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(ABSTRACT) 

A fundamental study was conducted to analyze the friction and degradation mechanisms of thin 

rubber coatings used as fretting corrosion inhibitors. Two elastomers, polyurethane and styrene

ethylene .. butylene (SEBS), were investigated. The mechanisms of wear were studied by analyzing 

wear scars with optical microscopy. Friction mechanisms were investigated using friction force

displacement hysteresis loops and friction force variation with test frequency, fretting amplitude and 

fIlm thickness. Lastly, coating life variation with these three parameters was studied and explained 

through a simplified fatigue mechanics approach. 
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Introduction 

Fretting is a mechanism of wear that occurs when two contacting surfaces are submitted to 

small amplitude vibration. It can have dramatic consequences, since it develops surface cracks 

whose propagation leads to catastrophic failure. Therefore, several attempts have been made to 

mitigate this little understood type of surface degradation. Among them, one of the most promising . 

is the use of protective polymeric coatings, because of their effectiveness, relatively low cost, and 

simple deposition procedures. 

The study and development of such protective filins has been a great concern for the Tribology 

Laboratory of Virginia Polytechnic Institute and State University for the past few years. Several 

polymers (polystyrene, polyvinyl chloride, polyamide, polymethylmethacrylate ... ) have been used 

and some of them have shown very promising results concerning the mitigation of fretting. Since 

no elastomeric materials had been studied so far, the logical development of the previous project 

was to concentrate on the use of rubber coatings as fretting corrosion inhibitors. 

Several other factors have motivated this special interest in elastomeric protective filins: 

-Elastomeric coatings are known to have high damping characteristics, since they dissipate impact 

or vibrations energy through viscoelastic loss. As fretting is characterized by small amplitude vi

bration, it was natural to develop rubber coatings to prevent this particular wear phenomenon. 
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-Rubber can often deform to very high strains (several hundred percent) before failure occurs. It 

could therefore be expected that the amplitude of fretting oscillations would be accommodated in 

the coating without leading to its degradation, as it is the case for brittle polymers . 

• Lastly, the study of many polymeric coatings has often led to unexpected results, since a suppos

edly good protective fUm deposited with the most sophisticated surface treatment can be broken 

through after a few seconds. Therefore, although rubber coatings are seldom used to mitigate wear, 

it was interesting to study some of them in the very particular conditions of fretting. 

Therefore, the present work has concentrated on the friction and degradation mechanisms under 

fretting conditions of two elastomeric coatings. The investigated elastomers were two copolymers, 

segmented estane polyurethane and styrene-ethylene-Butylene (SEBS), whose characteristics will 

be presented later. These rubbers were chosen because they are common, cheap, and uncrosslinked 

materials and, therefore, can be dissolved and deposited as thin protective fUms. Above all, they 

possess interesting damping and deformation characteristics and are thus expected to inhibit fretting 

according to the mechanis~s mentioned above. 

The research work presented in this thesis had four main objectives: 

-To study the effectiveness of rubber coatings as fretting wear inhibitors. This part of the work 

was based on the analysis of the coating life, defmed by the number of fretting cycles run when 

metallic contact frrst occurs (i.e., film failure), as a function of the amplitude of oscillation, fllm 

thickness and test frequency. 

-To investigate the degradation mechanisms, through the analysis of wear scar evolution along a 

film life, under various conditions of amplitude, ftlm thickness and frequency . 

.. To study friction mechanisms, through the analysis of friction coefficient and friction force

displacement response as a function of the number of cycles run, film thickness, and vibration 

amplitude and frequency. 
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• To attempt to develop a wear mode1 t based on the experimental observations mentioned above 

and on theoretical works presented in the literature review. 
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I. Literature Review 

In this chapter, fretting and its palliatives are first reviewed. Then, general infonnation about 

thin protective fUms is presented. Lastly, several important observations concerning the friction and 

degradation of rubber are discussed. 

A. Fretting: Mechallisms and Prillciple of Mitigatioll 

Though discovered a long time ago, as early as 1911, fretting has been recognized as a major 

type of wear only in recent years, when it was admitted that it was responsible for most of surface 

cracks in several engineering systems subjected to vibration (1). 

Since then, both fretting mechanisms and its palliatives have been thoroughly investigated. 

However, being a very particular type of wear since it involves alternative sliding leading to re

tention of wear debris, the phenomenon is still far from being fully understood. As a consequence, 
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solutions proposed to mitigate its disastrous effects seldom result from logical theoretical reasoning, 

but more often from experimental comparative tests. 

Nevertheless, the literature is rich enough and provides enough information to base any research 

on the subject on a solid background. 

1. Fretting Mechallisms 

Fretting is usually dermed as a wear phenomenon occurring at the interface of two contacting 

surfaces subjected to small amplitude oscillations. 

The first source of controversy in the investigation of fretting is the notion of "small amplitude 

oscillations". Campbell (1) states that 8.10- 1 centimeters is a sufficient relative motion to induce 

fretting degradation. Therefore, it seems that any amplitude different from zero can initiate the 

mechanism. 

On the other hand, the upper amplitude limit corresponding to the transition between fretting 

and alternative sliding wear is much more difficult to derme, since the particular mechanisms ac

companying fretting --trapping of wear debris and formation of a powder of crushed particles (2)-

can also occur in unidirectional sliding wear. Gordelier (3) proposes 150 microns as an upper am

plitude limit, but does not justify this assertion. 

Since most of engineering swf'aces degraded under fretting conditions are metallic, almost all the 

fundamental studies on the phenomenon have concentrated on metallic contacts. Therefore, the 

results presented below are to be considered with caution when one wants to apply them to ceramic 

or polymer surfaces SUbjected to fretting conditions. 

Three basic stages are supposed to occur during fretting (2): 

I. Literature Review 5 



The Initial Stage 

When two metallic surfaces are brought into contact, they are initially protected by oxide layers. 

It is believed that during the fIrst fretting cycles, those layers are dispersed, leading to the fonnation 

of the first wear debris. Adhesion and plastic deformation of Hfresh H metallic asperities follow, 

leading to transfer of particles and strain hardening of contacting asperities. Wear debris is then 

separated from the very brittle strain hardened zones, or created by the detachment of the trans

ferred particles. 

The generation of wear particles can lead to surface crack initiation in the degraded zones. If 

the material is then subjected to cyclic stresses, these cracks will propagate up to catastrophic fail

ure. This latter phenomenon is usually referred to as fretting fatigue. These surface cracks are also 

likely to get initiated without marked wear in the contact. For this reason, Gordelier (33) and 

others propose to establish a clear distinction between fretting wear and fretting fatigue. 

Debris Transformation 

Once the debris has been generated, it usually remains trapped in the contact zone, and gets 

crushed under the action of other debris and surface asperities. This mechanism leads to the for

mation of a characteristic powder of metallic oxide, that is either trapped in the contact or ejected 

outside of it, depending on a speed of ejection which in turn depends on the contact geometry and 

on the frequency and amplitude of the oscillations. 

lrhe Steady State 

This stage is reached when the following sequence of events is continuously occurring: 

separation-transfonnation-ejection of wear debris. In some cases, when the bed of oxide powder 

is covering the whole contact, wear of the surfaces is almost totally inhibited (4). The leading pa

rameter of the steady state is therefore the speed of ejection of the wear particles (powder and "newH 

debris). 

I. Literature Review 6 



These basic observations are generally considered to be characteristic of fretting mechanisms. 

However, it is still not known which mechanical and chemical properties of the materials and! or 

external parameters are the most influential in a fretting degradation. 

Even a characteristic phenomenon, like the presence of oxidized debris in the contact, is sub

jected to several interpretations (2). Waterhouse suggests that fretting consists of a continuous se

quence of events: dispersion of surface oxide layer, generation of "fresh" metallic surfaces, oxidation 

of these surfaces. Therefore, the wear debris always consists of oxide particles. 

On the other hand, recent works (4) propose a totally different mechanism: very thin powder 

particles, created by crushing of wear debris in the contact, are very likely to get oxidized because 

of their very high specific surface. Therefore, oxidation would only be a minor event in the fretting 

process, whose inhibition would not be of any benefit. 

The previous short review illustrates the complexity of the mechanisms. The presence of a third 

body --the mixture of debris and powder-- in the contact is one of the reasons why fretting greatly 

differs from other types of wear. One can therefore understand why palliatives for fretting are 

themselves seldom developed though deeply investigated. 

2. Principles of Fretting Mitigatioll 

Leading to wear and cracking of surfaces, fretting in most cases has to be inhibited. The fust 

solutions to investigate are based on the possible elimination or inhibition of vibration or of contact 

between surfaces, since these two conditions are necessary to induce fretting (3). Since these pri

mary solutions are usually either costly or impossible to apply, several ways to protect contacting 

vibrating surfaces have been investigated. 

Gordelier (3) reviews them, and once again establishes a distinction between fretting wear, when 

debris generation has to be avoided, and fretting fatigue, when crack initiation is the problem 
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number one. In the past, greases and liquid lubricants have been used in order to reduce friction 

and contact at the fretted interface. Unfortunately, they were after a while ejected out of the con

tact, under the fretting vibration. 

Therefore, new principles of fretting mitigation have been investigated. Two types of solution 

have been found: surface treatment and coating deposition. 

a. Surface Treatments 

Chemical treatments (phosphating, sulphidizing, nitrading, ... ) or mechanical treatments (shot 

peening, cold rolling ... ) can be applied to reduce fretting damage (3). 

Some of them, like nitrading, induce a hard layer at the. fretted surface. They are supposed to 

!Vear immediately and therefore to generate a protective third body (bed of powder) that will inhibit 

both crack deepening and further surface wear. According to Godet (4), the materialllsacrifices" its 

surface to preserve its volume. 

Other treatments like shot peening or sulphidizing are supposed to induce compressive surface 

stresses that will oppose crack initiation and propagation and wear debris generation (3). 

b. Protective Coatings 

Both metallic and non· metallic coatings are used to prevent fretting. Two distinct groups, hard 

and soft coatings, are used. Hard ones are supposed in some cases to reduce friction, and therefore 

surface stresses, or to be resistant enough to accommodate fretting oscillations, or also to behave 

like nitrided layers, presented before. 
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Soft coatings are also expected in some cases to reduce friction, and in other cases to accom

modate or absorb the differential movement between the surfaces. Non-metallic coatings, mostly 

polymeric ones, have also been proven to be very useful in the prevention of fretting (5, 6). Their 

inhibition mechanisms appear to be more complex than the ones of solid lubricants, since they not 

only reduce friction and of course contact between the surfaces, but they also appear to absorb 

relative motion, like soft metal coatings. 

In the past years, Furey et al.{ 5) and Bill (6) have investigated and deVeloped such thin 

polymeric coatings, which appear in some cases to be more wear resistant than metallic ones. 

Most of the time, the protection of two surfaces subjected to fretting consists of the transfer of 

the small amplitUde vibration to protective surface layers that will be HsacrificedH to protect the bulk. 

Since in many situations, the protective coating or surface layer will also be worn under fretting 

conditions, the search for a. solution becomes the search for the material that will last the longest 

without inducing new complications in the contact. 

3. Conclusion 

Generated under small amplitude vibration, fretting is likely to occur in many engineering 

structures. The constantly growing number of publications referring to its mechanisms and the 

possible palliatives for its effects illustrates perfectly the fact that fretting appears more and more to 

be responsible for the initiation of many structure degradations. 

It is all the more so difficult to prevent fretting that this phenomenon can occur under very 

1ight# mechanical conditions (small amplitude, load, frequency and contact) and however lead to 

dramatic surface degradation. At the same time, it is usually very difficult or expensive to reduce 

vibration or contact in a structure. Therefore, the need for a simple and cheap solution for fretting 

problems is necessary. The use of polymeric protective coatings could be one of them. 
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B. Thin Protective Elastol1leric Fil,IIS 

Polymeric coatings on metallic surfaces are usually used as protective ftIms or lubricants (7). 

Easy to deposit, cheap, of low density, they get more and more effective as Polymer Sciences are 

constantly developing. They have others advantages over metallic coatings, since they can add 

corrosion protection or electrical resistivity to the surface (7). 

Rubber coatings are mostly used for their damping propertiest in cases where no frictional forces 

are involved. Therefore, only a very few references dealing with the tribological behavior of thin 

rubber coatings have been found. As a consequence, the only way to get a complete background 

in this research work was to study separately the tribological mechanisms of rubber and the fric~ 

tional and mechanical behavior of thin protective coatings. 

1. Mechanical and Trihological Aspects of Thill Films 

Several aspects have to be considered when one wants to get infonnation about the mechanical 

behavior of thin films, especially under frictional conditions: whether the material is dcfonned 

plastically or elastically, and whether the substrate and the ftIm are of same mechanical properties 

or not, whether the coating is bonded or not to the substrate. 

In this section, the stress distribution in thin coatings which are perfectly bonded to the 

substrate is fast considered. The problem of fUm delamination at the substrate interface, directly 

related to the possible initiation· and propagation of a crack at this interface is then presented. 

Thirdly, the consequences of plastic deformation on the mechanics of the filin is introduced. Lastly, 

general results about thin polymeric coatings conclude this review. 
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a. Stress Distribution in Thin Coatings 

All the works giving stress distributions in a coating consider a perfectly elastic material, per-

fectly bonded (i.e., HinfmiteH coefficient of friction at the interface filin-substrate) to a rigid substrate. 

Befo~ considering the dynamic case, when a tangential force is applied to the surface, the static 

situation, when an indenter is loaded on a filin, has to be investigated. 

ale Static Situation 

The following studies deal with the indentation by a rigid sphere of an elastic plane bounded 

to a rigid substrate. 

If ro is the contact area radius calculated through Hertz theory and r the real contact area radius, 

it has been proven that r=ro as long as ro is less than the ftIm thickness h (8,9). When ro>h, r is 

smaller than ro Ihara (8) has presented a relation for r as a function of ro and h (equation 1). 

(1) 

Matthewson (9) has studied the same problem for large values of ro/h when the Poisson coef

ficient v is equal to 0.5. When fo> 20 h (i.e., when the film is very thin), he found that r ;E 0.4 

Lastly, Briscoe (10) confirmed that the area A, of a rigid sphere-thin ftlm contact CQJl be given 

by: 
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where R is the sphere radius, W the norma1load and K an elastic constant dependent on the elastic 

properties of the sphere and the filin. 

Another important parameter in the static situation is the depth of penetration d of the indenter. 

The Hertz solution is given by equation 3. 

(3) 

For large values of fo/h, Ihara (8) found that d is given by equation 4. 

(:~) = O.73( ~ )2 (4) 

Matthewson has developed an important stress analysis for rubber coatings used as anti-impact 

~s (11). Still dealing with a static situation, those works cannot be applied directly to a fretting 

problem, but give interesting information about stresses induced in the filin by the normal com-

ponent of the surface loading. 

Concentrating on the radial stress oyat the f.t1m-substrate interface, which is maximum at the 

edge of the contact zone, Matthewson found that it becomes compressive for Poisson's coefficient 

v greater than 0.4; thus, the possibility of crack initiation at the interface is avoided. This 

compressive stress is maximum when v = 0.5 (Le., when the film is elastomeric). The same radial 

stress will also get compressive for large values of r/h. 

Therefore, in the case of perfect adhesion of the coating, use of a very thin rubbery ftlm is ad

vised to prevent radial crack initiation at the interface. The conditions required to reduce tensile 

stresses across the whole film thickness will also be the same, according to the variation of stress 

versus depth given by Ihara (8) or Barovitch (12). 

In another work mentioned earlier, Matthewson studied the variation of the shear stress to at 

the coating-substrate interface as a function of v and filin thickness h (9). He found that to is 
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maximum for v = 0.5 and for very thin filins, and occurs on a circle of radius ra ~ 0.7 r (figure 1). 

The interpretation for the variation of to with v is based on the following: as indentation occurs, 

material has to be removed from beneath the indenter, which can be achieved by radial displace

ment or by compression of the material. When v = 0.5, compression cannot occur. Thus, radial 

displacement is greater and so is to' 

Therefore, when the conditions of crack inhibition are satisfied (v= 0.5 and h small), there is a 

great risk of coating debonding, which also has to be avoided (see next chapter). Thus, this com

petition between crack inhibition and debonding will have to be taken into account in any coating 

design problem. 

Lastly, Ihara (8), studying the distribution of to across the fUm thickness, has shown that for 

high values of h, to max occurs in the depth of the coating, therefore leading to the possible initi

ation of a well known subsurface crack. As h diminishes, to max moves closer to the fUm surface. 

a2. Dynamic Situation 

The case in which a thin coating is subjected to tangential surface stresses is now reviewed. 

Barovitch (13) presented in the 1960's the fIrst results about the stress response of a thin strip 

bonded to a substrate of different elastic properties, subjected to tangential loading. 

In 1972, Gupta (14) observed that the maximum flexural tensile stress at the layer-substrate 

interface, corresponding to the previous radial stress cry, is increased when a frictional force is ap

plied on the layer surface. 1bis maximum will occur close to the trailing edge of the contact zone. 

DefIDing an elastic ratio y as the ratio of layer modulus to substrate modulus, he gave the variation 

of cry as a function of y and film thickness h. An interesting result is that cry, responsible for crack 

initiation, is smaller for a softer substrate (smaller y). Then, if the filin is soft, cry is smaller for 

thinner filins (h smaller). These results are illustrated on figure 2. 

Ku (12) also compared stress distribution for different values ofh and y. Studying the variation 

of to across the film thickness, he found that to increases for lower y (i.e., softer films). Those 
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results were given for cases where both Poisson's ratios were equal to 0.3. In the same work, it 

was also shown that 'to was linearly decreasing with depth in the coating: in the publication of Ku, 

the maximum shear stress occurs at the film surface, which is not always the case according to an .. 

other study (8). Lastly, Ku demonstrated that for thicker fUms, 'to at the fUm-substrate interface 

was smaller. 

In 1978, Briscoe reviewed works about shear properties of thin films (10). He showed that 

surface shear strength 'ty, given by equation 5: 

't =L 
Y A r 

(5) 

where F is the friction force and Ar the contact area, is either approximately equal to the bulk 

material shear strength, if the polymer chains are unoriented, or a factor of between ten and one 

hundred less than the bulk shear strength, if the chains are oriented. 

More recently, Comninou (15, 16) studied the occurrence of slip at a coating-substrate interface 

as a function of tangential stress at the surface, friction at the interface, and film thickness. She 

limited her study to the case in which layer and substrate are of the same material. Therefore, her 

results cannot be applied directly to analyze a rubber-steel interface. However, they give infor-

mation about the essential parameters of such stress distributions. 

U sing the Flamant solution, Comninou gives 'to at the interface, as a function of the friction 

force F, of the thickness h and of x, horizontal distance to the friction zone (equation 6). 

(6) 

This simple fonnula confirms that 'to increases with F, increases when h gets lower, and in

creases when the zone considered gets closer to the area where friction is applied (Le., when x gets 

smaller). 
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In 1986, Ihara (8) studied the variation of radial tensile stress and shear stress as a function of 

friction coefficient f and f11m thickness h, when v = 0.5. As f is increased, the maximum shear stress 

'to max moves closer. to the surface and to the trailing edge of the loaded area, particularly for small 

thicknesses. For small values of h and large values of f, the maximum horizontal stress (1y, which 

is always on the surface, becomes tensile, and occurs just beyond the trailing edge, therefore leading 

to possible crack initiation. 

Lastly, Barquins (31, 32), focusing on strain distribution in a thick rubber f11m over which a hard 

sphere is slid, showed that the tangential strain in the sliding direction, observed at the surface, was 

greatly dependent on the slider speed, and noticeably increased with it. 

Conclusion 

It is not obvious to get a global understanding of stress distribution in protective coatings on 

the basis of the previous studies, since each of them deals with particular· mechanical conditions 

(Poisson's ratio, relative modulus, friction distribution ... ). 

For example, Gupta (14), in the case of a soft film, found that (1y at layer-substrate interface is 

smaller for smaller thicknesses. On the other hand, Ihara (8), observed that (1y at the surface gets 

tensile, and therefore higher, for smaller thicknesses. Since their materials' mechanical properties 

and boundary conditions were different, it is impossible to conclude whether these results are con

tradictory or not. 

However, these works are very useful, since they emphasize the fact that such parameters as f11m 

thickness, friction coefficient, coating's mechanical properties are fundamental f11m design parame

ters. 

I. Literature Review 17 



b. lVlechanics of Interface Delamination 

The previous review has illustrated the fact that one of the possible modes of degradation of a 

coating is ftIm delamination (i.e., debonding), since the interfacial shear stress can reach very high 

values when a tangential force is applied to the coating surface, especially when this one is thin and 

elastomeric (v= 0.5). Therefore, breaking of adhesive bonds at the interface is able to occur, which 

will lead to a totally different mechanical system. 

Comninou (15, 16), as mentioned earlier, has studied the occurrence of delamination through 

a simple modelization. Bonding at the interface is assimilated to a particular case of static friction 

of a given coefficient fo. Then, debonding is said to happen when relative sliding between the ftlm 

and the substrate occurs, which happens when 'to = foax1 where ax is the normal stress at the ftlm· 

substrate interface. 

Considering that the ftlm is subjected to an uniform pressure Po at its surface, Comninou gives 

the critical value 'tc of the parameter F/(Po.h), corresponding to the occurrence of fust slip, as a 

function of fo • As expected, 'tc increases with fo. For high friction at the surface and small thickness, 

the ftIm will easily delaminate. If F/(Po.h) gets higher than this critical value, the slip zone will 

deVelop apart from its starting point. 

The propagation of this slip zone, corresponding to an extension of the delamination zone, can 

be assimilated to a crack propagation in mode 2, similar to the mechanism proposed by Suh for 

metallic wear. Therefore, it is possible to use works dealing with subsurface crack propagation, 

recalling that their results cannot be directly applied to the case of a soft layer on a rigid substrate, 

since they consider a crack in a bulk material. 

Rosenfield (17) studied the variation of the mode 2 stress intensity factor KII as a function of 

crack length and location, and of friction coefficient at the crack interface. He found that KII is 

lowered by a higher friction between the crack faces, and also lowered by an extension of the crack. 

U sing the usual crack propagation relation : 
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(7) 

where c is the crack half-length, N the number of cycles, m an empirical parameter and i.l.K the 

difference between the m~um and the minimum mode 2 stress intensity factors, Hills (18) ob

served that experimental crack growth rates (dc/dN) are larger than theoretical ones, because when 

the crack is behind the slider, it propagates in both mode 1 and mode 2, therefore accelerating the 

process. 

Hills observed also that the other reason why crack propagation is higher than expected is that 

fretting degradation can occur at the crack interface, and thus could also happen at any coating

substrate interface, whenever delamination has happened. 

Ihara, in the publication mentioned earlier (8), has also considered the situation where the fric

tion at the film-substrate interface is equal to zero, in the case where the f.t.1m is clamped at one of 

its ends. This could correspond to the situation of a f.t.1m where delamination has occurred only 

over a small zone. In this situation, the values of maximum shear stress 'to max and maximum 

tensile stress cry are much higher than in the case where the film is bonded to the substrate. 

Lastly, Marshall (19) and Evans (20) have focused on residual stresses induced in coatings by the 

deposition process. When additional stresses are provided to the f.t.1m through an indentation 

process, buckling of the coating can occur. This results in a rapid increase of interface cracking, 

because of stress intensification at the tips of the crack due to buckling. 

Conclusion 

Film delamination is very likely to occur in any deposited coating. The ways to prevent it are 

quite obvious, since they consist of reducing friction at the f.t.1m surface, of increasing the fIlm 

thickness or increasing the friction at the layer-substrate interface (Le., increasing interface adhe

sion). 

Once delamination has occurred in one place of the fIlm, it seems difficult to avoid its propa-

gation, since stress intensification develops at the crack tips and shear and tensile stresses increase 
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in the coating. Combining this analysis and the previous one, it is possible to predict that delami

nation will preferably occur, during friction, near the trailing edge of the contact zone (where 

stresses are maximum). 

c. Elastoplastic Deformation under Normal and Tangential Loading 

The consideration of plastic deformation is actually more realistic than the use of the well 

known elastic solutions, but it adds much more complexity to any problem treatment. The previ

ous review has emphasized the fact that the particular case of a thin ftIm deposited on a substrate 

is already very difficult to study with the laws of elasticity. Therefore, the plastic deformation of a 

thin coating under tribological conditions has not been treated yet. The only way to get valuable 

information about it is to study the plastic deformation of a bulk material subjected to tangential 

loading, and then relate it to what is known about thin films. 

Considering first the static situation (normal loading), Johnson (21) presents general character

istics of plastic indentation. If Pm is the mean contact pressure and Y the yield strength, ftrst yield 

occurs when Pm = Y. Then, for Y < Pm < 3Y I the plastic flow is contained by elastic zone. The 

deformation is of radial expansion. It corresponds to the elasto-plastic stage. Lastly, for Pm> 3Y, 

the plastic zone lying beneath the contact area breaks out to the surface: plastic flow is uncontained, 

and the fully plastic stage is reached. Plastic flow results in pressure distribution flattening and 

transition from radial tension to circumferential tension, therefore leading to radial crack initiation, 

different from usual ring cracks. 

Another problem of interest, unloading of a plastic indentation, has been treated by Johnson 

(21) and Francis (22). It appears that during unloading, normal stress is relieved, but radial ex

pansion remains permanent. Therefore, the contact radius measurable after elastic recovery corre

sponds approximately to the contact radius under indentation. 
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Nagaraj (23) completed the previous results by considering tangential loading at the interface 

of an elastic-plastic type of material (linear strain hardening behavior). Tangential displacements 

at the surface were found to induce high combined stresses on it, that make the material yield more 

readily. Even small relative displacements lead also to an important extension of the plastic zone, 

while not affecting the pressure distribution. Under these conditions, the normal compliance (1 I 

stiffness) is lower than under static and elastic conditions. Thus, plastic deformation of the material 

under small tangential displacements induces an increase in normal stiffness. 

Conclusion 

The previous results emphasize some non negligible effects of plastic deformation on a material 

subjected to normal or tangential loading. For example, the unloading behavior of a plastically 

indented material can be directly used to study the real contact area under loading conditions. 

However, one will have to be very cautious to apply these results to the case of thin filins under 

the special conditions of fr~tting, because of the particular characteristics of this situation. 

d. General Information about Thin Polymeric Coatings 

Reviewing the requirements for protective coatings, Kramer (24) insisted on the importance of 

substrate-layer adhesion, since interfacial failure (Le., delamination) is often responsible for thin fUm 

degradation. 

One of the most common ways to increase interfacial adhesion is to roughen the substrate 

surface. Ludema (7) sees in rubbing a block of polymer against the substrate the best way to 

produce strong bonds. Investigating the mitigation of sliding wear, Kramer (24) states that soft 

coatings are interesting surface degradation inhibitors, since they can accommodate high deforma

tion and are seldom subjected to brittle crack initiation. However, such coatings are very poor 
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abrasive wear resistant materials, and therefore it is imperative to avoid abrasive particles in the 

contact. 

Considering the friction coefficient f of a thin ftlm-hard sphere contact, Briscoe (25, 10) pro

posed a simple relation for f (equation 8): 

f=...!..+a. p (8) 

where P is the mean contact pressure and where 't and a. are empirical parameters. Depending on 

the considered polymer, 't is either independent of temperature or increases when it decreases, while 

a. is independent of temperature. 

Sliding velocity also influences 't and a.. When velocity is increased, a is reduced, which is ex-

plained by a reduction of the mean contact time. On the other hand, 't increases with velocity, since 

the strain rate and therefore the shear strength are increased. 

Lastly, Tonk (26) studied micro displacements between a steel ball and a very thin filin of 

polystyrene ( 0.05 microns to 1.2 microns), under fretting conditions .. He restricted his study to 

amplitudes small enough to prevent global sliding (i.e., the central adhesive zone of the contact area 

is surrounded by an outer annulus where microslips occur). 

Toflk first studied the variation of tangential compliance (1/ tangential stiffness) as a function 

of ftlm thickness h and frequency of oscillation. \Vhile the compliance strongly increases with 

thickness, it remained independent of frequency in the range investigated (I Hz - 1000 Hz). 

The friction-displacement response of one fretting cycle was also investigated as a function of fre

quency, thickness and tangential displacement. These stress-strain responSes showed an hysteresis 

loop, corresponding to the frictional energy loss per cycle (Figure 3). 

Lastly, the friction coefficient, corresponding in that particular study to the peak value of the 

tangential force divided by the nonnal force, was shown to increase with frequency and with am-

plitude and to decrease as h increases. This last result was supposed to be explained by the parallel 

increase of compliance with thickness. 
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2. Friction alld Degradation of Rllhher: a RevieJv 

Although often strongly related to each other, friction and degradation of a material need to be 

studied separately. This is also true for elastomers, whose friction mechanisms, presented now, are 

particularly complex. 

a. Friction of Rubber 

Two basic mechanisms contribute to the friction of polymers: an adhesive component, also 

called the interfacial component, and a defonnation, or volume component. Unlike metals, 

polymers are strongly strain rate and temperature dependent, when subjected to strain. Therefore, 

the energy dissipated during friction, consisting of bulk and surface viscoelastic defonnation, and 

shearing of adhesive asperities, also strongly depends on those two parameters (27). 

The friction of rubber is a good example of such dependent behavior. Although it is of great 

importance in areas like tire development, its basic characteristics are still not understood. How

ever, especially since the contribution of Schallamach in 1971 (28), the study of the frictional be

havior of elastomers is a rapidly developing field of research, and several models are proposed each 

year. 

In 1971, Bartenev (29) confmned that the friction of elastomers obeys a simple equation, in the 

case of the sliding of a hard surface over a rubbery one. If F is the frictional force, Ar the true area 

of contact, then: 

F = c.Ar 

where c is called the friction constant, characteristic of the studied rubber. This direct proportion

ality between the friction and the real area of contact suggests t~t the adhesive component is the 

major contributor to friction. 
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The same year, Johnson (30) showed that the area of contact between a hard sphere indenting 

elastically a rubber plane is higher than the one predicted by Hertz, because of the intervention of 

molecular attraction at the interface. Developing this result, Barquins introduced an apparent load, 

greater than the real applied load, as it includes the molecular attraction contribution (31). 

Lastly, Schallamach showed that in certain circumstances (when the sliding speed is greater than 

a critical speed), the relative motion between a hard slider and a rubber surface is due to the prop

agation of waves of detachment, called "'Schallamach waves'" (28). These waves cross the area of 

contact from the front to the rear, with a speed much higher than the sliding speed (31). This 

mechanism suggests that no true sliding occurs between the two contacting surfaces. The initlation 

of these waves results from the buckling of the compressed rubber in front of the slider. Then, the 

behavior is similar to the propagation of wrinkles in a carpet: small regular folds filled with air cross 

the contact area from the front compressive zone to the rear tensile zone. When the sliding speed 

is lower than a critical speed, which depends essentially on the adhesion properties of the interface, 

the frictional mechanism is different: a viscoelastic b~ge, fonned during the preliminary displace-

ment, moves in front of the slider. In that case, friction results from a competition between an 

adhesive dragging and a continuous relaxation process at the interface (32). 

In both cases, the frictional steady state follows a preliminary phase, when the tangential force 

is progressively increased up to the dynamic friction (31, 32, 33). During this phase, the adhesive 

zone, which covers the whole contact area in the static situation, diminishes and gets surrounded 

by an asymmetric slip zone, earlier described by Mindlin (Figure 4). Using these results, Briggs 

showed that the friction force, when buckling first occurs (i.e., when the frrst waves propagate), is 

proportional to the relaxed shear modulus G (34). This leads to equation 10: 
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where Ar is the area of contact, p a constant usually equal to 0.8 and v Poisson's ratio. This relation 

shows that the friction does not depend directly on friction rate and temperature, but indirectly, 

through the shear modulus G. 

Apart from these fundamental and basic aspects of the friction of rubber, some results of im

portance about the variation of friction with load, temperature, radius of the slider, and sliding 

speed (35) have to be presented. These results will all be explained by considering the dependence 

of the contact area on these parameters. 

The classic Hertzian theory gives the area of contact Ar through equation 11. 

Ar = 1t{9PR/16E)2/3 (11) 

where P is the normal load, R the radius of the hard sphere, E the Young's modulus of the rubber. 

Therefore, as F = sA and F = f.P, where f is the friction coefficient: 

(12) 

a1. Friction versus Sliding Speed 

Barquins (35) confirmed that friction is only slightly dependent on the slider velocity. At small 

speeds, friction increases slightly with velocity. On the other hand, when Schallamach waves 

propagate, friction is no longer dependent on velocity. This slight dependence is suggested to result 

from the competition of two phenomena: when the velocity increases, the rubber get stiffer, so E 

increases and therefore A decreases. In the same time, as E increases, the shear modulus G increases 

and therefore s increases. Thus, F = sA can remain approximately constant. 
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a2. Friction versus Temperature 

Steel-rubber friction has also been shown to be slightly temperature dependent (35). As the 

temperature increases, E gets lower so s decreases, and the material softens so A increases. In the 

same way as before, F, which is equal to s.A, can remain approximately constant. This similarity 

between the influences of sliding speed and temperature is not surprising since the studied 

elastomers obey the William-Ferry-Landel rate-temperature equivalence. 

a3. Friction versus Geometry of Contact 

Barquins (35) confinned that the friction coefficient increases with the radius R of the slider, 

as predicted by equation 12. 

a4. Friction versus Load 

The great dependence of f on the load has also been confumed, in the same work (35): at small 

normal load, the friction coefficient is very high, and decreases rapidly for higher loads. 

The major conclusion of these experimental investigations is that the friction of a hard surface 

on an elastomeric one depends strongly on the area of contact, but surprisingly only slightly on 

viscoelastic parameters such as temperature and sliding velocity. 
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b. Degradation of Rubber 

Several studies on the wear of rubber under the conditions encountered by a tire rolling on a 

road (that is to say when a rubber surface is rolling on a hard and rough surface) have been con

ducted in the past. On the other hand, sliding wear, and especially fretting wear of rubber have 

virtually not been investigated. Therefore, no general mechanism of degradation can be proposed. 

Schallamach, in 1957, studied the abrasion of rubber (36). He showed that periodic structures, 

called HAbrasion Patterns"', are initiated on the rubber surface. These patterns have been shown to 

increase the rate of abrasion. Schallamach suggested that the mode of mechanical failure in such 

"'pattern abrasion'" is tensile break and tear propagation. 

Twenty years latter, Barquins (37) investigated the sliding wear 'of rubber under fretting condi

tions. The previous review on rubber friction has pointed out the existence of a preliminary phase 

of viscous dragging before global sliding occurs. The author restricted his investigation to ampli

tudes of motion corresponding to this preliminary phase. Along half of a fretting cyete, the area 

of contact can be divided into three zones: a central adhesive zone, a zone of sliding at the front 

of the contact, a zone of detachment at the rear of it (Figure 5). In front of the slider, folds are 

detached through a fatigue process. They then enter the contact zone and get abraded. 

In the same study, Barquins recorded the maximum of the friction force as a function of oscil

lation amplitude. He observed an increase of friction with amplitude, in the case where this am

plitude remains small enough to prevent global sliding. 

More recently, studying the sliding of raw rubber against a rigid substrate, Ong observed the 

initiation and propagation of cracks from the surface toward the bulk of the elastomeric slider (38). 

These cracks are induced by surface tensile stresses. Then, as the friction force exceeds the tear 

strength of the rubber, they are able to propagate. Therefore, the crack propagation rate can be 

determined in tenns of friction force and tear energy (i.e., energy per unit area of new crack surface). 

If a crack propagates in the bulk perpendicular to the surface, the tear energy T is defmed by 

T = F IL, where F is the friction force and L the length of the crack perpendicular to the sliding di-
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rection. Several experiments have shown that an increase of this tear energy induces an increase in 

the crack growth rate, under an exponential fonn. 

C. COnCIliSion 

Fretting of thin rubber filins is a very complex phenomenon since it deals with one of the less 

investigated types of wear, in the particular case of thin elastomeric coatings, that is to say in a case 

where a still little known material is subjected to very particular boundary conditions. Therefore, 

it is quite understandable that fretting degradation of thin rubber coatings has not been yet modeled, 

or even globally understood. 

However, much infonnation is available on all the components (sliding of rubber, fretting 

mechanisms, thin fIlm stress distribution, coating delamination ... ) of the studied mechanisms. 

Therefore, it is possible to base this study on a quite solid background, and to try to link all the 

separate components together. 
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II. Experimental Work 

A. The Mark III Fretting Mac/,il,e 

The fretting tests consist of small amplitude oscillations of a steel sphere (AISI 52100 Steel, 

diameter= 1.5875 em) loaded on a steel disk (AISI 1045 Steel) coated by a rubber fl1m (figure 6). 

They were run on the Mark IIIB fretting machine, shown on figure 7. The sphere oscillations are 

sinusoidal (with a sliding speed which is equal to zero at the peaks of amplitude and which is 

maximal when the slider is at zero relative displacement). The sample preparation and coating 

procedures are presented in Appendices 2 and 3. 

Test Operation 

1) The disk is finnly secured in the disk holder and the sphere is tightened by a threaded cylindrical 

ball holder. The disk holder is aligned under the ball and fued at the appropriate position. 

2) Contact between the sphere and the disk is then made and the normal load is applied to the ball 

by hanging weights through a pulley system. 
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3) All the measurement devices, presented later, are activated. 

4) The shaker table is then set to the proper frequency, one minute after the loading process, and 

the test is run up to either fUm failure or to a lower number of cycles. 

S) The shaker table is then turned off, the ball unloaded and the disk holder removed. The life of 

the test is measured with a chronometer, started at the same time as the shaker table. 

B. The InstJ·uments 

Electrical Contact Device 

The electrical resistance method developed by Furey (41) was used to detect fUm failure, which 

happens when metallic contact first occurs. As rubber coatings are insulators, a 30 millivolt voltage 

is applied between the sphere and the disk, which are electrically connected to a strip chart recorder. 

As long as metallic contact does not occur, the voltage between the ball and disk remains equal to 

30 millivolts. When the sphere frrst contacts the metallic surface of the disk, the voltage drops to 

zero I which is indicated by the chart recorder. 

Displacement Transducer 

A strain transducer, which gives the displacement of the ball relative to the disk, is adapted at one 

end of the disk holder. Its output signal is amplified and then connected to either an oscilloscope 

or an X .. Y table, on which is also connected the friction force output, in order to give the friction

displacement response. 
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Force Transducer 

Strain gages are mounted in the ball strain arm. When a force is opposed to the displacement 

of the sphere (Le., the friction force), tensile stresses are developed in the ball strain ann, whose 

deformation is detected by the gages. The output signal is amplified and can be then connected to 

the oscilloscope, the strip chart recorder, or the X .. Y recorder. 

This transducer needs to be calibrated, which is done by applying a known tensile force to the 

ball strain ann, through a pulley cable system, and then by recording the output signal. The 

transducer response being linear, it will be then possible to deduce from a particular signal's value 

the corresponding friction force. This calibration procedure is conducted before each series of tests. 

c. Testing Metllods 

Different types of test, all run on the Mark III fretting machine on the basis of the procedure 

described above, were run to get as much information as possible on the friction and degradation 

mechanisms of rubber coatings. These tests are described below. 

Cycle by Cycle Method 

In order to analyze the evolution of a particular parameter during a fretting test, such as crack 

length or scar geometry, the use of a single sample was indispensable. Therefore, a Hcycle by cycleH 

procedure was used. 

The disk holder was fixed under the ball yoke at a very precise place, determined by a metallic 

plaque serving as a reference. Therefore, it was possible to run a test up to a chosen number of 
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cycles, unload the disk, take out the disk holder, observe the specimen with the macroscope, put 

it back exactly at its initial position, and run another test up to a higher number of cycles, with the 

same sample. This process could be run up to f11m failure. 

This procedure has disadvantages: 

-If the temperature rise occurring during fretting is an important parameter of the degradation 

mechanism, such test interruptions modify the thermal boundary conditions, and therefore the wear 

process, since heat dissipation is enhanced when no friction occurs and when the contact is opened . 

• If debris is generated at the interface, it can be removed during opening of the contact, and then 

change the mechanical boundary conditions . 

• Disk unloading and contact opening can also lead to modification of stress distribution in the f11m 

and breakage of adhesive joints at the interface. 

However J since coating lives found under these conditions and under the conditions of the usual 

testing process presented below were identical, wear scars at failure obtained through both methods 

were similar, almost no debris was generated at the interface and thermal degradation was suggested 

to be a minor parameter of the degradation process (as discussed in the next chapters), it was de

cided, a posteriori, that the information given by this .... cycle by cycle .... procedure was valid. 

When only general information about wear scar evolution was needed, this quite complex 

method was replaced by the study of various identical samples (same thickness and material). They 

were all run under the same test conditions (same frequency and amplitude), but the experiments 

were stopped at different times. Therefore, as each sample corresponded to a different number of 

cycles, the observation of the different wear scars gave global information about the process of 

degradation. 
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Method to Measure Film Life and Friction 

Under each particular test conditions (amplitude, frequency and amplitude), a single sample 

was used and fretted until fJJm failure occured, without any test interruption. 

This method does not allow any observation during the test, but avoids all the possible disad

vantages that can show up during a cycle by cycle study. 

During the whole test, the friction force was recorded on the chart recorder. The friction and 

displacement signals were at the same time connected to the oscilloscope, which gave the evolving 

hysteresis loop described by these two parameters. Lastly, at small frequencies (less than 2 Hz), it 

was possible to record the same hysteresis loop on an X -Y table. 

Unidirectional Sliding Test 

The fretting machine was also used to get unidirectional sliding responses of the studied ftlms. 

The Mark III was set the same way as for a fretting test. Then, the machine was run at a very small 

frequency (less than 1 Hz) in order to stop the test just before the fIrst peak of amplitude was 

reached. Thus, the friction-displacement response obtained corresponded to the case of continuous 

sliding of a steel sphere over a rubber coating. 
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III. Structure and Properties of the Elastomers 

The investigated rubbers were two copolymers: segmented polyurethane (Estane 5750, BF 

Goodrich product) and Styrene-ethylene-butylene (SEBS) triblock copolymer (Kraton G 4609, 

Shell product). Solvent casting was used to form thin protective ftIm on metallic substrates for both 

materials (see appendix 3) .. 

A. SEBS 

Styrene-ethylene-butylene is a thermoplatic rubber-glass triblock copolymer: the styrene blocks 

(T, = 95°C) are in the glassy state while the other blocks are in the rubbery state. The lower T, is 

equal to -50°C. The styrene content is equal to 33 mol 0/0. 

An important property of this elastomer is that its mechanical properties are greatly influenced 

by the solubility parameter (5 of the casting solvent (42, 43) (in the present study, the solvent was 

toluene). It was shown (42, 43) that an increase of initial Young's modulus and tensile strength 

was observed when the solvent solubility was increased. This was due to the fact that a greater 

portion of the load was transmitted to the stiffer polystyrene domains. This in tum resulted from 
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two mechanisms: swelling, and change from spherical to cylindrical and lamellar domains, led to 

a development of interconnected styrene domains. Cyclic and stress-relaxation behaviors were also 

influenced by the casting solvent solubility (42, 43). It should be noted that those dependencies 

on (5 showed up only in a range of styrene contents of 30-40 mol 0/0. Higher Young's modulus can 

also result from an increase of the styrene content, since the rigid styrene blocks act as "filler". 

B Poiyuretllalle 

The thermoplastic segmented polyurethane used in this work is also a rubber-glass copolymer. 

It employs diphenyl methane diisocyanate (MDI), chain-extended with butanediol (BDO) as hard 

segments and poly(tetramethylene oxide) glycol (PTMO) as soft segments. The molecular weight 

Mw of PTMO is equal to 2000 (g.mol- l ) and its T, is approximately equal to -45°C. The casting 

solvent used was N ,N dimethyl formamide. 

The PTMO soft segments are characterized by the ability to crystallize with strain (Le., strain 

induced crystallization) (44). This crystallization can result in an increase of tear resistance and 

tensile strength of the elastomer. However, segmented polyurethane, in contrastto natural rubber, 

does not show good recovery after the deformation is removed. 

Symmetry, regularity and linearity of the chains enhance crystallization of the soft segments and 

therefore contribute to higher tear resistance. An increase of tear resistance can also be achieved 

by increasing the fraction of hard segments. 
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c. SEBS versus Polyurethane 

The two materials are both copolymers, but have different characteristics. Segmented 

polyurethane is characterized by shorter and 1ighterH hard 'and soft segments than triblock SEBS, 

which results in more chemical junctions between the unlike components (44). Short soft segments 

also limit the degree of extensibility of the material (44, 45). 

In the Polymer Testing Laboratory of VPI & SU, three samples of both materials were sub

jected to a tensile test, at a strain rate of ten millimeters per minute. These samples were cut in 250 

J.Ull thick fIlms that had been solution cast on a Teflon surface at room temperature. The mean 

Young's modulus E of polyurethane was equal to 1.58 107 Pascal and its mean yield stress Y was 

equal to 4.6 106 Pascal, while for SEBS, E was equal to 6.96 107 Pascal and Y equal to 2.37 106 

Pascal. 
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IV. Friction and Degradation of Rubber Coatings 

under Fretting Conditions 

As presented previously, the fretting test used in this study consisted of small amplitude vi

bration of a steel sphere loaded on a thin filin of elastomer bonded to a steel disk, under room en

vironment conditions. Therefore, four parameters were to be controlled; vibration amplitude and 

frequency, film thickness and normal load, for each elastomer. 

The tests presented in this thesis were all conducted under a constant normal load equal to 22.24 

N (5 Ibf), while the three other parameters were varying. The fust part of this chapter concentrates 

on the mechanisms of degradation, investigated through the study of wear scars versus the number 

of cycles for various amplitudes, frequencies, and filin thicknesses. Then, a special emphasis on 

friction mechanisms is presented in order to confrrm and detail the preceding investigation of the 

wear process. In the third part of this chapter, the variation of coating life as a function of ampli

tude, frequency, and thickness is more particularly investigated, since this parameter is essential 

from a wear inhibition point of view. 

The following analysis will be presented: 

-Life versus frequency for different film thicknesses. 
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-Life versus amplitude for different thicknesses and frequencies. 

-Life versus thickness for different amplitudes. 

Lastly, an attempt is made to synthesize the elements presented before, in order to propose a 

global interpretation of the fretting behavior of rubber coatings. 

A. Mecllanisms of Degradation 

The study of wear scar at several stages of a degradation process is an important tool which 

gives essential infonnation about the wear mechanisms. Usually, different samples are used under 

the same test conditions. If the tests are stopped at different moments during the process, the wear 

scar observation gives infonnation about the degradation mechanisms. 

Unfortunately, when the reproducibility of the tests is poor and when a precise measurement 

on the wear scar, e.g., wear volume or surface crack length, is needed, the use of a single sample is 

indispensable. That was the case in the study of rubber coatings. In that situation, the most ac

curate procedure adopted to observe the evolving contact area of sliding surfaces is to use a trans

parent material as one of the two surfaces, such as glass or plexiglas, and to dispose above the 

sliding contact a macro scope or an optical microscope, possibly equipped with a video camera. 

The Mark III fretting machine does not allow the use of such a procedure, and therefore the cycle 

by cycle method, described earlier, was chosen. This procedure was used several times in the fITst 

part of this research work, presented now. 
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1. Mechanisms of Degradation 

First, several tests were run to get a global picture of the wear mechanisms involved, and several 

samples were used, since no measurements were made. Therefore, the possible disadvantages of the 

cycle by cycle method were avoided. 

The following figures show the evolution of the wear scars during a fretting test, for both 

elastomers. Different lighting was used in order to emphasize particular phenomena, especially the 

occurrence of fIlm delamination, corresponding to the white zones on Figure 8. A description of 

the phenomena is given, followed by a first discussion. 

a. Degradation of SEBS Coatings 

First of all, it should be noted that no wear was observed on the sphere surface, under any test 

conditions, and for the two investigated rubbers. Therefore, this study will concentrate on the 

rubber surface only. 

After a few fretting cycles, the rubber surface shows already a large elliptical zone of plastic de

formation, characterized by two symmetrical arcs at the center of the scar (Figure 9). These arcs 

are pulled up folds of material, generated at the rear of the contact during the frrst two half cycles. 

Figure 10 shows the first arc generated after the sphere has slid over the rubber surface from one 

peak of amplitude to the other. The second half cycle will generate a symmetrical arc, whose rela

tive distance to the first one will linearly depend on the value of the peak to peak amplitude, as il

lustrated in Figures 11·14. 

Then, during the following cycles, the folds slightly increase in size, but remain at the same 

position on the scar, and no other folds are generated. Figures 15 and 16 show the slow occurrence 

of rubber degradation which is accompanied by ftlm delamination (Figure 17), both phenomena 

IV. Friction and Degradation of Rubber Coatings under Fretting Conditions 42 



v 

Figure 8. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 Ilm, 
Thickness = 40.6 Ilm, 3700 Cycles (:'v1agnification: 36.4 X). 

< ------- > 

Figure 9. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 Ilm, 
Thickness = 40.6 Ilm, 10 Cycles (Magnification: 45 X). 
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Figure 10. Photograph of SEBS Coating. Amplitude = 508 11m, Thickness = 40.6 11m, 1/2 Cycle 
(;\lagnification: 35 X). 

< ------- > 

Figure 11. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 165.1 11m, 
Thickness = 137.2 11m, 10 Cycles C'v1agnification: 42 X) . 
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< ------- > 

Figure 12. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 381 IlID, Thickness = 137.2 J.1ID, 10 Cycles (Magnification: 33.6 X). 

< ------- > 

Figure 13. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 660.4 IlID, Thickness = 137.2 J.1ID, 10 Cycles (Magnification: 29.4 X). 
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Figure 14. SEBS Coatings: Wear Scar Width and Arc to Arc Distance versus Amplitude. 
Thickness = 137.2 j.1Jll, Frequency = 20 Hz. 
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< ------- > 

Figure 15. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 !lm, 
Thickness = 40.6 !lm, 1800 Cycles (:'v1agnification: 45 X). 

< ------- > 

Figure 16. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 !lm, 
Thickness = 40.6 I-;lm, 3500 Cycles (Magnification: 43.4 X). 
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< ------- > 

Figure 17. Photograph of SEBS Coating. Frequency = 30 Hz. Amplitude = 330 11m, 
Thickness = 40.6 11m. 1200 Cycles (Magnification: 45 X). 

< ------- > 

Figure 18. Photograph of SEBS Coating. Frequency = 30 Hz. Amplitude = 330 11m, 
Thickness = 40.6 11m. 4700 Cycles (Magnification: 42 X) . 
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precisely located at the folds. The zone of flim delamination extends symmetrically, up to a point 

where it covers 9/10 of the degraded surface. The only zone where the flim remains bonded to the 

substrate is the center of the contacting area (Figure 8). One or several voids or cracks are then 

initiated in the de bonded area, through the whole flim thickness, and usually close to one of the 

folds (Figures 18, 19). These cracks then propagate in the delaminated flim, in both the sliding 

direction and the one perpendicular to it. They usually join, leading to the formation of a large 

crack, whose propagation corresponds to the extension of the uncovered zone of the substrate 

(Figure 20). When this unprotected area becomes too large, the remaining surrounding flim is not 

able to carry the sphere any more, and thus no longer prevents metallic contact: the coating is 

broken, since metallic fretting occurs (Figure 21). 

b. Degradation of Polyurethane Coatings 

Figures 22-27 show the wear scars of Polyurethane ftlms at different stages of the fretting 

process, and illustrate the similarity with the wear mechanisms of SEBS ftlm. 

Here again, ftlm debonding occurs, followed by crack initiation and propagation up to metallic 

contact between the sphere and the substrate. However, in that case, delamination of the fllm 

happens only after a few cycles, and extends immediately to the whole contacting zone (Figure 22). 

The wear scar is still characterized by a central zone and two surrounding, less degraded symmetrical 

areas (Figure 23), but their respective borders are hard to locate, and no arcs of folded material are 

generated. Crack propagation is very symmetrical (Figure 24), and the central strip across which 

it occurs is still unbroken at flim failure (Figure 27). Details about void initiation are given in 

Figure 28. The mechanism is rubber tearing (i.e., local constraints reach the yield stresses, which 

leads to viscoelastic flow of the material). Lastly, it can be observed that, though delamination 

extension fIrst occurs instantaneously, it is still going on regularly during the entire process. This 

last point will be of importance, since crack propagation happens only in the debonded area. 
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Figure 19. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 j.Lffi, 

Thickness = 40.6 j.Lffi, 6000 Cycles (Magnification: 35 X). 

< ------- > 

Figure 20. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 j.Lffi, 

Thickness = 40.6 j.Lffi, 10200 Cycles (Magnification: 35 X). 
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< ------- > 

Figure 21. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 330 J.UIl, 
Thickness = 40 .6 11m, 12500 Cycles. Film Failure (lvlagnification: 33.6 X). 

< ------- > 

Figure 22. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 11m, 
Thickness = 33 11m, 700 Cycles (Magnification: 47.6 X). 
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Figure 23. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 l-Lm, 
Thickness = 33 11m, 700 Cycles (:Ylagnification: 44.8 X). 

1\ 

v 

Figure 24. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 l-Lm, 
Thickness = 33 11m, 2250 Cycles (Magnification: 44.8 X). 
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Figure 25. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 Ilm, 

Thickness = 33 Ilm, 2250 Cycles (Magnification: 44.8 X). 
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Figure 26. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 Ilm, 
Thickness = 33 Ilm, 9450 Cycles (Magnification: 32.2 X). 
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Figure 27. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 ~m, 
Thickness = 33 ~m, 10 100 Cycles. Film Failure (Y1agnification: 42 X). 

v 

Figure 28. Photograph of Polyurethane Coating. Frequency = 30 Hz, Amplitude = 330 ~m, 
Thickness = 33 ~m, 1100 Cycles (Y1agnification: 89.6 X). 
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This study of degradation mechanisms was conducted at various ftlm thicknesses (20.3 Jim, 33.0 

Jim, 40.6 J.1ffi), frequencies (10 Hz, 30 Hz, 50 Hz) and amplitudes (330 J,lm, 508 J,lm). As will be 

presented in detail later, those parameters influence the life of the coatings. However, the mech

anisms of degradation are always the same, since no major differences are observed on the wear 

scars at any moment (except variation of numerical parameters like fmal crack length or crack 

propagation rate that will be discussed later). 

2. Discussion 

The previous observations already emphasize an interesting point: though fretting of a steel 

sphere over a rubber coating is a wear phenomenon which leads to failure of the ftlm, no debris, 

that is to say no material removal is observed. Therefore, the existing models of abrasive or de

lamination wear will not be of great help (though the present mechanism obviously involves de

lamination, that is to say, as indicated in the literature review, subsurface crack propagation). 

Two major stages seem to characterize the studied phenomenon: 

-Delamination of the coating. 

-Crack initiation and propagation in the debonded zones, up to fIlm failure. 

Each stage involves crack propagation under cyclic loading. In other words, the coating de

gradation consists of the interaction between two fatigue processes: the ftlm is subjected to a pro

gressive delamination which allows the ductile propagation of a crack in the debonded zone. A 

. more precise study of these two mechanisms is therefore necessary, in particular to investigate the 

relative influence of each of them on the degradation process. 
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a. Film Delamination 

al. SEBS Coatings 

In the case of SEBS coatings, there was a great correlation between fold fonnation and filin 

delamination, since this latter phenomenon frrst occurs precisely at the fold location. 

Each fold is generated at the rear of the contact during the frrst two half fretting cycles. Com

bining lhara's analysis (8) which demonstrated that the maxiInum tensile stress occurs at the trailing 

edge of the contact, and Barquins'work (31, 32, 33) which showed that the horizontal strain was 

higher for higher sliding speeds; and recalling that, since the sphere displacement is sinusoidal, the 

sliding speed is maximum when the slider is at the center of the alternative displacement; it can be 

proposed that the folds correspond to a plastic defonnation of the rubber, which occurs at the rear 

(trailing) edge of the contact area when the sphere is located at zero relative displacement (Le., at 

the center of the alternative displacement). This hypothesis could not be checked experimentally, 

since a visualization of the dynamic contact area was impossible. 

Another explanation for fold fonnation and geometry can be given using Barquins' results 

about rubber friction. Figure 4, presented in the literature review t shows a large asymmetrical slip 

zone at the front of the contact, whose rear edge greatly resembles the arcs found in the present 

study. However, as the contact area is moving continuously, this edge is moving too. On the other 

hand, only two folds appear on the scar, corresponding to the two inverse sliding directions. 

Therefore, if they correspond to the previous edge, they must have been generated for a particular 

position of the sphere on the fretted zone. Once again, recalling that the surface strains are higher 

when the sphere is at zero relative displacement, one could suggest that the folds are generated at 

this particular instant. 

Coming back to the delamination process, and combining this time Ihara's work (that maxi

mum surface shear stress occurs at the trailing edge of the contact) (8) and Ku' s (that shear stresses 

decrease regularly through the film thickness) (12), it can be concluded that the maximum shear 
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stress at the substrate-fUm interface is maximum under the contact trailing edge. This would ex

plain why f11m delamination occurs fJIst at the same position where the folds are generated. This 

would also explain why, running a fretting test with a very high amplitude (1016 J.1m), it was pos

sible to obtain a large delaminated zone after only half a fretting cycle, at the rear of the contact 

(Figure 29). 

This precise location of filin delamination is also confrrmed by Hills (18), who, as presented in 

the review, suggests that at the rear of the contact, the interface crack (i.e., delaminated zone) 

propagates in both modes 1 and 2, and therefore faster than at the front of the slider, where only 

mode 1 crack propagation occurs. 

Another experiment confmned that most of the filin degradation (plastic deformation and de

lamination) occurs at the rear of the slider, where the material is subjected to tensile stresses. Using 

a very sharp needle, a series of very thin parallel lines were scratched on the rubber surface before 

running the test. These lines were supposedly thin and shallow enough not to change the contact 

boundary conditions. Mter 500 cycles, the test was stopped and the wear scar was observed with 

the macroscope; 

Figure 30 shows that these lines were plastically deformed as the ftlm was degraded, and moved 

toward the center of the contact, therefore suggesting that the material was essentially pulled while 

subjected to tensile stress and that a possible compression of rubber at the front of the contact was 

limited. 

a2. Polyurethane Coatings 

In the case of polyurethane, film delamination was more difficult to analyze since it occurs al

most immediately (after only a few percent of the fUm life), and covers the whole wear surface right 

at the beginning. 

However, the previous stress analysis is still valid: the zones of maximum shear stress are the 

same. As the fUm thicknesses are the same as the one used for SEBS, and since the friction analysis 
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Figure 29. Photograph of SEBS Coating. Amplitude = 1016 Ilffi, Thickness = 55.9 Ilffi, 1/2 Cycle 
(Magnification: 44.8 X). 

< ------- > 

Figure 30. Photograph of SEBS Coating. Frequency = 10Hz, Amplitude = 508 Ilffi, 
Thickness = 36.8 Ilffi, 500 Cycles (Magnification: 28 X). 
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presented in the next chapter shows a similarity between the two cases, the much quicker occur

rence of ftlm delamination observed for polyurethane could be due to weaker adhesive bonds at the 

filin-substrate interface. However, this assertion needs to be considered with care since stress dis

tribution in both ftlms, and especially at the filin-substrate interface, remains unknown. 

This could be confIrnled by interpreting the Comninou analysis (15, 16), which states that 

interface slip (i.e., delamination) occurs when F I(Po.h) reaches a critical value tel which is higher for 

better coating bonding. As F and h are similar in both cases, F I(Po.h) for Polyurethane and SEBS 

are the same. Therefore, the only valid explanation for faster delamination in the case of 

polyurethane is that tc , and therefore interface adhesion, is lower for this material. 

b. Crack Initiation and Propagation 

This analysis was conducted using the same tools as classic fatigue mechanics: artificial pre

cracking of the material and observation of fatigue mechanisms, and above all, study of crack length 

as a function of the number of cycles. 

b 1. Propagation of a Surface Precrack 

Two straight precracks were generated on the surface of a SEBS coating by cutting the filin 

through its thickness with a razor blade, in a direction perpendicular to the sliding axis. This 

process did not lead to a separation of the crack lips, since it did not induce any filin delamination. 

The two lips of the crack were actually compressed against each other by the surrounding bonded 

rubber. Figure 31 illustrates this p~enomenon, since it shows that the undamaged sections of partly 

propagated precracks are subjected to such compression. 
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Figure 31. Photograph of SEBS Coating. Frequency = 30 Hz, Amplitude = 381 !lm, 
Thickness = 34.3 !lm, 900 Cycles (Nlagnification: 44.8 X). 
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A fretting test was then run, using the cycle by cycle method in order to observe the propagation 

of the same crack. This method gives information about whether or not the fretting process 

propagates only cracks it has previously initiated, and about the relative position of the crack lips 

and tips in the debonded zone. 

Figure 31 shows two important phenomena characteristic of crack propagation in a fretted 

rubber coating. 

-First, any precrack, even located away from the maximwn stresses zones, propagates (that is to say 

that its lips separate), therefore leading to an extension of the unprotected zone of the substrate. 

-Secondly, ftlm delamination is indispensable for crack propagation. 

It was clearly observed that the debonded zone had to reach the crack before the lips could 

open. Moreover, debonding started almost as soon as the contact was established, suggesting that 

the leading mechanism was ftlm delamination, since crack propagation only "followed" the process. 

This is confinned by Figure 32, which shows that the crack tips are located precisely at the border 

between the bonded and delaminated zones: whenever it can, a crack propagates. Therefore, the 

rate of degradation for SEBS coatings depends almost exclusively on the debonding rate. 

However, it should be noted that the phenomenon presented here corresponds to separation 

of the lips of a preexisting crack, which is different from the actual extension of a small precrack. 

This last mechanism was not observed simply because it was impossible to generate a precrack 

small enough to be inserted in the fretted zone. However, since the same phenomenon (i.e., the 

crack tips are located at the bonded-debonded zones border) was also observed in usual 

unprecracked ftlms, the conclusions remain valid. 

The same test run on a polyurethane coating showed that pre cracks are also able to propagate 

in this material, and still in the delaminated zones only. However, since delamination occurs very 

rapidly, the competition between debonding and crack propagation could not be studied. 
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h2. Crack Length versus Numher of Cycles 

Crack propagation during fretting was studied for both materials, at different thicknesses (33 and 

49.5 J..UIl) and amplitudes (330, 381, 419, and 483 tun). The influence of frequency on crack prop

agation rate and on the ratio (crack initiation life/ coating life) was found to be negligible. 

Studies of crack propagation are usually divided into two categories: propagation under con

stant strain or under constant stress (39, 40). Therefore, for the first time in this study, the mech-

anisms of friction appear to be of importance. These mechanisms, presented later, are quite 

complex, since they involve a stage of adhesion followed by global sliding, as discussed in the lit

erature review. As the oscillation amplitUde is constant during the whole fretting test, it can be 

stated that as long as debonding has not occurred (i.e., as long as the boundary conditions do not 

change), the fatigue process discussed here belongs to the constant strain category. On the other 

hand, it is doubtful that the fretting process is either constant stress or constant strain after de-

bonding has occurred. 

h2.1. Polyurethane versus SEBS 

Figure 32 shows crack propagation for both materials, under the same test conditions. 

Equation 7, given before, shows that for a specimen of constant geometry characteristics (length, 

width, thickness), the propagation rate of a crack is a function of ~K. In the case of a central crack, 

which corresponds to the present case, K, the stress intensity factor, is given by equation 13 (39): 

(13) 
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Figure 32. Polyurethane and SEBS Coatings: Crack Length versus Number of Cycles. 
Thickness = 33 J..UIl, Frequency = 20 Hz, Amplitude = 330 Jlm. 
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where a is the crack half length, b the width of the specimen, h its thickness, and P the applied 

tensile load. Lastly, it is considered that the sample is clamped at one end, and subjected to alter

native loading at the other end, located at least at a distance 2b of the fIrst end. 

