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Qualitative theory of rubber friction and wear
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When rubber is slid on a hard, rough substrate, the surface asperities of the substrate exert
oscillating forces on the rubber surface leading to energy “dissipation” via the internal friction of
the rubber. We present a qualitative discussion of how the resulting friction force depends on the
nature of the surface roughness and comment on the origin of the wear of sliding rubber surfaces.
© 2000 American Institute of Physid$50021-9606800)51404-4

I. INTRODUCTION mainly at “high” sliding velocity for very smooth surfaces
and will not be considered further in this paper.

The nature of the friction when rubber is slid on a hard  |n an earlier paper one of the present authors has studied
substrate is a topic of considerable practical importance, €.gpoth the adhesion and hysteric components of rubber
for the construction of tires and wiper bladeRubber fric-  friction.#S Other studies of this topic are presented in Refs. 1
tion differs in many ways from the frictional properties of and 6—8. Reference 4 considered only the interaction be-
most other solids. The reason for this is the very low e|aStiQWeen a flat rubber surface and a Sing|e surface asqarity
modulus of rubber and the high internal friction exhibited by many identical asperitiesm the present paper we present a
rubber in a wide frequency region. more complete treatment of the hysteric contribution to the

The pioneer studies of Groschave shown that rubber friction for viscoelastic solids sliding on hard substrates with
friction in many cases is directly related to the internal fric- different types of(idealized surface roughness. We note,
tion of the rubber. Thus experiments with rubber surfacesowever, that rubber friction is a very complex topic, and the
sliding on silicon carbide paper and glass surfaces give fricpresent study is of a semiquantitative nature, with the main
tion coefficients with the same temperature dependence agm being to understand the qualitative role of surface rough-
that of the complex elastic modully ) of the rubber. In  ness on rubber friction.
particular, there is a marked change in friction at high speeds
and low temperatures, where the rubber’s response is drive )
into the so-called glassy region. In this region, the frictionm AREA OF REAL CONTACT: QUALITATIVE

. . . . - DISCUSSION
shows marked stick-slip and falis1 spite of increased wear,
see Sec. IYto a level ofu~0.4, which is more characteristic Consider a flat rubber surface squeezed against a hard
of plastics. This proves that the friction force under mostsurface with a periodic corrugation with wavelengthand
normