scanning electron microscopy (SEM) of the fracture surface and the fretting area of the specimens, it was concluded that wider slip regions result compared to constant normal loading,

severe delamination, and higher oxidation rate due to the normal load release at each cycle.

We cannot easily apply contact mechanics argument to the case of different frequency between normal load and the other loads, However, fatigue life is greatly reduced even for frequency of +6Hz-10 Hz, which is the frequency

of the far field axial load (the case reported in [1]), for which we have made the discussion earlier, with apparently solid contact mechanics arguments, which do not depend much on geometry and therefore should not be invalidated by

possible progress of wear either. Our enigma remains as to why slip areas should increase, and why slip should occur at all!

In the more general frequency case, the frequency of normal load does not seem to change the total exposure time much, so although we cannot apply our simple contact mechanics arguments to the general case of different
frequencies, it is a mistery-mystery what happens at the interface. What is missing, chemistry of wear, or perhaps the change of friction coefficient? Or there is something wrong eeewring-occurring in the testing rig? These experiments do

not permit clarification.

One possibility to perhaps interpret the findings is that the condition for full sliding was really overpassed, and it would be interesting to get an answer from the authors on this. Clearly, this would complicate the interpretation
of the problem significantly, since the cycle of stress at each individual point depends not only on loads, but also on absolute values of imposed displacements. Already for a single DOF, the possible regimes of stick slip are quite
complicated [25,26]. Further, wear may change the geometry and this can be taken into account with simplicity only in simple problems [27]. More complicated friction laws can give rise to complex non-linear dynamic effects [28]. The

role of a different static and dynamic friction coefficient also induces an energetic interpretation of friction [29,30]. Finally, if loading is not imposed along the interface, tilting effects may be important [31].

4 Conclusions

This investigation [1] has the merit to have introduced finally a change of normal load in fretting experiments with the clever idea to change the phase between normal and tangential (and far field) loads. For perhaps too long
time tests have been conducted, for simplicity, under constant normal load. A large literature exists on very detailed investigations of stress field induced by the contact, and in principle recently investigations of the contact mechanics
under varying normal load has made progress [21,23,24]. However, although very simple accounts of stress concentration have had significant success [3-7] under constant normal load, the fretting fatigue experiments of [1] are not
easy to explain. The growth of friction coefficient during cycling has remained very empirical and since it is well known to possibly increase largely, we do not know in details if this changes with changing normal load. The interplay of

fretting fatigue and wear has been explored tentatively only recently with quite elaborate models, but largely remains unexplored under varying normal loads. Hence, the investigation [1] has the merit to pose new interesting



questions. But until some clarification occurs on these effects, it is very strange that slip occurred under proportional loading at all, and it would seem contact mechanics is completely unable to explain this basic point, which then is

responsible for all the conclusions.
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Highlights

¢ Fretting fatigue has been studied mainly with constant normal load.
¢ Abbasi and Majzoobi ##+(2017) have in phase or out-of-phase varying normal load at the same frequency.

* Contact mechanics and numerical simulations seem at odd with the findings.

¢ If experiments are confirmed, varying normal load effect calls for some new models in fretting.
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