Under reversal strain, and therefore stress, as in the case of the present study, AK is equal to the 

difference between the maximum positive and negative stress intensity factors, corresponding re

spectively to the maximum positive and negative loads P and -P reached during one fretting cycle. 

In the case of rubber, Hertzberg (40) states that the value of the compressive stress has no influence 

on crack propagation (i.e., the crack propagates only when it is subjected to tensile stresses). 

Therefore, AK = Ku where Kt is the maximum tensile stress intensity factor. 

The previous relations are basic fundamental equations of fatigue mechanics. However, in the 

present work, their application to the study of crack propagation is not easy, since all parameters 

are both hard to know and constantly vary: 

-Geometrical parameters. 

Since cracks propagate in the debonded zone only, the area subjected to fatigue degradation is 

this particular zone. Its dimensions, which constantly increase during a test, could be measured 

since the border between bonded and debonded zones clearly appears under macro scope observa

tions. However, its more or less elliptical shape does not correspond to any classic model, and 

therefore should be roughly assimilated to a rectangle in order to use theoretical works. 

-Crack length. 

This parameter can be measured quite accurately I though the crack tips are sometimes hard to 

locate. It constantly increases during a test, as shown on the curves presented in Figure 32. 

-Applied stress. 

This essential parameter is the most difficult to know. In a classic fatigue test, a measurable 

tensile-compressive alternative load is applied to a sample of known thickness and width. There

fore, the stress intensity factor is perfectly known. 
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In the present study, on the contrary, the only force measured is the friction force. This meas· 

urement is done on the ball strain ann, and therefore gives the value of the load applied to the 

sphere to displace it over the coating. However, in the case of delaminated film, friction at both 

sphere-f11m and f11m-substrate interfaces can occur. Therefore, the tangential force involved in the 

fatigue process is only approximately equal to the measured friction. 

Secondly, the load responsible for this fatigue process is the tensile alternative force applied 

through the ftlm thickness. In the present case, this force is generated by the applied surface shear 

stress (Le., the friction stress), and therefore is not constant through the f11m thickness (as was 

mentioned in the literature review). Moreover, this stress distribution cannot be measured directly, 

and has to be deduced from the surface tangential force. Now, the literature review has shown that 

no fundamental relation giving stress distribution as a function of applied surface loading is avail

able, especially in the case in which plastic deformation occurs. As a consequence, such deduction 

would be possible only if one of those fmite element analyses (8, 12, 14) considered a situation 

similar to the present one, which is not the case. 

In any case, those analyses consider that the tangential stress is homogeneously distributed on 

the surface. In the present fretting process, on the contrary, the sphere is deeply indented in the 

f11m, and the depth of indentation varies with the number of cycles. Therefore, the thickness of the 

filin beneath the sphere is not constant and depends on the location relatively to the slider and on 

the number of cycles considered. This is another reason why these theoretical works cannot be 

applied to the present problem. As a consequence, the tensile stress distribution across the ftlm 

thickness cannot be obtained. 

However, a rough analysis can be suggested to interpret the complexity of the crack propagation 

variation with the number of cycles, given on Figure 32 during a fretting test, the debonded zone 

width b increases; the maximum friction force, and therefore P max slightly evolve, as will be pre· 

sented later; a increases; h decreases. Therefore, using equation 9, it is not possible to draw any 

conclusion about the variation of ~K as a function of the number of cycles, except that it is com

plex. 
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Coming back to Figure 32, one can thus understand why the propagation rate (i.e., the slope 

of the curve), which depends directly on ~K, fust decreases (down to zero in the case of 

polyurethane) after the rapid propagation which follows crack initiation, then increases and de

creases again; in other words, why its variation is so inhomogeneous. 

Crack Length VaI'iation 

The analysis of Figure 32 shows that the initiation life corresponds to 1/2 of the coating life in 

the case of SEBS, and less than 50/0 in the case of polyurethane. 

Once a crack has been initiated, it propagates rapidly during the following cycles, because as 

long as the crack tips do not reach the bonded zone border, rapid propagation under classic fatigue 

mechanisms is free to occur. Then, the degradation mechanism consists of the interaction between 

crack propagation and fUm delamination. Adhesive joints at the fUm-substrate interface, in the 

bonded areas surrounding the debonded zone, are subjected to fatigue under .the action of the shear 

stresses generated by the surface friction force. They break progressively, which corresponds to an 

extension of the delaminated zone. As a consequence, the crack is able to propagate up to the new 

border. This continuous process will go on up to film failure. 

The shape of the curves given in Figure 32 seems to be quite reproducible for both materials 

under several test conditions: after initiation has occurred, a rapid increase of crack length happens, 

followed by a progressive deceleration of the propagation rate. Then, another rapid increase is 

observed. Lastly, another deceleration characterizes the process until f11m failure. 

The second sudden increase of propagation rate is difficult to explain. It can correspond to a 

sudden extension of the de bonded zone, which could be due to a local weakness of the fIlm adhe

sion, itself due to impurities at the substrate interface, surface topography irregularities, or local 

drop of fUm thickness. But why is it reproducible? 

Opposite reasons (i.e., local strength of fUm adhesion) could explain why crack propagation can 

be totally inhibited for a while, as appears on Figure 32 for polyurethane. 
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Another noticeable point is that the decrease of propagation rate which follows a period of rapid 

crack length extension is regular and continuous. This can be due to the fact that as the de bonded 

zone extends, the remaining adhesive joints are further and further from the zone of maximum shear 

stress. Therefore, it takes a longer and longer time to break them, and thus a longer and longer time 

to propagate the same length of crack. 

Polyurethane fIlms last much longer than SEBS ones, though their delamination life is shorter. 

Therefore, it appears that the resistance to crack propagation of polyurethane coatings is higher 

than the resistance of SEBS coatings. Now, it should be remembered that the studied segmented 

polyurethane can crystallize when deformed at high strains. Crystallization in tum results in higher 

tear resistance, which was shown (38) to lower crack propagation. Thus, the relatively long life of 

polyurethane coatings, compared to SEBS coatings, can be explained: a polyurethane ftlm gets 

rapidly debonded, but it takes a certain time for the crack to propagate in it. In the case of SEBS, 

it is the contrary: delamination propagates slowly, but crack extension is very rapid. 

Lastly, it should be noted that the crack length at failure for polyurethane coatings is almost two 

times higher than the one concerning SEBS ftIms. This also contributes greatly to the longer life 

of the fonner filins. To possibly understand this difference, it should be remembered that the sphere 

is carried by both the material beneath it and the deformed contacting rubber corresponding to the 

intersection of the slider with the surface of the fIlm (figure 33). As the crack extends, the amount 

of rubber beneath the slider decreases. Therefore, a greater part of the load is carried by the sur

rounding rubber. If the load carrying capacity of polyurethane is greater than that of SEBS, because 

of a different geometry of the surrounding plastically deformed area, the metallic contact will be 

prevented for larger cracks for the fonner material. 

h2.2. Crack Propagation versus Amplitude 

Figure 34 shows the variation of crack length for four different amplitudes of fretting (330,381, 

419, and 483 ~), at 20 Hz, for a 330 ~ thickness SEBS ftlm. 
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Figure 33. Simplified Representation of Steel Sphere-Cracked Rubber Film Contact. 

IV. Friction and Degradation of Rubber Coatings under Fretting Conditions 68 



2000 

t • • • AMP=330 MICRONS I 
1800 I O-EJ--a AMP=381 MICRONS 

*-e-* AMP=419 MICRONS I +--+-+ AMP=483 MICRONS 
t J1 
I I 

1600 I 

I ~ 
+ , , I 

Q , 
I I 

, 
1400 , , 

f , I 
, 
I , I I 

I I 
t - .l- I I 

(/) , , 
~ 1200 I ~ Cl 

I 0:: 
I m <...) I -
I 

, , 
~ I 

I , , , , 
... • 1000 I I :::x: , , t ..... • '"' .l- I , 

:z I 
, 

La.I , 
--' I , J 

I I ; • ::::.=::: 800 I I 
(..) 

I I < , 
0:: I , 
u t 

f 

• ,/ , , I 

t 
, 

600 I CJ , I g: I 

I I I .. 
I , I , I ~ 

I J./ 
I I~ , , , I f 

I : 
I I • , 4 : 

I t 

I ' : 
I ' I , : 

.t I • At!.. 
500 1000 1500 2000 2500 3000 3500 

NUMBER OF CYCLES 

Figure 34. SEBS Coatings: Crack Propagation for Various Amplitudes. 
Thickness = 33 J.1II1, Frequency = 20 Hz. 

IV. Friction and Degradation of Rubber Coatings under Fretting Conditions. 69 



As mentioned earlier, the frictional mechanism is adhesion followed by global sliding. The 

analysis presented in the next chapter will show that the amplitude necessary for global sliding, 

which depends on fIlm thickness, is high. Therefore, with the amplitudes usually studied, no global 

sliding occurs, but only viscous drag of an adhesive area, which means that the shear stress and 

strain are function of the sphere displacement, and increase with it. Consequently, it is under

standable that both initiation life and film life decrease when the amplitude is increased, because 

of the earlier discussed "negative" influence of higher stresses on crack initiation and propagation. 

Another characteristic property is the increase of crack length at failure with amplitude. A 

complementary study of the area of the uncovered zone at f.t1m failure as a function of amplitude 

showed the same variation. This result is quite surprising since it could be thought that as the 

amplitude increases, the surrounding contacting rubber is pulled and pushed away from the sphere, 

and therefore loses its load carrying capacity. 

The same variation is observed with polyurethane, except that the increase in initiation life with 

decreasing amplitudes is much smaller than in the case of SEBS, which is nonnal since this initi

ation life of polyurethane is always almost negligible. 

h2.3. Crack Propagation versus Thickness 

Figure 35 gives the variation of crack length for two different ftlm thicknesses (33 llm and 49.5 

J.1IIl), at 20 Hz, with an amplitude of 330 J.1IIl, in the case of polyurethane. For both thicknesses, 

the characteristic shape of crack length variation, mentioned before, can be recognized. 

The crack length at failure is the same for both thicknesses. On the other hand, the life is much 

higher when the thickness is slightly increased. From a fatigue mechanics point of view, this result 

is quite logical since a thickness increase results in a stress intensity factor decrease (equation 13), 

as the tangential load variation is in the same time slight (see next chapter). Lastly, it should be 

noted that the difference between the two crack initiation lives is negligible, these lives always cor

responding to a few percent of the f11m life. 
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Figure 35.. Polyurethane Coatings: Crack Propagation for two Thicknesses. 
Amplitude = 330 J.UIl1 Frequency = 20 Hz. 
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In the case of SEBS, this last point only will be different. The initiation life will be higher for 

thicker films, but it will still be equal to half the film life. 

3. Conclusion 

The previous study has illustrated the complexity of the present problem. 

First of all, only a little numerical information (global friction force, amplitude, frequency, 

thickness of the film and crack length) is available, while much more would be necessary to propose 

a model and test it. In particular, information about stress distribution and adhesive strength of 

ftlm-substrate interface would be indispensable. Secondly, the degradation mechanisms themselves 

are quite complex, since they involve. the interacting initiation and propagation of two cracks. The 

following very simplified modelization illustrates this complexity. 

Let's consider that the delaminated zone is a rectangle of length 2c and width 2b (Figure 36). 

The half length of the crack generated during the first stage of the fretting process is still a. F is the 

maximum "'positive'" friction force at the film-sphere interface, corresponding to the sequence of half 

cycles when the crack is subjected to tensile stress. The tensile load applied through the film 

thickness is equal to aF. The shear stress at the fIlm-substrate interface which is parallel to b is 

equal to P F, the one parallel to c is equal to y F, where a, p and y are supposedly known constants 

relating the friction force and the various forces and stresses in the film. 

Another approximation consists of saying that the applied friction is distributed on a line lo

cated at the center of the delaminated zone, and parallel to the crack 2a. h is still the ftlm thickness. 

Therefore, the crack propagation variation is given by the following simplified equations 14: 

da = C (aFf(a/2b) ( )lf2)m 
dN . h2b na (14.1) 
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Figure 36. Simplified Representation of a Cracked Delaminated Zone of a Fretted Rubber 
Coating. 
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i (14.2) 

( 14.3) 

C, D and m are fatigue parameters of the material considered. The frrst relation is deduced from 

equations 7 and 13, while the last two correspond to mode 2 subsurface crack propagation (22,23). 

These simple relations show the interaction between the propagation of cracks 2a and 2b, while 

the propagation of c appears to be independent (though it should be remembered that in the cen

tered crack model used for a, the length is at least equal to two times the width: c ~ 2b). 

Using these relations, it would be possible to calculate a as a function of the number N of 

fretting cycles. Then, knowing the crack length at failure and the initiation life as a function of the 

fIlm life (i.e., 50/0 for polyurethane, 500/0 for SEBS), it would be possible to calculate the number 

of cycles to failure as a function of the applied friction and of the fatigue parameters m, C and D 

of the material. The applied friction F will be shown to be function of amplitude and thickness 

essentially, for a given material. Therefore, knowing these two external parameters and the me

chanicallaws relating the different stresses in the film, it would be possible to calculate the number 

of cycles to failure under fretting conditions. 

The previous set of equations shows that even under very simplified conditions, a modelization 

of rubber coating degradation under fretting conditions is not simple. In any case, the development 

of such a model would be based on the knowledge of parameters that are not so far available. 

However, this first approach to the problem has emphasized important factors of the degrada

tion process. It can be suggested, for example, that a material possessing both the adhesive prop

erties of SEBS and the fatigue properties of polyurethane will show a better fretting resistance than 

either of the two materials separately (unless the degradation mechanisms under those new condi

tions are different). 
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The next two chapters concentrate respectively on the mechanisms of friction and on the vari

ation of coating life as a function of thickness, amplitude and frequency. They will frequently use 

the previous results, and especially the main idea that the wear mechanism of rubber coatings under 

fretting conditions consists of the interaction between two fatigue mechanisms. 

B. Friction Mechanisms 

The previous investigation has shown that .the tangential loading applied at the coating surface 

(i.e., the friction force) is an important parameter of the degradation process, since fIlm delami

nation and crack propagation rates depend directly on its value. 

The great dependence of fIlm life on fretting amplitude, more deeply investigated later, was also 

introduced, indicating that the stress distribution varies with the amplitude when the other me

chanical parameters of the process (load, thickness, frequency) are kept constant. Therefore, the 

analysis of the variation of friction with the peak to peak amplitude was conducted in order to 

deepen one's understanding of the degradation mechanisms. 

In the same way, the variation of the friction force with the number of cycles, sphere displace

ment, film thickness and frequency was investigated for both materials. 

The frictional energy involved in the fretting process was then given by the analysis of the 

friction-displacement response over one cycle. Lastly, the variation of this energy as a function of 

the number of cycles was compared with the crack length variation along a coating life. 
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1. Erictiolt Response During Frettillg 

As indicated earlier, the friction force is given by the strain gages mounted in the ball strain arm, 

whose output signals are amplified and then connected to a strip chart recorder, as presented earlier. 

Since the sphere displacement X is given by: 

(15) 

where fr is the frequency, Xo the half peak to peak amplitude, and t the time, its acceleration y is 

given by: 

(16) 

Therefore, even though the mass m of the system sphere-ball holder is small (50 grams), the 

inertia force, equal to m.y, can be high when sin(2 7t ff t) is equal to 1, since the square of the fre

quency can be very high for high frequencies. 

The fundamental equation of mechanics applied to the present case is: my = F + Ft , where F 

is the force which opposes the sphere displacement over the fUm surface, and F l is the force trans

mitted to the ball strain ann. 

Therefore, the force measured is given by Ft = my-F. In the case of a square wave friction re

sponse (i.e., metal-metal contact), F is constant along each half fretting cycle. As a consequence, 

as y continuously varies (equation 16), the measured friction force F t is no longer constant over 

each half cycle, and its maximum value, which is used to calculate the friction coefficient, is greater 

than the value of the actual friction force. 

Two experiments were conducted to check those theoretical conclusions. First, a metal on 

metal contact was fretted, and its friction response measured for increasing frequencies 

(10-20-30-40-50-60-70 Hz). The measured force was found to increase with frequency. Below 40 

Hz, the differences measured were less than the measurement uncertainty (10 %
). Above 40 Hz, the 
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difference was no longer negligible (> 100/0). However, this phenomenon could be characteristic 

of the fretting response of a metallic contact. 

Therefore, another test was conducted to avoid this possibility. Using a thin wire, the ball 

holder in which a sphere had been mounted was suspended and kept in an horizontal position. 

Then, the Mark III was run at increasing frequencies. Since no contact was established, the gages 

were only measuring the inertia force my. Below 40 Hz, no response superior to the noise of the 

strip chart recorder was recorded. At 40 Hz and above, a non-negligible response, which increased 

with frequency, was observed. 

Thirdly, since the inertia force is proportional to the square of the frequency, the values ob-

tained in the latter test were divided by their respective frequencies. It appeared that these ratios 

were almost constant, the difference between the two extreme values corresponding to 1/9 or 110/0. 

Lastly, the amplifier and bridge amplifier treating the output signal of the strain gages were also 

tested in frequency. It did not show any measurable variation over the frequency range studied. 

Therefore, it was concluded that the inertia of the system ball holder-sphere was responsible for the 

observed friction variation, and that this effect could not be neglected for frequencies greater than 

40 Hz. 

The investigation of this possible source of noise led naturally to the study of friction as a 

function of frequency. lbis first part of friction analysis is now presented. 

Note 1: all the parameters of the hysteresis and unidirectional sliding responses dermed in the 

following parts of this chapter (A2' FI! F2! F3! FI') are presented in Figure 37. This figure will be 

referred to several times in the coming paragraphs. 

Note 2: all the hysteresis plots presented in this chapter should be read using a clockwise con-

vention. 

Note 3: all the equations presented in this chapter and in chapter C have to be used with the 

following units: 

Force: Newton (N). 
Stress: Pascal. 
Length: Micrometer (Jlffi). 
Area: square Micrometer. 
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a. Friction versus Frequency 

Three instruments were used to measure friction at various frequencies. 

The response of the chart recorder gave the value of the peak to peak friction force. The coef

ficient of friction was obtained by dividing this value by two and then by the nonnalload equal to 

22.24 N. The output friction signal and the output displacement transducer signal were connected 

to both an oscilloscope and a X-Y plotter in order to analyze the friction-displacement response 

of the fretted contact. 

SEBS coatings frictional responses were fIrst investigated. The chart recorder was used to get 

friction coefficient variation with frequency for two different fUm thicknesses (32 and 43 Jlm), and 

for an amplitude of 330 J,J.m. Friction variation for a 32 Jlm thick polyurethane fIlm is also presented 

on the same plot (Figure 38). 

Note: Later, the variation of friction with the number of cycles will be introduced. It will ap

pear that different stages characterize this variation, and are not of the same type whether SEBS 

or polyurethane is considered. The following study presents friction-versus-frequency responses 

where friction is recorded during the very first fretting cycles only (i.e., for both materials, fUm de

lamination has not occurred). 

Before discussing the curves presented on Figure 38, it should be remembered that for 40 and 

50 Hz, the actual friction coefficient is less than the one measured, and therefore that the decrease 

of friction for high frequencies is stronger than that shown in the figure. 

From 1 to 30 Hz, the friction coefficient is not significantly different (the maximum variation 

is 150/0). Then, as the frequency gets higher than 30 Hz, the friction rapidly decreases. Identical 

behavior is observed for polyurethane, but at a level of friction 200/0 superior to that of SEBS. 

It is difficult to explain such variation with frequency, since an increase of this parameter is ac

companied by various phenomena that can cancel each other. First, when the frequency is in

creased at constant amplitude, the sliding velocity increases. This increase in velocity was shown 

to have two opposite effects (see literature review): a decrease of contact area since the material gets 
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stiffer, and therefore a decrease of friction; an increase of shear strength for the same reason, and 

therefore an increase of friction. 

Increasing the frequency leads also to an increase in frictional heat, since during the same period 

of time, the contact gets more H closed" as the slider passes more often by the same point and more 

heat is generated at the interface. This increase in surface temperature, though it is supposed to 

be small during fretting (according to current works conducted in the Tribology Laboratory of 

V.P.I. & S.U.), can have perceptible effects on the mechanical properties of the rubber. These ef-

fects, softening of the material and increase of contact area, will possibly cancel the velocity effects. 

However, since friction obviously decreases for higher frequencies, an explanation of the phe-

nomenon through thermal softening or decrease of contact area has to be emphasized. It should 

be noted that the highest decrease observed corresponds to 300/0 of the maximum friction (reached 

at 30 Hz). 

A velocity effect inverse to the one supposed to occur at high frequencies was expected to in-. 
fluence friction at small frequencies: as the slider oscillations get slower, the material gets softer and 

the contact area increases. Since no effect really shows up (the decrease of friction for small fre-

quencies being small), it can be concluded that either both phenomena occur and cancel each other 

out or that a much smaller speed is needed to soften the rubber. 

Anyway, these reasonings based on velocity considerations should be considered with caution, 

since velocity is not constant over a fretting cycle, but is sinusoidal, that is to say it goes from zero 

at the peaks of amplitude to a maximum at zero relative displacement. Therefore, the different 

velocity effects mentioned previously are all likely to occur during a single fretting cycle at any fre-

quency. 

This new aspect of the problem greatly complicates it all the more so because it is still unknown 

whether the material will have the time or not to respond mechanically to such strain rate variation. 

In other words, will the rubber be able to soften at each peak and to get stiffer when it passes by 

the center of the contact, and this ten or twenty times a second? Or is the average velocity the es-

sential parameter? If the latter case holds true, the previous reasonings are perfectly valid. 
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These questions motivated a study of friction variation with sphere displacement over one cycle, 

which was conducted using the X-Y plotter and the oscilloscope. Figure 39 shows the friction

displacement responses of a 32 JJ,m thick SEBS coating for an amplitude of 381 JJ,m and for two 

frequencies (1 and 10 Hz). These responses describe hysteresis loops. Since the plotter could not 

be used for frequencies higher than 1 Hz, the hysteresis corresponding to 1 Hz was plotted on it 

and then the variation of the hysteresis loop with frequency was observed on the oscilloscope. 

The hysteresis presented on Figure 39 can be compared to those found by Tonk (26) in the case 

of polystyrene (see literature review, Figure 3), though some important differences should be no

ticed. These hysteresis plots show two stages in the friction-displacement process: a relaxation 

phase, when the friction force decreases to F3, defmed on Figure 37, while the sphere remains at the 

peak of amplitude; then a phase of partial adhesion (see Barquins' work in the literature review), 

when friction evolves with slid distance. A third stage of global sliding will appear on hysteresis 

presented later in cases where the amplitude is higher or the film thickness smaller. These three 

stages will be investigated in detai11ater. 

So far, the prime concern is the frequency effect. The main observation is that the difference 

of friction between 1 and 10 Hz "'occurs'" at the peaks of amplitude. A possible mechanism directly 

related to the observed relaxation phase can be proposed. 

First, this relaxation process has to be explained: According to equation 15, when the sphere 

reaches one of the peaks, its velocity is equal to zero. Then it starts to move in the opposite di

rection, beginning at very small speeds. Therefore, the slider remains in the peak area a certain time 

during which the deformed rubber can relax according to a viscoelastic process, since the rate of 

deformation is very small. At the same time, its displacement is almost negligible and cannot be 

detected by the X-Y plotter. Therefore, the observed decrease of friction seems to occur while the 

slider is motionless. 

A simple experiment confirmed the hypothesis of a relaxation process. When the sphere 

reached a peak of amplitude, it was possible to stop the displacement at this exact location. The 

variation of friction was then observed on the X-Y table. It appeared that the friction force de

creased to a value F4 which was approximately equal to F3 (this last value being equal for I and 
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10 Hz, as it appears on Figure 39). Therefore, not only did it seem that the mechanism was 

viscoelastic relaxation, but also that the relaxed friction F 3 was a constant independent of frequency 

(the latter experiment would correspond to oscillations at very small frequencies). 

The same reasoning can be applied when the sphere is about to reach one of the peaks. Its 

velocity decreases, and therefore it spends more time in this peak area than in any other area it has 

crossed since it left the other peak zone. As the sliding speed decreases, the material is likely to relax 

according to the same type of viscoelastic process as before. When the frequency is increased, the 

time the slider spends at small speeds in the peak area decreases. Therefore, the stretched rubber 

does not have the time to respond mechanically (i.e., to relax) to such decrease in velocity. Con

sequently, the friction force reaches a higher absolute value than in the case of a smaller frequency, 

The study of these hysteresis plots can be of help in answering questions about the possible 

effects due to velocity variation during a fretting cycle. It was mentioned earlier that an increase 

of velocity could lead to a decrease of contact area because of material stiffening and to an increase 

of shear strength for the same reason. If such effects were contributing to the frictional mechanisms, 

a noticeable modification (or jump) of friction should show up at zero relative displacement, since 

the slider velocity increases until it reaches this point and then decreases. However, as indicated 

by Figure 39, no particular variation or jump of friction shows up at this particular location. It is 

hard to believe that the frictional mechanisms would noticeably change while the friction force 

would not show up any particular variation at the same time. Therefore, it was concluded that such 

velocity effects do not occur, certainly because the material does not have time to respond me

chanically to such variation of sliding speed. 

The previous results concerning friction variation with frequency do not show great effects of 

this last parameter. Particularly, the small difference in hysteresis loops between 1 and 10 Hz will 

be exploited to conduct further hysteresis analysis at I Hz only, since the study of these responses 

at higher frequencies required the use of a tape recorder which induced a lot of noise in the signal 

when this one was played back at a lower speed in order to use the X-Y plotter. 
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b. Friction versus Amplitude 

The variation of friction with amplitude will appear to be an essential aspect of this study. Since 

the variation of the friction force with the number of cycles will be studied later, the present analysis 

concentrates on the frictional mechanisms during the fIrst fretting cycles only. 

Figure 40 gives those variations for a 21.611m thick SEBS coating for three different amplitudes 

(254, 381 and 508 J.Lffi). Clearly, it appears that different friction mechanisms are involved whether 

the amplitude is small or high. 

At small amplitudes, friction constantly varies during each fretting cycle and its variation with 

displacement is very similar to the one of a sample of rubber which would be tested under a 

tensile-compressive fatigue test. The only difference is that each time the sphere reaches one peak 

of amplitude, the friction force decreases (in absolute value, since the same phenomenon happens 

also for negative forces) while the sphere remains in the same position. This mechanism corre

sponds to the relaxation process described earlier. Then, as soon as the force reaches a critical value 

F3, the sphere moves again over the surface up to the other peak of amplitude. 

At higher amplitudes (381 and 508 J.Lffi), the frrst stage, in which friction is constantly varying, 

is followed by a sudden levelling of friction. This second stage corresponds to a steady-state, since 

no more variation of friction will be recorded until the sphere reaches the peak of amplitude, 

whatever the amplitude can be. Then, the third stage of the process occurs when material relaxation 

happens before the slider starts to move again. Therefore, three different stages are involved in the 

process: 

bI. Shearing of the Rubber Film 

A global sliding of the sphere over the film could not explain the type of variation presented in 

Figure 40. Indeed, one could suggest that during global sliding more and more segments of rubber 

film are stretched. Therefore, the deformed rubber would oppose an increasing resistance to the 
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sliding of the sphere, and the friction force would increase. But, in that situation, what would ex

plain the sudden leveling off of friction observed for high amplitudes on Figure 40, since global 

sliding is supposed to have already occurred? 

The most plausible explanation is that, as described by Barquins, a stage of partial adhesion, 

where a central adhesive zone is surrounded by a slip zone, precedes global sliding. As a conse

quence, two components contribute to the friction coefficient: an adhesive (or shear) component 

that will increase since the adhesive zone is more and more sheared as the displacement increases, 

and a slip component, corresponding to classic steel on rubber friction which occurs in the slip 

zone. 

For the first time, the notion of shearing is introduced. A basic parameter involved in such a 

type of deformation is the shear strain y, that will be dermed in the case of a thin coating of thick

ness h by the ratio D/h, where D is the relative displacement of the sphere over the coating surlace. 

The shear strain that characterizes a fretting test of peak to peak amplitude equal to A will be de

rmed as well by A/h. 

In the case where a slider which would not be indented in the depth of the film would perfectly 

adhere to the rubber surface, the situation would correspond to homogeneous shear loading dis

tributed at the surface: the stress-strain response (i.e., friction force-displacement response) would 

be the classic shear curve of the particular rubber. However, the present situation is very different. 

First, the sphere is indented in the coating (as the study of contact area presented later will 

show). Therefore, the shear strain of the compressed rubber varies, since the thickness of the in

dented material depends on its location relative to the indenter. Secondly, it is possible that the 

sphere pushes a wave of elastically deformed material at the front of the slider, a wave that would 

disappear during unloading, therefore leaving no evidence of it on the unloaded wear scar. The 

presence of this compressed wave would add another component to the friction, a "compressive'" 

component. 

Note: one could state that the simultaneous presence of an adhesive central zone and a wave 

at the front of the slider, similar to a Schallamach wave, is unlikely to occur, since this elastic fold 

could not propagate across the adhesive area. However, it is possible to consider that such propa-
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gation happens in the slip zone surrounding the adhesive zone. Therefore, such hypothesis should 

not be discounted a priori. 

As a consequence, the ascending parts of the hysteresis will unlikely be equal to classic shear 

responses. The coming study of their variation with thickness will illustrate this affmnation. 

h2. Glohal Sliding 

For a 21.6 J.1lIl thick SEBS fWn, global sliding occurs for fretting amplitude of 381 and 508 

J.1m. When the shear strength of the adhesive contact is reached, true sliding suddenly extends to 

the whole contact area. The friction mechanism is then similar to the classic process described in 

the literature, that is to say propagation of Schallamach waves at high sliding speeds, and contin

uous pushing of a fold at the front of the slider for small velocities. 

Two important phenomena can be observed on Figure 40. First, the two ascending parts of 

the hysteresis for 508 J.1lIl amplitude are obtained by translation of the ones corresponding to 381 

J.1m amplitude. Secondly, the value of the steady-state friction is the same for both amplitudes. 

Therefore, it seems that global sliding occurs after the sphere has slid a critical distance from 

one peak of amplitude, a distance which does not depend on amplitude. It seems also that the 

coefficient of global friction is also a constant independent of amplitude, correspondent to the dy

namic coefficient of friction. 

h3. Film Relaxation 

This aspect of the process has been presented before. The friction relaxation which occurs at 

the peak of amplitude was shown to be independent of frequency at a given amplitude. The present 
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study shows that when the amplitude is high enough to allow global sliding, the value F3 down to 

which the force is relaxing is independent of amplitude. Figure 40 illustrates this phenomenon. 

However, as long as global sliding cannot occur, this value increases with the peak to peak 

amplitude. This result can be observed on Figure 41 which represents the frictional response of a 

48.3 J.UI1 thick SEBS ftlm for various amplitudes. It shows also that the difference (F-F3) between 

the maximum friction force and the relaxed one increases with amplitude. It seems, therefore, that 

the more the ftlm is sheared, the more it relaxes. 

Barquins (5) found that the relaxed friction, observed after a unidirectional sliding test was 

stopped while the contact was still in the viscous dragging phase, was independent of the slid dis

tance. This was a case of natural (static) and long time relaxation, while the present case deals with 

relaxation occurring during a very short time and for small sliding velocities. However, an exper

iment mentioned earlier (page 79) showed that the relaxed value F 4 reached under static and long 

time relaxation was approximately equal to the one observed at 1 and 10Hz, which has just been 

shown to increase with the slid distance. Therefore, F 4 also varies with the slid distance as long as 

global sliding does not occur. 'This could be a source of contradiction with Barquins' work, though 

the conditions of fretting are different from the ones of unidirectional sliding. 

h4. Polyurethane versus SEBS 

Figure 42 shows the variation of hysteresis with amplitude for a 17.8 J.UI1 thick polyurethane 

ftlm. The three fundamental stages appear to occur in this case, in a way very similar to that for 

SEBS. However, a noticeable difference can be observed: the amplitude necessary for global sliding 

appears to be smaller in the case of polyurethane; this will be observed over the whole range of 

thicknesses investigated. 
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h5. Fretting versus Unidirectional Sliding 

The result presented now is of great importance, since it will be used many times in further parts 

of this study. Coming back to Figure 41, particular attention should be paid to the curve which 

starts at zero force and zero displ.acement. This curve corresponds to unidirectional sliding of the 

sphere over the ftlm surface. The three hysteresis loops represent frictional response of 48.3 J,lm 

thickness SEBS coatings SUbjected respectively to 152.4, 254 and 558.8 J,1m amplitude fretting os

cillations. It appears that the maximum friction force F reached at the peak of amplitude during each 

fretting cycle is equal to the force necessary to slide the sphere over a distance equal to half the 

fretting amplitude during a unidirectional test. This is also true for amplitudes high enough to allow 

global sliding. 

Therefore, since the value of the maximum friction force is still useful, in particular in calcu

lating the friction coefficient, this result is quite important. It is also important because the 

unidirectional sliding response is a direct re~resentation of the variation of the maximum friction 

force with amplitude for a given thickness. 

It should be noted that the unidirectional response also shows three stages: fust, a vertical re

sponse, where friction increases at *zero* displacement. In fact, it will appear on other curves that 

very small displacements actually occur during this fust stage. Second, a stage where the force in

creases with amplitude. Last, a third stage where friction levels off and then remains almost con

stant as the displacement increases: once again, global sliding occurs, and the mechanism is classic 

rubber-steel friction. 

The noticeable similarity between this response and a classic shear response of a rubber (de

duced from its response in tension, shown on Figure 43 for SEBS) has to be emphasized. The 

levelling off of friction could thus correspond to yielding of the material, leading to breakage of 

adhesive junctions and extension of slip across the whole contact area. 

Lastly, the similarity in shape between the ascending and descending parts of the hysteresis and 

the unidirectional response (in particular the fact that, in both cases, sliding in one direction starts 

with a phase when friction drops while the sphere does not move), could lead to an explanation 
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for friction relaxation at the peaks of amplitude which would be slightly different than the expla-

nation proposed earlier. The mechanism would still be a relaxation process (i.e., a decrease of stress 

at constant strain), but it would result from the intrinsic mechanical response in shear of the ma

terial, instead of the effect of slower sliding speed. However, since it was impossible to change the 

shape of the velocity signal and to avoid zero speed at the peaks of amplitude, this question could 

not be answered. 

c. Friction versus Film Thickness 

The previous study has emphasized the similarity between the shear response of a sample of 

rubber and its behavior .under unidirectional sliding. If the friction mechanism were pure shear of 

the rubber f.t1m, the friction force F would obey equation 17: 

! = G(y):y 
r 

where Ar is the contact area, 'Y the shear strain defined earlier and G(y) the shear modulus which 

varies with the shear strain. This equation would give F under unidirectional sliding, which has 

been shown to give directly the friction under fretting conditions. 

When the thickness is constant and equal to hlf equation 17 can be written as follows: 

Therefore, F would be related to the displacement D through a factor of proportionality Gh1 (D) 

equal to (Ar.G(D/hl))/hh which depends on the displacement and on the coating thickness. For 

a given thickness hit the unidirectional friction-displacement response would thus give Ght(D). 
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Therefore, to test the previous hypothesis (Le., to analyze Gh t for various thicknesses hi and to 

check whether they are related to each other through the relation Gh1(D) = (Ar.G(D/h1))/h1), the 

study of the influence of thickness on friction responses during fretting and unidirectioJ.lal tests was 

necessary. The influence of the same parameter on the contact area, which was investigated 

through the static contact area, was also necessary. Once again, this study concentrates on the fust 

fretting cycles. 

cl. Friction-Displacement Hysteresis versus Tlzicklless 

Figures 44-49 show hysteresis responses for various fIlm thicknesses, respectively equal to 7.6, 

41.9, 55.9, 106.7, 177.8 and 393.7 JllD, in the case of SEBS coatings. At 7.6 Ilm fIlm thickness, the 

friction response is very close to a square, which is the characteristic hysteresis of a metal-metal 

contact subjected to fretting. TIlls result was expected, since, for very small film thicknesses, the 

influence of the substrate dominates the mechanical response of the coating. It should be noted that 

at that thickness, global sliding occurs also at small amplitude (254 Ilm), a result explained by the 

same reason as above. 

As thickness increases, the hysteresis loops evolve noticeably. First, the displacement necessary 

for the occurrence of global sliding increases continuously. At 177.8 Ilm thickness, for example, 

an amplitude of 762 J.1ID is not sufficient to generate global sliding of the slider. At the same time, 

the variation of peak relaxation is more complex. This parameter seems fust to increase with 

thickness and then to reach a maximum at around 50.8 J.1ID thickness, then to decrease rapidly with 

greater thicknesses. 

The varying slope of the two shearing parts of the hysteresis also evolves noticeably with 

thickness. At small thicknesses (except at 7.6 J.1ID), these ascending parts of the friction

displacement response can be approximated by two successive straight lines of different slopes. 

As thickness increases, the second part of the curve tends to disappear. Therefore, the shearing 

curve can be approximated by a single straight line. However, what seems to happen is that these 
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curves corresponding to the shearing phase expand in the horizontal direction as thickness increases. 

Therefore, it could be possible that the second part of the curve still exists for high thicknesses, but 

only for very high values of the sphere displacement, greater than the ones that can be set with the 

Mark III. 

The variation of the first straight line's slope with thickness was also considered, but no signif

icant results showed up. In fact, this slope remained quite constant over a large range of thick

nesses. 

The same type of study was conducted for polyurethane coatings. The variation observed in 

that case was very similar to the ones characteristic of SEBS coatings. Figures 42 and 50 show this 

variation for two different thicknesses (20.3 and 54.6 J..LIn). The only significant difference between 

the two rubbers is that, at a given thickness, the amplitude necessary for global sliding is lower for 

polyurethane. 

In conclusion, it does not seem that any strong tendency shows up when friction-displacement 

hysteresis plots are studied as a function of filin thickness, since these plots evolve according to 

complex variation which cannot be explained directly. Therefore, their various parameters (maxi

mum friction, peak relaxation) need to be investigated separately in order to obtain significant nu

merical results. Before that, unidirectional sliding must also be studied as a function of thickness. 

c2. Unidirectional Sliding Characteristics 

It was observed earlier that, knowing the unidirectional sliding response of a rubber coating, it 

was possible to deduce from it its friction coefficient under fretting conditions. Therefore, a par

ticular study of those responses as a function of thickness was conducted. Figures 51 and 52 show 

unidirectional loading for various SEBS filin thicknesses (22.7, 36.8, 78.7, 114.3, 205.7, 256.5 and 

812.8 JlIll). It appears that the three different stages that characterize unidirectional sliding (friction 

increase at zero displacement, shear deformation and global sliding) vary separately. For example, 

while the friction "jump'" at zero displacement continuously increases, it can be observed that the 
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the slope of the shearing response, which can be assimilated to a straight line for high filin thick

nesses' is approximately constant for the thickest coatings. Therefore, each of those three stages 

needs to be investigated separately. 

Friction Force Jump 

This flIst stage seems to occur at very small displacements, as can be observed on Figure 52 for 

812.8 IJ.lll fUm thickness, instead of zero displacement, as the responses for thinner filins could 

suggest. However, it will still be approximated that this flIst stage happens while no displacement 

occurs. As mentioned before, those responses being similar to classic shearing responses of rubber, 

this flIst stage could correspond to the the elastic recoverable part of the shearing response. As 

mentioned above, this elastic resp?nse is restricted to very small displacements, almost 

immeasurable even for the thickest fUms. Therefore, it was impossible to set up a test which would 

have checked this hypothesis of perfect elastic behavior. 

The variation of the friction force jump aF, equal to the maximum friction force Fl (see Figure 

37) which can be applied without inducing displacement of the slider, was studied as a function of 

the thickness h. Figure 53 shows that aF and h are related by a power function given by equation 

19. 

Note: the variation of Fl (defmed on Figure 37), presented also on Figure 53, will be discussed 

later. 

(19) 

Coming back to theoretical works presented in the literature review, it seems that the same type 

of relation gives the contact area radius and therefore the area of contact, as a function of film 

thjckness (equation 1). This relation cannot be adapted to the present case which involves plastic 

deformation and very thin films. however, it suggests that a relation of the same type could char

acterize the present problem. 
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Other works presented in the review (21, 22) suggested that in the case of plastic defonnation 

(Le., permanent indentation after unloading), the radius of the plastically defonned area, which can 

be observed after load removal (Figure 54), is approximately equal to the radius of the indented 

surface (25, 26). Therefore, based on this approximation and on the hypothesis that the dynamic 

and the static contact area are approximately equal, it can be stated that measurement with the 

macro scope of the plastic scar radius for various thicknesses will be a correct method to get the 

radius of the contact area under the usual test conditions as a function of coating thickness. Figure 

55 gives this variation. Once again, a power law, given by equation 20, relates quite precisely the 

thickness h and the contact area radius R •. 

Ra = 291.6.ho.21 
(20) 

Therefore, the contact area Ar is given by : 

(21) 

The surface shear stress t 1 (calculated in Pascal) which corresponds to the minimal frictional 

stress necessary to induce displacement is given by the tangential force F 1 divided by the contact 

area. Therefore, t I is related to h by equation 22: 

(22) 

Thus, tl is almost independent of fIlm thickness: it is a correct approximation to state that tl 

is a constant for SEBS coatings, in the range of thicknesses investigated (20.3 to 812.8 J..l.ffi). It 

should be mentioned that for thicknesses less than 20.3 J..l.ffi, the radius of the permanent indentation 

could not be measured, since the plastically deformed area was almost invisible under any macro

scope lighting. 
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Figure 54. Photograph of SEBS Coating. Static Indentation. Thickness = 129.5 ~m, 
(Magnification: 42X). 
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The result given by equation 22 is interesting because it suggests one more time that the fric

tional behavior of rubber coatings depends directly on mechanical constants of the ftlm material, 

especially its shear parameters. Further results about the two other stages of unidirectional sliding 

will develop this idea. 

Shearing Stage 

When the friction force reaches Fit the sphere begins to move, and the variation of the friction 

force with the displacement can be observed on Figures 51 and 52. As was also observed for the 

shearing phases of fretting responses, the parts of the unidirectional friction responses corresponding 

to the shearing phase can be approximated by two straight lines. 

As thickness increases, two phenomena happen: first, the second straight line tends to disappear 

and, therefore, the curve can be approximated by a single straight line. Once again, it can be sug

gested that the second straight line is also present at high thicknesses, but is observed f<?r very high 

displacements only. Second, the slope of the fJIst line fJIst rapidly decreases as coatings get thicker, 

and then gets almost constant for thicknesses greater than 127 J,lm. Compared with the variation 

of F i , which was regular (Figure 53), this variation is quite complex. As shearing is supposed to 

be the leading mechanism, it could be that for thicknesses greater than 127 J,lm, the depth of ftlm 

deformed under shear is still 127 J.lffi (i.e., the deepest layers of the rubber coating are not subjected 

to shear deformation). 

In spite of the previous irregular variation, the shape of the friction-displacement responses 

presented on Figure 51 could suggest that these curves correspond to various expansions of a single 

master curve, whose varying slope would be equal to G(y) defined by equation 17. Therefore, an 

attempt was made to obtain such a master curve by plotting each of these curves, corresponding 

to a given thickness, in a new axis system, called S. The horizontal axis corresponds to the pa

rameter: (displacement/thickness), while the vertical axis corresponds to the parameter: (friction 

force/contact area), the contact area being related to the thickness by equation 21. 
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The plot obtained, while suggesting a particular shape, was not precise enough to draw any 

significant conclusion. however, this HnegativeH result does not cancel the hypothesis that shear 

defonnation occurs during this second stage. First, it should be remembered that during this phase 

which precedes global sliding, the central zone of adhesion is surrounded by a slip zone where gross 

sliding occurs. This has two consequences: the area of the adhesive zone is smaller than the total 

contact area and the friction force measured is actually the sum of a shear force and a friction force 

corresponding to the slip zone. Second, as mentioned earlier, since the depth of penetration is not 

negligible, the thickness of the sheared rubber depends on its location relatively to the sphere, in

stead of being constant as considered in the previous approach. 

Global sliding 

When the displacement reaches a certain value, dependent on thickness, there is an almost im

mediate levelling off of friction. For higher displacements, the friction force remains at a constant 

value F2 which corresponds to global sliding of the sphere (Le., classic dynamic friction). There is 

usually a short phase between this pure sliding stage and the shearing stage, during which friction 

progressively decreases to its dynamic value F 2' This phenomenon, which could be due to 

viscoelastic relaxation of the sheared material when slip invades the whole contact area, will be 

neglected since it deals with a negligible decrease of friction. 

The amplitude A2 necessary for global sliding and the corresponding friction force F2 increase 

with thickness. Figure 53 and 56 show these variations. It happens that Al is related to the 

thickness h by the following equation 23: 

A2 = 11. 78.h 0.825 (23) 

Therefore, the corresponding shear strain necessary for global sliding is given by equation 24: 
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y2 = A2 = 11.78.h -0.175 
h 

In the same way, Fl is related to h by a power law given by equation 25: 

Fa = 3.22.ho.4 

(24) 

(25) 

The corresponding stress, obtained by dividing Fl by the contact area, is given by equation 26 

(t2 is calculated in Pascal): 

(26) 

Equations 24 and 26 suggest that the critical stress and strain necessary for global sliding are 

approximately independent of h and, therefore, constant in the range of thicknesses investigated. 

They would correspond to shear yielding of the material. 

Conclusion 

According to the previous results relative to the three stages of unidirectional sliding, it appears 

that a constant surface tangential stress 't1 is necessary to induce displacement. Mter the film has 

been sheared, global sliding occurs when the surface tangential stress reaches a value 't1 independent 

of thickness, for a strain Y2 also independent of thickness. However, the shearing phase, occurring 

between two constant dots (0, 't1) and (Y2' 't2) in the system of axis S defmed before, does not follow 

a constant shear curve when plotted on S. The possible explanations for that result have been given 

previously. 
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It is then possible to calculate through equation 23 the minimum fretting amplitude necessary 

for global sliding to occur during a cycle, recalling the way friction during fretting is deduced from 

unidirectional friction, presented on page 86. Equation 27 gives this fretting amplitude: 

A = 2.A2 = 23.56.hO.825 
(27) 

The same kind of relation between unidirectional and fretting friction is also observed for 

polyurethane filins. Figure 57 shows unidirectional sliding responses for three thicknesses (17.8, 

33 and 54.6 J.Illl). Three phases can also be observed. however, since it was impossible to form 

polyurethane filins thicker than 65 J.Illl (because of low solubility of this material in dimethyl 

formamide accompanied by very difficult solvent evaporation during filin formation), it was not 

possible to get enough data to draw significant curves and therefore to obtain equations relating 

stresses, strains, and thickness. 

c3. Maximum Friction and Cyclic Peak Relaxation versus Thickness 

Now that unidirectional sliding has been investigated, it is possible to present the variation of 

the maximum friction force F and of the peak relaxation (F-F3) with thickness for SEBS coatings. 

Polyurethane coatings were also investigated but over a much smaller range of thicknesses for the 

same reasons as before. The variation of the maximum friction force and of peak relaxation with 

thickness for tbis material was quite similar to that of SEBS coatings. Figures 58 and 59 show this 

latter variation. Coatings whose thicknesses varied from 7.6 J.1ffi to 381llm, tested under 254, 381, 

508 and 635 J.1ffi fretting amplitude conditions, were considered. 

Considering first the maximum friction force, it can be observed that the force increases with 

amplitude at a given thickness. This is logical according to the results of unidirectional sliding, since 

friction was shown to increase with amplitude as long as global sliding does not occur. This global 

sliding happens only for small thicknesses in the range of amplitude (254-635 J.llIl) investigated. 
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This is why it appears that for those small thicknesses (lower than 25.4 Jlm), friction is almost 

constant for amplitudes greater than 254 J.1IIl. 

The variation of the maximum friction force is quite complex: flrst, a very rapid increase of the 

force can be observed at small thicknesses. Then, the force reaches a maximum for a particular fIlm 

thickness which increases with amplitude. Then, a slight decrease of friction which is followed by 

another increase which is slighter than the fIrst increase. Lastly, a levelling off of friction for 

thicknesses greater than 254 Jlm. 

Several points should be remembered in order to explain this unusual variation. Firstly, contact 

area increases with thickness (equation 21). Recalling equation 9 given in the review, a corre

sponding increase of friction force is understandable. The two ascending parts of the variation 

could thus be explained. Secondly, the unidirectional sliding analysis, which gives directly the 

maximum friction force during fretting, can still be exploited. It emphasizes the fact that friction 

is the sum of two terms: a component Fl corresponding to friction jump at zero amplitude, which 

increases with thickness (Figure 53), aI).d a shear component FI' given by a shear curve whose slope 

fIrst decreases while thickness increases up to 203 Jlm, and then gets almost constant for thicker 

coatings. As a consequence. F is the sum of two components which vary inversely with thickness: 

Fl gets higher, FI' diminishes. For thicknesses between 25 jlm and 130 jlm, Fl increases slightly 

while the decrease of F I ' is important, as illustrated on Figure 51. Therefore, F diminishes. 

Coming back to the friction-displacement hysteresis analysis, it was mentioned that cyclic re

laxation ftrst increases, then diminishes as thickness gets greater. As 2F is the sum of this cyclic 

relaxation and the shearing phase component (see Figure 37) which remains almost constant in the 

range of thicknesses investigated, F/s decrease following its first rapid increase is logical. This is il

lustrated on Figure 59, which shows the relative variation of F and of this cyclic relaxation. For 

thicknesses less than 180 jlm, there is a perfect similarity in shape between the two curves. 

Coming back to Figure 58, it can also be noticed that for amplitudes greater than 250 fJm, the 

flfSt peak of friction is noticeably equal to the constant value reached at high thicknesses. Lastly, 

it should be noted that though the contact area still increases for thicknesses greater than 760 J.1IIl 
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(Figure 55), a constant value is reached by friction at around 380 Jlm, which could indicate that 

explanations of friction mechanisms through contact area (equation 9) are limited. 

Conclusion 

Maximum friction variation with thickness is quite unusual, particularly because of this drop 

of friction occurring while coatings get thicker. Though this drop is still not explained, it can be 

exploited since there is a particular thickness for which friction reaches a minimum. Thus, for a 

quite thick ftIm (120 Jlm), stress distribution is minimized and, as a consequence, crack initiation 

and propagation might be inhibited. Anyway, this variation of friction is quite small, since the 

maximum difference in friction coefficient obserVed over a range of thicknesses 381 Jlffi wide is 

about 350/0, which is very small compared to the variation of flim life as a function of thickness that 

will be presented in the next chapter. 

2. Degradation versus Friction 

The previous study has concentrated on friction during the frrst fretting cycles. From a coating 

life point of view, it was also interesting to investigate the variation of friction coefficient and of 

friction-displacement hysteresis with the number of cycles. lIDs last investigation was particularly 

useful since it gave the variation of the frictional energy (i.e., the area of the hysteresis loop) as a 

function of the number of cycles and also as a function of crack length. 
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a. Friction Coefficient and Hysteresis versus Number of Cycles 

Figures 60 and 61 show the variation of hysteresis with the number of cycles, for polyurethane 

and SEBS coatings (thickness = 33 ~mt amplitude = 508 ).Lm, frequency = 20 Hz). The friction

displacement responses were obtained using a single sample. The test was run up to a certain 

number of cycles at 20 Hz; then the hysteresis was recorded and the test run again up to a new 

number of cycles. For number of cycles higher than 500, the recorded hysteresis loops were very 

similar to the ones obtained at 500 cycles. Therefore, though ftlm failure occurs at 600 cycles for 

SEBS and 3000 cycles for polyurethane, the hysteresis loops corresponding to the highest number 

of cycles on Figures 60 and 61 were recorded at 500 cycles. 

al. Polyurethane Coatings versus SEBS Coatings 

Three stages characterize the variation of hysteresis for polyurethane; only two stages charac

terize the variation for SEBS. For the fonner material, important variations happen during the very 

first cycles: an important increase of friction occurs during the ftrst ftve cycles; this is followed by 

an immediate decrease during the following ten cycles. The second variation can be explained quite 

easily, since during the rust cycles of fretting, delamination invades the whole fretted area. The 

friction coefficient f at the ftlm-substrate interface therefore drops from H'mfmityN to a low value 

corresponding to the Nnatural'" friction of a layer of polyurethane pressed against a metallic surface. 

The mechanisms of friction under those new conditions are certainly more complex than during the 

rust stage. The central area in which the slider is indented is either sheared by the sphere if f is still 

high or itself fretted on the substrate if f tends to zero. In this last situation, it can be considered 

that this central strip is not only submitted to friction on its inferior surfac~, but also to shear on 

its upper surface due to the action of the slider and to tensile stresses in its thickness since this 
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Figure 60. Polyurethane Coatings: Hysteresis Loop versus Number of Cycles. 
Thickness = 33 fJlIl, Frequency = 20 Hz, Amplitude = 508 J.11ll. 
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central strip is actually displaced over the substrate. In any event, the resistance opposed to coating 

defonnation is lower in this case where the fIlm is debonded. As a consequence, F diminishes. 

The fIrst variation is tougher to explain. In the case of metallic contact, such increase of friction 

is explained by removal of oxide layers during the frrst cycles. In the present case, since no wear 

occurs on the sphere surface, only the rubber surface is involved in the process. It could be stated 

that the fIlm surface is covered by iubricating" contamination which would be removed during the 

frrst cycles. Unfortunately, since the frictional mechanism is essentially shearing of an adhesive area, 

no true sliding and, therefore, no possibility of particle removal, happens at the interface. Perhaps 

the component of friction corresponding to true sliding in the slip zone of the contact area greatly 

increases because of the previously proposed process. 

In the case of SEBS, this frrst stage does not occur. Friction is already at its maximum during 

the fust cycle. The decrease of F which follows occurs much more slowly than in the previous case. 

This is logical, since it was shown in the frrst paragraph that the time corresponding to delamination 

and crack initiation is equal to almost half the film life in the case of SEBS. 

The last variation for SEBS, which occurs during the second half of the ftlm life, is characterized 

by an increase of both hysteresis area and friction coefficient. These increases will be shown later 

to correspond to the crack propagation stage. In the case of polyurethane, the last variation is 

smaller. Friction slightly increases, but it can remain constant under different test conditions. This 

last stage also corresponds to crack propagation and covers 9/10 of the flim life. 

Figure 62 shows the variation of the coefficient of friction (once again defmed by the ratio of 

the maximum friction F to the nonnalload) with the number of cycles for both materials and under 

the same test conditions as previously. A logaritlunic scale is used for the horizontal axis, to em

phasize the variation occurring during the fust cycles. 

As it appears that the variation of friction coefficient and of frictional energy with the number 

of cycles is important, it is necessary to deepen the present investigation by trying to relate this 

variation to film delamination and crack initiation and propagation. 
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b. Frictional Energy versus Crack Length 

The crack length variation was obtained by the cycle by cycle method. Moreover, in the present 

case, hysteresis curves were recorded before each unloading of the sphere. The hysteresis variation 

obtained this way was very similar to the ones presented previously which were recorded without 

any sphere unloading. Moreover, this is another reason why the cycle by cycle method can be 

considered accurate. 

Figures 63-67 show variation of both crack length and frictional energy as a function of number 

of cycles. Crack length is represented up to ftlm failure. On the other hand, as the energy involved 

at this particular instant is already representative of a metal-metal contact, it is not valid in the 

present analysis. Therefore, this frictional energy was only recorded up to a point just before ftlm 

failure was likely to occur. SEBS coatings were investigated under two test conditions at 20 Hz 

(thickness = 33 /lm, for amplitudes of 330 /l and 508 /lm), while polyurethane was studied under 

three test conditions (thickness = 29.2 J,.Lm, amplitude = 508 J.I.; thickness = 33 J.l.ffit amplitude = 330 

J,.Lm; thickness = 45.7 J..lffi, amplitude = 508 J..lffi), at 20 Hz also. 

Note: those particular variations are presented here because they are very representative of the 

phenomena occurring during fretting. Since they are similar for both rubbers, no comparative study 

between the two materials is needed; therefore, it does not matter if the tests are run under different 

conditions for SEBS and polyurethane. 

The main information that these five ftgures provide is that crack initiation occurs when the 

frictional energy is minimal. This simultaneity is quite precise and happens at different thicknesses 

and fretting amplitudes for both materials. It seems therefore that it is a general characteristic of 

fretting degradation of rubber coatings. In the case of polyurethane, frictional energy seems to be 

more likely to remain approximately constant after having reached a minimum while, in the case 

of SEBS, an immediate increase of energy follows. Anyway, both cases are characteriz~d by a im

portant energy decrease during the stage preceding crack initiation. This decrease can be attributed 
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to f11m delamination for the same reason why friction also diminishes during this period: resistance 

to fIlm shearing decreases as the coating gets debonded. 

As soon as a crack has been initiated, it is fust able to propagate quite rapidly until its tips reach 

the border between the bonded and the delaminated zones. During this period, frictional energy 

can increase significantly (Figure 63, 64). Then, in cases where crack propagation is very slow 

during the last part of the fIlm life (Figure 66, 67), frictional energy remains ahnost constant during 

the same period. 

The last two points mentioned concerning the stage of crack propagation are quite surprising. 

It could be expected that as long as the crack tips are away from the border of the debonded zone 

(i.e., during the fust period of fast propagation), the energy necessary for the extension of the crack 

would be small. On the contrary, when propagation is slowed because the debonded zone must 

extend before the crack can propagate again, it could be expected that the energy necessary for this 

process would be high. However, since the results mentioned above did not appear on every vari

ation curves, they should be considered with care. This is the reason why the previous suggested 

contradictions were not deeply investigated. 

Concerning this second period of the fIlm life, a more general point was mentioned: frictional 

energy increases after having reached a minimum when crack initiation occurs. The propagation 

of a crack is a phenomenon which consumes energy, since new surfaces are created at the crack tips. 

Therefore, since crack propagation is involved, an increase of energy, relative to the state where no 

through-the-thickness crack is present, is logical. 

However, a second mechanisms can be proposed to explain the energy increase during crack 

propagation. It should be remembered that the slider lies on a central strip whose dimensions in

crease as the cracks propagate. This enlarging strip is either rolled or fretted on the substrate surface 

as the slider moves over the filin surface, which in both cases consumes energy. Therefore, as the 

cracks propagate, it takes more and more energy to deform the strip. As a consequence, the fric

tional energy increases. 

IV. Friction and Degradation of Rubber Coatings under Fretting Conditions 132 



3. Conclusion 

The study of frictional mechanisms of a rubber coating sUbjected to the fretting of a steel 

indenter has emphasized the complexity of the processes involved, a complexity partly due to the 

very special conditions of fretting (i.e., small amplitude oscillations). Film thickness and fretting 

amplitude were shown to be essential parameters in the determination ~f the coefficient of friction 

and of the friction-displacement response of the system during a fretting cycle. 

The proposed frictional mechanisms, based on the hypothesis that friction is essentially due to 

shearing of the rubber ftIm, confum the process of degradation suggested in chapter A: propagation 

of two types of crack (through-the-thickness crack and ftIm-substrate interface crack) under con

stant strain defonnation. The study of frictional energy versus number of cycles also develops these 

hypotheses, showing in particular the occurrence of a minimum of energy when the through-the

thickness. crack begins to propagate. 

Now that 'precise infonnation is available about one of the leading parameters in the present 

fatigue mechanisms (i.e., tangential loading at the ftIm surface), the life of the coating, which is 

eventually the most important factor in this study, can be analyzed with a consistent background. 

Chapter C will now present results about ftIm life as a function of fUm thickness, frequency and 

amplitUde of the oscillations. 

c. Coating Life versus Frequency, Amplitllde and Film 

Thickness 

N ow that the basic mechanisms of friction and degradation of rubber coatings under fretting 

conditions are globally understood, it is necessary to study the coating life: this parameter is the 
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best indicator of the ftlm effectiveness and it is quite a precise way to check the validity of those 

suggested mechanisms. 

Film life was studied as a function of thickness, amplitude and frequency, for both materials. 

The explanations for the results of this analysis were based on the main conclusions of the last two 

chapters concerning the influence of these three parameters on ftlm degradation and frictional be

havior. 

1. Effect of Frequency on Coating Life 

Frequency has been shown, in the two previous chapters, to have small effects on degradation 

mechanisms and to leave friction globally constant up to 30 Hz. However, it is an important pa

rameter in fatigue mechanics, in the case of polymeric materials, since it influences the mechanical 

and thennal conditions of the degraded material. \Vhen the frequency gets higher, the heat gener

ated in the sample per unit time increases, and therefore thennal degradation (i.e., local melting of 

the polymer) is enhanced. Strain rate, on the other hand, increases with frequency, and therefore 

the mechanical properties of the material (Young's modulus, stiffness) increase with this parameter 

(39), Recalling equation 7, the crack propagation rate depends on a constant m, which is a function 

of these mechanical properties (39, 40). Thus, crack propagation depends also on frequency. 

Usually, as frequency increases, thennal degradation effects are more prominent than stiffening of 

the material, and as a consequence, fatigue life decreases when frequency gets higher (39). 

In the present study, film life was studied as a function of frequency, for various thicknesses and 

amplitudes. Three different tests were run under each particular experimental conditions (ampli

tude, frequency, thickness), and the mean life plotted as a function of frequency, at constant 

thickness and fretting amplitude. Under each set of test conditions, the recorded ftlm life was found 

to vary noticeably, the largest variation being around 100%. The standard deviations were found 
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to vary from 15% to 30% of the average ftlm life. Their average value was equal to 25% of the 

average ftlm life. 

Figure 68 and 69 show this variation for SEBS and polyurethane coatings of various thicknesses 

sUbjected to 330 Jlm amplitude fretting oscillations. The same type of variation was obtained at 

higher amplitude (508 Jlm) and lower amplitude (254 Jlm). 

One of the main results is the important increase of ftlm life with thickness, for both materials, 

which will be more deeply investigated in a later section. Coming back to frequency effects only, 

it should be mentioned that for both materials, coating life reaches a maximum between 30 Hz and 

40 Hz, and that this effect decreases with decreasing thickness since the thinnest coatings have a life 

almost constant over the range of frequencies investigated (5 Hz-60 Hz). 

However, there are also some noticeable differences between the two materials. First of all, as 

mentioned earlier, the life of a polyurethane coating is longer than the one of a SEBS ftlm of same 

thickness, when degraded under the same test conditions. It was shown earlier that slower crack 

propagation and larger crack length at failure characterize polyurethane, and therefore explain 

longer coating lives. Secondly, the shape of the life-frequency curves for SEBS and polyurethane 

are almost symmetrical relative to a vertical axis located at 35 Hz: in the case of the former material, 

the increase of life up to 30 Hz is rather small, while the drop of life for frequencies over 30 Hz is 

quite important. For polyurethane, the situation is reversed. Lastly, it can be stated that in spite 

of noticeable effects, the influence of frequency on ftlm life is not very important, compared to the 

influence of thickness, as can be observed on Figure 68 and 69, or also the one of amplitude, studied 

later. 

Discussion 

The fact that frequency's influence on ftlm life increases noticeably with thickness can be explained 

by thermal considerations. Several works on fatigue of plastics have shown that when the sample's 

surface-to-volume ratio increases, heat dissipation is increased, and therefore the possibility of 

thermal degradation is lowered (38). In the present case, as the ftlm surface is cons.tant, an increase 

of this ratio means a decrease of volume, that is to say a thinning of the coating. Therefore, it can 
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be suggested that for thin films, the importance of temperature in coating degradation is small, since 

heat can quite easily dissipate. As a consequence, if it is stated at the same time that most of the 

frequency effects are related to thermal variation, it can be understood why frequency does not in

fluence the degradation of the thinner coatings. 

When coatings are thick enough, frequency effects are noticeable. The ascending part of the 

variation could be explained by a stiffening of the material due to higher strain rate, but if this is 

correct, it is surprising that this effect does not occur at small film thicknesses as mentioned before. 

The descending part of the curves can be due to thermal considerations since heat dissipation is 

likely to be inhibited a high frequencies, leading to local melting of the rubber which lowers its re

sistance to crack initiation and propagation. The competition between the two phenomena and 

their relative importance at different frequencies would explain the presence of a peak on the vari

ation. This competition between two processes whose importance varies with frequency would also 

explain why the ascending and descending parts of the variation are different for SEBS and 

polyurethane. In the case of the latter material, stiffening of the ft.l.th at low frequencies would be 

more influential than thermal degradation at high frequencies. For the former rubber, it would be 

the contrary. 

Considering Figure 38 one more time, more questions arise. First, for frequencies greater than 

30 Hz, friction decreases for both materials, emphasizing the fact that stress is not the only impor

tant factor involved in the present fatigue process, since coating lives also decrease under the same 

frequency conditions. Secondly, the fact that polyurethane coatings last longer than SEBS coatings 

though friction of the former material is slightly higher confirms the previous point concerning the 

relative unimportance of friction in the degradation mechanisms. 

All the previous suggestions about frequency influence on thermal and mechanical properties 

of the coating are very difficult to check, because surface temperature rise during fretting is still a 

very controversial subject, and also because it would be very difficult to measure the variation of 

film stiffness with frequency. develop. Anyway, those differences in coating lives are not very im· 

portant, in the sense that the uncertainty of a film life under given test conditions can itself reach 

100%, which is the order of magnitude of the maximal difference (between the highest and the 
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lowest mean coating lives) found over the frequency range investigated. The cOlning analysis of the 

influence of thickness and amplitude on coating life will show the much larger importance of these 

two parameters. 

2. Effect of Film Tlzickness on Coatillg Life 

In previous parts of this work, it was shown that thickness is a major parameter of the degra

dation mechanisms of fretted rubber coatings, since ftIm life greatly varies with thickness. In this 

part of the study, this variation is more deeply investigated, and the results explained from a fatigue 

mechanics point of view. 

In chapter A, it was shown that the degradation mechanisms could be analyzed through the 

simplified model corresponding to equations 14. Crack propagation increases with friction and with 

decreasing film thickness. Friction itself was shown to be related to thickness through quite com

plex variation. Therefore, the influence of thickness on ftIm life can also be predicted through the 

HtheoreticalH approach of equations 14: 

Except for thin fllms, where F and h are almost linearly related (see Figure 58), the variation 

of friction with thickness is slight, and therefore it is expected, according to equation 14.1, that the 

propagation rate will decrease with increasing thickness. Delamination can also be expected to 

decrease, since the shear stress to at the interface ftIm-substrate was shown to get lower as h gets 

higher (Figure 1). Therefore, life is likely to increase as h gets higher. However, since the variation 

of the friction force F and of to with h is known from experimental or fmite element works only, 

no relation between life and thickness can be proposed and therefore the shape of the variation 

cannot be guessed. 

Figure 70 shows the variation of life with thickness, at two levels of amplitude (330 and 457 

).lm), for a SEBS coating subjected to 30 Hz oscillations. It appears that life is related to thickness 
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by a power law, which depends on amplitude, as illustrated by equations 28 and 29 (corresponding 

respectively to 330 and 457 J,lm amplitudes): 

(28) 

(29) 

The same type of power law, as illustrated later, relates life of a polyurethane coating with its 

thickness. It appears through equations 28 and 29 that the dependency of life on fIlm thickness is 

important, as could be expected. Moreover, compared to the complexity of friction variation with 

h, the present type of relation is quite simple, and will also be characteristic of life variation for other 

frequencies. 

Lastly, equations 28 and 29 are expected to be valid up to high thicknesses, since friction, to 

and crack propagation rate constantly vary with this parameter up to high values of it (381 J.lffi as 

far as friction is concerned). However, this could not be checked since for a thickness of 381 J,lm, 

the number of cycles to failure given by equation 28 is 118 millions, that is to say 1093 hours, at 

30 Hz. By the way, it should be noted that if this is the actual life of a 381 J.lffi thick coating (Le., 

if the degradation mechanisms do not change drastically at high thicknesses, therefore invalidating 

the previous equations), and if such thickness can be tolerated in an industrial case, the use of 

rubber coatings to prevent fretting could be very efficient. 

3. Effect of Fretting Amplitude on Coating Life 

The amplitude of oscillation has been shown to be an essential parameter of the friction and 

degradation mechanisms of fretted rubber coatings. It can be expected that as long as global sliding 
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does not occur, coating life will decrease with increasing amplitude since friction increases almost 

linearly with this parameter, and also because in the same time, shear strain of the cracked filin gets 

higher. Then, for amplitudes which allow global sliding, friction and shear strain are the same: the 

ftlm is sheared up to the yield strain, and then the sphere slides over the ftlm up to the peak of 

amplitude. Now, the degradation mechanism is crack propagation, whose rate depends only on the 

value of the maximum positive friction force, when the other external parameters (thickness, load, 

frequency) are kept constant. Therefore, for amplitudes high eno~gh to allow global sliding of the 

slider, there is is no reason why life should still vary with amplitude, because the maximum friction 

force reached during a fretting cycle is equal to F2 (i.e., the dynamic friction force), whatever the 

amplitude is. 

Film life variation with amplitude was studied for both materials, at 10 and 30 Hz, for several 

coating thicknesses. Figures 71 and 72 show this variation for SEBS films degrade~ at 10 and 30 

Hz respectively. The same type of response was observed in the case of polyurethane (Figure 73). 

In each case, the life N was related to the amplitude A by a power law, whose general form is given 

by equation 30: 

N = a.A-J3 (30) 

The values of a and ~ are given in Table 1. First, it should be mentioned that it was almost 

impossible to get valid results concerning the comparison of the life of two identical films subjected 

to two different amplitudes both high enough to allow global sliding (and therefore to check 

whether or not these lives are equal). Indeed, the minimum amplitude necessary for global sliding 

was shown to be equal to 508 lJll1 for 20.3 lJll1 thick coatings, and to increase with thickness. At 

this amplitude and for such a thin ftlm, life is very short (a few hundred cycles, which corresponds 

to a few seconds). Therefore, no precise measurement can be conducted. In order to increase ftlm 

lives and to make valid comparisons, one has to consider thicker ftlms. however, in that case, 

amplitude for global sliding is very high (see Figure 56) and cannot be set with the Mark III. 
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Table 1. SEBS and Polyurethane Coatings: Values of a and p. 

Materials Frequency lbickness a p 
(Hz) (J-lm) 

SEBS 30 27.9 5.86 1016 5.22 

43.2 3.55 1()2° 6.52 

10 17.8 2.73 lOll 4.78 

20.3 5.35 lOll 4.58 

22.9 2.83 1016 5.34 

Polyurethane 30 20.3 2.03 1016 5.08 

30.5 3.21 1015 4.62 
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Secondly. the relations between lives and amplitudes are again quite simple, and appear to be 

accurate over a large range of amplitudes (203 to 508j.lm). Thirdly, both materials are characterized 

by the same type of power law. And lastly. a point that will appear to be essential is that the slope 

of the responses found in these cases, varying from -4 to -7 are H almost equal H to the opposite of 

the slopes of life-versus-thickness responses. Therefore, life increases with thickness and with 

(l/amplitude) to the same power: N seems to be related to the shear strain by a master power law, 

which would give the number of cycles to failure knowing the amplitude and the ftlm. thickness. 

Therefore, an attempt was made to study life as a function of the shear strain. 

4. Life versus Slzear Strain 

All of the results obtained before, concerning either life versus thickness at constant amplitude 

or the opposite case were consider in order to study life as a function of the shear strain, defmed 

earlier by (amplitude/thickness). This was done for both materials, and the results presented now 

on Figure 74 correspond to a frequency of 30 Hz. 

As could be predicted, the variation of ftlm. life N with shear strain Alh is quite well described 

by a single power law for both polyurethane and SEBS, given respectively by equations 31 and 32: 

N = 2.95 x 108 .(A/h) - 5.0 (31) 

N = 4.68 x I08.(A/h) -4.49 (32) 

These relations are interesting, since they give the life of a coating when its thickness and the 

amplitude of oscillations are known. Since the variation of life with frequency is small compared 
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to the variation with shear strain, it might be stated that these master laws give fUm life at any fre

quency between 5 and 60 Hz. 

In order to explain this important result, one has to come back to fatigue mechanics consider

ations. In order to simplify the integration of equations 14, it will be stated that first, debonding 

of the coating occurs during a period representing x % of the film life N, then that a crack propa

gates in this debonded ftlm during (100-x)N/l00 cycles. x is assumed to to be known (5% for 

polyurethane, 50% for SEBS). Therefore, the integration of equations 14.2 and 14.3, that would 

give the ftlm delamination life, is not necessary. Based on equation 14.1, it is possible to calculate 

dN/da: 

(33) 

The initial crack length is equal to p, and the crack length at film failure q is supposed to be 

known and constant. Usually, the integration of (dN/da) from p to q is not simple since this . 

function depends on a through f(a/b), which is equal to the square root of sec(7ta/b). The consid

eration of f(a/b) in the integration leads to the presence of a corrective geometrical factor Y in the 

fmal relation for N', where N' corresponds to the propagation life only (i.e., N' = (IOO-x)N/lOO). 

N' is given by equation 34: 

Y hb 2 2-m 2-m 
N' = (-)( )m( - m )( q<-2 -) - p(-2-') 

C aFnl/2 2 
(34) 

where m is always greater than 2 (39). Therefore, in order to obtain a non infmite propagation life 

N, p has to be equal to a value greater than zero, though theoretically, it is equal to zero. Therefore, 

ai will be taken as a constant. Considering now an expression for the friction force F, it should 

be remembered that F is linearly related to the amplitUde A, and is also related to the thickness h 

according to a much more complex relation (Figure 58). However, the variation of F with A is 

more significant than its variation with h. Therefore, a last important approximation will be done 
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by stating that F only depends on A, through the relation: F = XA. As N' is equal to (100-x) N /100, 

N is equal to 100N'/(100-x). Therefore, N is given by equation 35: 

(35) 

This fonnula is based on many simplifications and therefore needs to be considered with care. 

However, it is interesting since N is proportional to h/A to the power m. In classic fatigue works, 

this exponent varies from 2 to 7 (39). Therefore, an exponent equal to 5 for SEBS and to 4.49 for 

polyurethane, as found in the present investigation, can suggest that the similarity between the 

empirical results of equation 31 and 32 and a theoretical fatigue mechanics approach (equation 35) 

is not just a coincidence due to "'good'" approximations. Equation 35 is also interesting because it 

emphasizes the fact that for higher q, as it is the case for polyurethane, N is higher. It shows also 

that for higher x (Le, longer initiation life), and when all the other conditions test conditions are the 

same (amplitude, frequency and ftlm thickness), coating life is longer, which was mentioned earlier 

as the way to fmd an efficient rubber coating. 

Lastly, in equation 35, a relates the friction force and the tensile stress applied through the 

coating thickness (see equation 14.1). As mentioned when the two elastomers were presented, 

polyurethane was found to have a Young's modulus of 1.58 107 Pascal and a yield stress of 4.60 

lO' Pascal, while the modulus of SEBS was equal to 6.96 107 Pascal and its yield stress equal to 2.37 

1()6 Pascal (for a strain rate equal to ten millimeters per minute). Therefore, SEBS yields more 

easily than polyurethane. Above all, it has a main consequence: under the same applied alternative 

strain, the tensile stress reached in the case of SEBS is much higher than the one reached in the case 

of polyurethane, because of the higher modulus of the fonner material. Therefore, a is higher in 

the case of SEBS coatings, so N is smaller (according to equation 35), which confums the exper-

imental results. 
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Equations 31 and 32 could also fit another classic equation of fatigue mechanics which relates 

the life N of a sample and AEP, the plastic strain range, in the case of a fatigue tensile test run under 

constant strain (40). This relation is given by equation 36: 

(36) 

where a and C are material constants. In the case of metals, a varies from 0.5 to 0.7. In the case 

of polymers, this value is lower (0.23 in the case of nylon). As for C, it is related to the true fracture 

strain in tension (40). Now, the present fretting problem has been shown to involve plastic defor

mation, even when the coating is only statically indented. Therefore, it can be assumed that most 

of the degradation process occurs under plastic deformation. As a consequence, the strain range 

given by Alh is equal to the plastic strain range. Coming back to equations 31 and 32, it appears 

that they can be put under new forms, as shown by equations 37 and 38: 

(37) 

(38) 

These new relations fit perfectly equation 36, since the exponent a is equal to 0.2 for SEBS, and 

to 0.22 for polyurethane. Equation 32 is also much simpler than equation 31. However, equation 

31 was the result of a rational approach, while equation 32 is totally empirical. 

In any case, it appears that the validity of a fatigue mechanics approach to the present problem, 

which was already suggested in chapter A, is confumed by a numerical analysis of the phenomenon. 

As in any classic relation of fatigue mechanics, equations 37 and 38 are based on the detennination 

of two empirical parameters, which can depend on geometrical, mechanical and chemical properties 

of the material (40). It would be useless to try to relate these parameters to those properties, since 
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several factors (stress distribution as a function of friction, geometry of the de bonded zone, friction 

mechanisms at the fUm-substrate interface) remain unknown. 

However, these equations which relate life of a rubber coating and the shear strain imposed by 

the fretting action can be of use: fust, they are unique for each material, and second, they are very 

simple compared to the complexity of the problem, and remain quite accurate over the large range 

of strains investigated. 

The first application of these equations was for the determination of the life of 25.4 ).lm thick 

coatings, subjected to 330 J.lffi amplitude, at 40 Hz. Under these conditions, SEBS coatings last 800 

cycles, while polyurethane coatings last 4700 cycles. Under the same test conditions, polymeric 

ftlms of the same thickness last 6400 cycles in the case of polystyrene, 7100 cycles for PVC, 2200 

cycles for PVDC, 11400 cycles for 100/0 siloxane polyUnide and 18800 cycles for 200/0 siloxane 

polyimide (these results being provided by current studies conducted in the Tribology Laboratory 

of VPI & SU). Therefore, it appears that from the strict point of view of fretting corrosion miti

gation, these elastomeric polymers are less effective than several other materials. Actually, accord

ing to the values given above, SEBS and polyurethane are Naverage'" polymers when used to prevent 

fretting corrosion. However, the degradation process of rubber coatings (Le., fatigue mechanisms) 

is different from the one of the coatings presented above (i.e., progressive generation of wear debris). 

As a consequence, any comparison between those two categories (from a wear mechanism point 

of view) of polymeric ftlms should be considered with care. 

5. Conclusion 

The study of coating life as a function of frequency, amplitUde, ftlm thickness and lastly shear 

strain confumed the hypothesis that crack initiation and propagation are the leading mechanisms 

in the degradation of rubber filins under fretting conditions. 
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SEBS and polyurethane appeared to behave very similarly, whatever the varying parameter was. 

The effect of frequency on life was shown to be quite complex but eventually small. Amplitude 

and thickness, on the contrary, greatly influenced the degradation rate, according to very similar 

relations. Therefore, the influence of a shear strain defmed by the ratio of amplitude to thickness 

was investigated. It appeared that ftlm life for both materials was related to the applied shear strain 

by a master power law, that could be compared to classic fatigue mechanics equations. 

Therefore, both frictional mechanisms (i.e., shear strain of the ftlm), and degradation mech

anisms (i.e., interacting propagation of two main cracks) were confumed by this master power law, 

unique for each material. 
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V. Conclusions 

In this study, the friction and degradation mechanisms of Polyurethane and Styrene-Ethylene

Butadiene (SEBS) coatings under-fretting conditions were investigated. An analysis of degradation 

mechanisms was fItst conducted for both materials, followed by a thorough investigation of fric

tional mechanisms. Then, a study of film life as a function of frequency, amplitude, coating 

thickness and lastly shear strain was completed. The results of the study were discussed on the basis 

of the main conclusions of the fItst two chapters concerning the coating behavior under small am

plitude oscillations conditions. A simplified model of degradation was proposed. The following 

conclusions were drawn from the various parts of this research work: 

1 The degradation mechanisms of both rubbers were very similar: under small amplitude vi

bration' film debonding occurred at the coating-substrate interface. In this delaminated zone, 

through-the-thickness cracks were able to initiate and to propagate up to f.tlm failure which 

occurred when the unprotected zone of the substrate was large enough to allow metallic con

tact. Therefore, the degradation mechanisms consist of the interaction between two fatigue 

mechanisms (i.e., the interacting propagations of a bidirectional film-substrate-interface crack 

and a through-the-thickness crack). 
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2 These degradation mechanisms remained the same over the wide range of ftlm thicknesses, 

fretting amplitudes and test frequencies investigated. 

3 Friction mechanisms were found to be complex. Three main stages characterized the friction 

force evolution along each half fretting cycle. First, a relaxation stage, during which friction 

decreased at zero displacement. Then, a shearing phase, during which the central part of the 

indented film, still adhering to the sphere as the slider moved over the surface, was subjected 

to shear deformation. Lastly, a stage of global sliding, which corresponded to the classic dy-

namic steel-rubber friction. 

4 While friction remained almost constant over the range of frequency investigated (1-60 Hz), it 

increased continuously with amplitude, as long as global sliding did not occur, and varied with 

thickness according to complex variation described in details in this thesis. 

5 The parallel study of crack propagation and frictional energy show~d that the latter reached a 

minimum when the former started. Various possible explanations of this phenomenon were 

given. 

6 Polyurethane coatings lasted longer than SEBS~ ones, when tested under the same conditions . 
.. 

Though film delamination happened almost immediately for the former material, its resistance 

to crack propagation was stronger than the resistance of the latter material. Tear resistance 

increase due to strain induced crystallization was suggested to explain the better fatigue prop

erties of polyurethane. 

7 Compared to other polymers (polystyrene, PVC, PVDC, 10% siloxane polyUnide and 20% 

siloxane polyimide) tested under the same test conditions, SEBS and polyurethane did not 

show a particularly interesting ability to resist fretting degradation and therefore to protect 

metallic surfaces subjected to small amplitude vibration. 
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8 Variation of f.t1m life with thickness, amplitude and frequency was similar for both materials. 

Coating life reached a maximum between 30 Hz and 40 Hz, but did not vary a lot with fre

quency. On the other hand, it strongly increased with thickness and with decreasing amplitude, 

according to power laws presented in this work. 

9 The similarity between the variation of life with thickness and amplitude, and the consideration 

of the basic mechanism of friction, that is, the shearing of the rubber coating, led to the study 

of ftIm life as a function of shear strain, defmed by the ratio of fretting amplitude and thickness. 

It appeared that the coating life was related to the shear strain by a master power law, which 

was therefore unique for each rubber. 

lOA simplified fatigue mechanics approach to the problem, based on classic fracture mechanics 

equations, was shown to explain the previous result reasonably well. 

11 As was expected when the objectives of this research work were presented, rubber coatings 

were able to sustain and Maccomodate' very high strains through their thickness and therefore 

to absorb vibration energy. However, film delamination also occurred at the coating-substrate 

interface, which resulted in crack initiation and propagation in the debonded zone up to ftIm 

failure. As a consequence, increasing the adhesive characteristics of the steel-rubber interface 

might be the best way to improve the protective action of elastomeric coatings when subjected 

to small amplitude vibration. If this goal was acheived, the use of rubber f.t.l:ms could become 

a very effective solution to prevent fretting corrosion. 
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VI. Recommendations 

The preceding work led to a global understanding of friction and degradation mechanisms of two 

rubber coatings under fretting conditions. The proposed mechanisms and simplified wear model 

might be improved by taking into account the following recommendations: 

lather rubbers should be investigated. 

The previous study concentrated on two block copolymers. Therefore, it would be inter

esting to analyze elastomers of different structure, such as crosslinked elastomeric 

homopolymers (e.g., vulcanized natural rubber), in order to study the influence of bulk struc

ture on the degradation mechanisms. It would be useful also to check the influence of 

crystallinity on the degradation mechanisms of polyurethane coating by using soft segments 

of lower strain-induced-crystallization ability than PTMO, for example by using PPO 

(polypropylene oxide glycol). The influence of crystallinity on the wear mechanisms could also 

be investigated by using rubber-crystalline copolymers, such as segmented polyesters. 

Lastly, casting solvent's influence on the degradation of SEBS coatings could be studied 

by using solvent of different solubility than toluene, such as chloroform and cyclohexane. The 

previous recommended studies would also check whether a master life-shear strain relation is 

characteristic or not of any kind of rubber. 
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2 The studied rubbers should also be tested under classic tensile fatigue conditions, to investigate 

the similarities between fretting and fatigue mechanisms. In particular! fIlm life as a function 

of sample thickness, imposed displacement and test frequency should be investigated under 

both conditions. 

3 The development of a method allowing the dynamic observation of the fretted area might be 

the most essential contribution to further studies. Such observation could be accomplished 

by using a polished half sphere of glass or plexiglass for the slider, and then by setting the 

macroscope equipped with the video camera in order to observe the contact area through the 

slider. If optical problems prevented correct observations through the half-sphere, one could 

use a transparent disc covered by a rubber film and test it with the shaker device used for sur

face temperatures analyses in the Tribology Laboratory of V.P.I & S.U .. This way, all the 

possible disadvantages of the cycle by cycle method would be avoided, and observation of the 

true contact area and wear scar (i.e., under loading and dynamic conditions) would be 

achieved. Therefore, new information about friction mechanisms, crack propagation, dynamic 

contact area and more generally degradation processes would be obtained by this procedure. 

4 A setting of the Mark III allowing very high fretting amplitudes could be useful to detennine 

the fundamental differences between fretting and "'high amplitude alternative sliding", and also 

to check the hypothesis that ftIm life is constant for amplitudes high enough to allow global 

sliding. 

5 As film-substrate adhesion depends greatly on surface topography, the use of disks of various 

roughness would be useful to analyze the importance of coating-disk adhesion in the degrada

tion mechanisms and, above all, to try to improve the protective action of elastomeric ftlms. 
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Appendices 

Appendix 1: List of /Ilstrulnellts 

1. Shaker Table 
Manufacturer: All American Tool & Mfg. Co. 
Model N°.: 10·VA·T 

2. Cycle Counter 
Manufacturer: Hewlett-Packard 
Model N°.: 5326B 
Serial N°.: 16I2A03614 

3. Bridge Amplifier 
Manufacturer: Vishay Instrument 
Model N°.: Vishay /Ellis-il 
Serial N°.: 032461 

4. Strip Chart Recorder 
Manufacturer: Gould Inc. 
Model N°.: 15-6327-57 
Serial N°.: 15840 

5. Photomacroscope 
Manufacturer: Wild Heerbrugg Ltd. 
Model N°.: 420 
Serial N°.: 189759 

6. Ultrasonic Cleaner 
Manufacturer: Fischer Scientific 
Model N°.: B-92 
Serial N°.: 0131 

7. Coating Thickness Gauge 
Manufacturer: Elektro Physik 
Model N°.: FI02 
Serial N°.: 82083 

8. 15 MHz Oscilloscope 
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Manufacturer: Tektronix 
Model N°.: T 922 
Serial N°.: BO 13453 
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Appelldix 2: Sample Preparatioll alzd Cleallillg 

The disks were 24.8 mm in diameter and 7.9 mm thick. Prior to coating, they were sand blasted 

for approximately 30 seconds perpendicular to the surface. The resulting average roughness (Ra) 

was equal to 1.4 J.Ull. 

Prior to. cleaning and coating the disk, this one was sand blasted in order to assure good adhe

sion between the polymer and the substrate metallic surface. Then, the following steps were taken 

to clean both the sand blasted disk and the sphere. 

1 )The disk and ball were cleaned in methanol in an ultrasonic cleaner for five minutes. 

2)The same operation was repeated with hexane. 

3)The disk and ball were then suspended in a wire mesh over 200 milliliters of boiling methanol. 

As the boiling methanol came in contact with the samples surface, it condensed and returned to the 

boiling liquid, removing remaining organic contaminations. 

4)The same operation was repeated with hexane. 

5)The disks and balls were stored in sealed petri dishes. 

Appendix 3: Disk Coating 

The coating procedure was solvent deposition for both materials. SEBS was dissolved in 

toluene (boiling point = 110.6 °C; T - 324' , Fischer Scientific product), while polyurethane was 
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dissolved in N,N, dimethyl formamide (boiling point = 153.0 °C; D119·500, Fischer Scientific 

product). For both materials, 11 % (by weight) solutions were used. 

The cleaned disk was held by a magnet on the end of a bar and then dipped into the solution 

during three seconds. This operation was repeated until the proper fJ.1m thickness (measured with 

a coating thickness gauge: FI02, Elektro Physic product) was obtained. Each dipping procedure 

was separated from the preceding one by twenty minutes in the case of SEBS, and three hours in 

the case of polyurethane, in order for the solvent to evaporate, at room temperature (22 °C). After 

the last dip, the disk was left drying during twenty four hours. 

In order to improve solvent evaporation, three series of two disks were put for four hours in 

an oven, at three different temperatures: at a low temperature (50 °C), at a temperature less than 

the solvent boiling point (95 °C for SEBS, 140 °C for polyurethane), or at a temperature greater 

than the solvent boiling point (120 °C for SEBS, 160 °C for polyurethane). These disks were then 

fretted under the usual test conditions and their life compared to the life of coatings dried at room 

temperature. No significant difference showed up. Therefore, the coating procedure presented in 

the previous paragraphs was chosen to prepare both SEBS and polYurethane coatings. 

Lastly, it should be noted that three tests could be run on each disk, at the HcenterH of the 

sample, since this location was the only one where the uncertainty of the measured thickness was 

less than 100/0. 
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Appendix 4: Tabillated Data. 
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Table 2. SEBS Coatings: Wear Scar Width and Arc to Arc Distance versus Amplitude. 
Thickness = 137.2 ~m, Frequency = 20 Hz. 

Amplitude Wear Scar Width Arc to Arc Distance 
(Jlm) (Jlffi) (Jlm) 

76.2 2184 1499 
101.6 2362 1549 
152.4 2413 1397 
165.1 2489 1346 
203.1 2591 1321 
228.6 2667 1372 
304.8 2769 1321 
381 2972 1346 
508 3150 1118 
635 3581 1118 
762 3759 914 
889 4166 991 
991 4293 -

Appendices 166 



Table 3. Polyurethane and SEBS Coatings: Crack Length versus Number of Cycles. 
Thickness = 33 llm, Amplitude = 330 llm, Frequency = 20 Hz. 

SEBS Polyurethane 

number of cycles crack length number of cycles crack length 
(llm) (llm) 

1650 00 700 00 
1800 152 900 533 
1900 610 1100 635 
1950 660 1500 787 
2000 660 2100 889 
2100 660 2900 1016 
2200 711 3800 1143 
2300 711 4600 1168 
2450 813 5400 1168 
2600 813 6400 1372 
2700 838 7000 1600 
2800 838 8200 1626 
2900 991 9400 1727 
3050 1067 11000 1727 
.. .. 12800 1778 
.. .. 14400 1829 
.. .. 16600 1930 
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Table 4. SEBS Coatings: Crack Propagation for Various Amplitudes. 
Thickness = 33 11m, Frequency = 20 Hz. 

Amplitude Amplitude Amplitude Amplitude 
=330 )Jm = 381 )Jm =419.1 11m =483.6 11m 

N Crack N Crack N Crack N Crack 
length length length length 

(J.1m) ()Jm) ()Jm) (J.1m) 

1650 00 500 00 400 00 75 00 
1800 152 600 356 450 203 100 635 
1900 610 700 457 555 406 200 737 
1950 660 800 559 650 711 250 787 
2000 660 900 610 750 1194 300 914 
2100 660 1000 1143 850 1575 350 1245 
2200 711 1050 1219 950 1702 400 1524 
2300 711 1100 1473 .. .. 450 1702 
2450 813 .. .. .. .. 500 1930 
2600 813 .. .. .. .. .. .. 
2700 • 838 .. - .. .. .. .. 
2800 838 .. .. .. .. .. .. 
2900 991 .. .. .. .. .. .. 
3100 1067 .. .. .. .. .. .. 
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Table 5. Polyurethane Coatings: Crack Propagation for Two Thicknesses. 
Amplitude = 330 JlInt Frequency = 20 Hz. 

Thickness = Thickness = 
33J.1m 49.5 JlIn 

number of crack number of crack 
cycles length cycles length 

(J.1m) (J.1lll) 

700 00 500 00 
900 533 800 203 

1100 635 1400 229 
1500 787 2000 660 
2100 889 2600 737 
2900 1016 3800 889 
3800 1143 5600 1041 
4600 1168 8000 1194 
5400 1168 10400 1372 
6400 1372 12800 1372 
7000 1600 15200 1448 
8200 1626 17600 1448 
9400 1727 20600 1473 

11000 1727 23000 1524 
12800 1778 26600 1778 
14400 1829 30200 1854 
16600 1930 33800 1981 

36400 1981 
40400 1981 
40600 2057 
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Table 6. SEBS and Polyurethane Coatings: Friction versus Frequency for Various 
Thicknesses. 
Amplitude = 330 J.lm 

SEBS SEBS Polyurethane 
Th=31.2 J.lm Th=43.2 J.lm Th=31.2 J.lm 

Frequency Friction Frequency Friction Frequency Friction 
(Hz) Coefficient (Hz) Coefficient (Hz) Coefficient 

1 0.37 I 0.4 I 0.47 
2.5 0.38 10 0.42 10 0.5 

10 0.40 20 0.43 20 0.52 
20 0.41 30 0.39 30 0.46 
30 0.41 50 0.35 50 0.38 
50 0.34 
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Table 7. SEBS Coatings: Fl and F2 versus Thickness. 

Thickness Fl Thickness F2 
(~m) (N) (~m) (N) 

20.3 1.87 20.3 9.1 
22.9 2.14 36.8 15.6 
36.8 2.00 40.6 13.7 
40.6 2.23 55.9 17.4 
55.9 3.47 55.9 17.6 
78.7 3.56 78.7 16.9 
86.4 4.41 86.4 21.2 

106.7 5.12 106.7 23.3 
114.3 4.01 114.3 20.24 
119.4 5.34 119.4 22.25 
162.6 4.9 162.6 22.70 
177.8 5.25 177.8 24.6 
205.7 5.79 
256.5 5.56. 
431.8 8.01 
812.8 12.02 

Appendices 171 



Table 8. SEBS Coatings: Static Contact Area Radius versus Thickness. 

Thickness (J,lm) Contact Area Radius (J.lffi) 

20.3 533.4 
35.6 622 
44.5 660.4 
55.9 685.8 
86.4 723.9 

106.7 774.7 
119.4 825.5 
177.8 889 
205.7 914.4 
256.5 939.8 
388.6 1041.4 
431.8 1016 
812.8 .1143 
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Table 9. SEBS Coatings: Unidirectional Sliding. Slid distance A2 when Global 
Sliding First Occurs versus Thickness. 

Thickness Amplitude for Global 
(J,lm) Sliding (J.lm) 

20.3 124.5 
22.9 175.3 
36.8 223.5 
40.6 248.9 
55.9 332.7 
78.7 365.8 
86.4 416.6 

108.0 668.0 
114.3 515.6 
119.4 627.4 
162.6 650.2 
177.8 894.1 
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Table 10. SEBS Coatings: Friction Coefficient versus Thickness for Various Amplitudes 
and Frequencies. 

~pl=254 ~m Ampl=330 ~m lAmpl = 381 J.1m Ampl=508 ~m lAmpl = 635 ~m 
Freq= 1 Hz Freq=20 Hz Freq= 1 Hz Freq= 1 Hz Freq= 1 Hz 

Thickness f f f f f 
(~) 

7.62 0.24 .. 0.25 0.25 0.27 
16.5 .. 0.35 .. .. .. 
20.3 0.32 .. 0.38 0.37 0.43 
21.6 .. .. 0.44 0.40 0.50 
25.4 .. 0.39 .. .. .. 
27.9 0.28 .. 0.44 .. 0.54 
33.0 .. 0.41 .. .. .. 
41.9 0.27 .. 0.39 0.52 0.59 
47.0 .. -0.43 - .. .. 
48.3 0.24 .. 0.38 0.52 0.68 
50.8 .. 0.34 .. .. .. 
55.9 0.23 .. 0.38 0.57 0.69 
76.2 .. 0.31 .. .. .. 
86.4 0.25 .. 0.34 0.47 0.65 
91.4 .. 0.31 .. .. .. 

106.7 .. .. 0.36 0.45 0.59 
132.1 .. 0.34 .. - .. 
144.8 .. .. .. .. 0.55 
152.4 .. .. 0.40 .. .. 
177.8 0.28 .. .. 0.41 .. 
195.6 .. 0.39 .. .. .. 
198.1 .. .. .. 0.52 .. 
210.8 0.36 .. .. .. 0.61 
223.5 .. 0.40 .. .. .. 
256.5 0.39 .. .. 0.57 0.68 
330.2 .. 0.44 .. .. .. 
393.7 0.40 .. 0.50 0.61 0.69 
444.5 0.40 - .. .. .. 
469.9 .. 0.44 .. .. .. 
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Table 11. SEBS Coatings: Friction and Cyclic Relaxation versus Thickness. 
Amplitude = 508 J.Ul1, Frequency = 1 Hz. 

Thickness Friction Cyclic Relaxation 
(~m) (N) 

7.62 0.25 4.7 
20.3 0.37 . 
21.6 0.40 5.6 
27.9 - 6.2 
41.9 0.52 6.90 
48.3 0.52 -
55.9 0.57 9.5 
86.4 0.47 6.4 

106.7 0.45 6.1 
177.8 0.41 4.67 
198.1 0.52 4.0 
256.5 0.57 3.9 
393.7 0.61 4.0 
444.5 . 5.9 
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Table 12. SEBS and Polyurethane Coatings: Friction versus Number of Cycles. 
Thickness = 33 J.1m, Amplitude = 508 J..llll, Frequency = 20 Hz. 

SEBS Polyurethane 

Number of Coefficient Number of . Coefficient 
Cycles of Friction Cycles of Friction 

I 0.47 I 0.33 
10 0.47 5 0.52 

100 0.33 15 0.42 
200 0.29 140 0.42 
300 0.33 540 0.37 
500 0.32 840 0.37 
- . 1740 0.37 . - 2940 0.38 
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Table 13. SEBS Coatings: Crack Length and Energy per Cycle versus Number of Cycles. 
Thickness = 33 ~m, Amplitude = 330 ~m, Frequency = 20 Hz. 

Number of Crack Energy per 
Cycles Length Cycle 

(~m) (10- 3 Joule) 

1 - 1.52 
660 - 1.22 

1000 - 1.16 
1650 00 -
1800 152.4 -
1900 609.6 -
1950 660.4 -
2000 660.4 .. 
2100 660.4 .. 
2200 711.2 -
2300 711.2 1.52 
2450 812.8 -
2600 812.8 .. 
2700 838.2 -. 2800 838.2 .. 
2900 990.6 .. 
3100 1066.8 2.07 
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Table 14. SEBS Coatings: Crack Length and Energy per Cycle versus Number 
of Cycles 
Thickness = 33 ~m, Amplitude = 508 ~m, Frequency = 20 Hz. 

Number of Crack Energy per 
Cycles Length Cycle 

(~m) (10- 3 Joule) 

10 - 3.66 
80 - 2.12 

120 00 2.24 
180 431.8 2.66 
320 863.6 2.72 
520 1295.4 2.96 
570 1575 -
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Table 15. Polyurethane Coatings: Crack Length and Energy per Cycle versus Number 
of Cycles. 
Thickness = 29.2 J.1m, Amplitude = 508 J.1ffit Frequency = 20 Hz. 

Number of Crack Energy per 
Cycles Length Cycle 

(J.1m) (l0-3Joule) 

10 .. 5.38 
100 .. 3.13 
200 .. 2.9 
300 00 2.9 
400 838.2 2.9 
500 1219.2 3.07 
600 1930.4 3.31 
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Table 16. Polyurethane Coatings: Crack Length and Energy per Cycle versus Number 
of Cycles 
Thickness = 33 jJ.ffi, Amplitude = 330 jJ.ffi, Frequency = 20 Hz. 

Number of Crack Energy per 
Cycles Length Cycle 

(~) (10- 3 Joule) 

10 .. 2.86 
560 .. 2.56 
700 00 -
900 533.4 .. 

1100 635 .. 
1200 .. 1.86 
1500 787.4 -
2100 889 .. 
2900 1016 .. 
3800 1143 .. 
4350 .. 2.13 
4600 1168.4 .. 
5400 1168.4 .. 
6000 .. 2.07 
6400 1371.6 .. 
7000 1600.2 .. 
8200 1625.6 .. 
9000 .. 2.19 
9400 1727.2 .. 

11000 1727.2 .. 
12800 1778 .. 
14400 1828.8 2.40 
16600 1930.4 .. 
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Table 17. Polyurethane Coatings: Crack Length and Energy per Cycle versus Number 
of Cycles. 
Thickness = 45.7 J.11Il, Amplitude = 508 Ilm, Frequency = 20 Hz. 

Number of Crack Energy per 
Cycles Length Cycle 

(Jlm) (10- 3 Joule) 

100 . 3.25 
240 00 2.90 
300 381 · 
500 787.4 · 
700 863.6 -
840 - 2.89 

1000 914.4 -
1600 990.6 -
2400 1930.4 · 
2600 2006.6 2.9 
3000 2108.2 -
3600 2260.6 · 
3800 . 3.19 
4200 2260.6 3.31 
4800 2260.6 -
5800 2260.6 · 
6400 2311.4 3.19 
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Table 18. Polyurethane Coatings: Life versus Frequency for various Thicknesses. 
Amplitude = 330 J.lm. 

Thickness = Thickness = Thickness = 
19.05 J.llD. 30.48 J.lm 33.0 ~m 

Frequency Life Life Life 
(Hz) (cycles) (cycles) (cycles) 

5 350 3000 7650 
10 555 4860 10505 
15 765 - -
20 .. 8380 16080 
25 775 .. .. 
30 1590 8295 17700 
35 1470 .. .. 
40 1280 9120 29280 
50 1375 10850 19725 
55 990 .. -
60 .. 9780 16500 
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Table 19. SEBS Coatings: Life versus Frequency for Various Thicknesses. 
Amplitude = 330 J.1Ill. 

TH= TH= TH= TH= TH= TH= 
16.5 11m 22.9 11m 27.9 J.lm 29.2J.lm 43.2J.lm 45.7 J.lm 

Frequency Life Life Life Life Life Life 
(Hz) (cycles) (cycles) (cycles) (cycles) (cycles) (cycles) 

5 225 710 1370 1060 10470 . 
10 365 880 1870 1820 10150 12785 
15 . 525 .. - .. 14430 
20 220 855 1570 2240 7710 15210 
25 .. 750 .. .. . 16675 
30 210 600 1230 2010 11100 . 
35 .. 770 .. 4725 .. 15785 
40 220 920 1080 1240 9050 . 8530 
45 .. 855 .. .. .. 6075 
50 150 775 1100 1250 6870 .. 
55 .. 605 .. .. .. 4730 
60 120 600 810 1560 4440 .. 

Appendices 183 



Table 20. SEBS Coatings: Life versus Thickness for Various Amplitudes. 
Frequency = 30 Hz. 

Amplitude = Amplitude = 
330 J.1m 457.2 J.1m 

Thickness Life Thickness Life 
(J.1lD) (cycles) (J.1ffi) (cycles) 

16.5 210 16.5 60 
21.6 750 30.5 570 
30.5 1350 33 600 
43.2 11100 40.6 990 
44.5 13890 43.2 1230 
48.3 27900 . -
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Table 21. SEBS Coatings: Life versus Amplitude for Various Thicknesses. 
Frequency = 30 Hz. 

Thickness = Thickness = 
27.9 J.1m 43.2 J.1m 

Amplitude Life Amplitude Life 
(J.1m) (cycles) (J.1m) (cycles) 

266.7 13320 266.7 39240 
292.1 7920 304.8 24320 
330.2 2670 381 4500 
393.7 1590 419.1 3120 
469.9 870 457.2 1230 
546.1 240 . -
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Table 22. SEBS Coatings: Life versus Amplitude for Various Thicknesses. 
Frequency = 10 Hz. 

Thickness = Thickness = Thickness = 
17.8 !!Ill 20.311m 22.9 l1m 

Amplitude Life Amplitude Life Amplitude Life 
(!!Ill) (cycles) (l1m) (cycles) (l1m ) (cycles) 

127 4060 203.2 4120 203.2 13160 
177.8 1920 241.3 1370 254 3670 
177.8 1360 241.3 1200 304.8 2090 
203.2 730 266.7 1370 355.6 750 
254 500 292.1 1100 406.4 560 
381 100 317.5 840 457.2 120 
431.8 40 342.9 680 - -
- - 393.7 290 - -
- - 431.8 190 - -
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Table 23. Polyurethane Coatings: Life versus Amplitude for Various Thicknesses. 
Frequency = 30 Hz. 

Thickness = Thickness = 
20.3~ 30.5~ 

Amplitude Life Amplitude Life 
(~) (cycles) (lim) (cycles) 

292.1 6500 254 28860 
330.2 3600 279.4 14340 
355.6 1950 304.8 9030 
393.7 1000 355.6 4860 
431.8 820 381 3240 
469.9 500 406.4 2940 
533.4 330 457.2 2100 . - 508 1350 
. - 635 270 
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Table 24. SEBS and Polyurethane Coatings: Life versus Shear Strain. 
Frequency = 30 Hertz. 

SEBS Polyurethane 

Life Shear Strain Life Shear Strain 
(cycles) (cycles) 

30 26.00 270 21.74 
60 21.00 750 20.43 

120 17.65 1350 17.39 
150 18.18 1590 17.33 
210 20.00 2100 15.65 
240 15.15 2760 14.35 
330 16.67 2940 13.91 
360 15.38 3240 13.04 
510 13.85 4860 12.17 
570 15.00 8295 11.30 
600 13.47 9030 10.43 
690 12.12 14340 09.57 
700 11.76 17700 10.83 
900 13.35 
990 10.90 

1080 11.94 
1100 10.82 
1230 11.80 
1230 11.61 
1260 12.30 
1350 10.32 
1470 11.43 
2010 11.30 
2130 10.37 
2700 10.45 
3120 10.65 
3480 10.48 
4500 9.67 
4680 9.03 
5670 9.52 
8430 8.48 
8640 8.75 

11000 7.65 
12480 7.43 
17460 7.19 
18300 7.27 
24320 7.74 
39240 6.77 
59040 6.06 
91800 5.15 

720000 3.02 
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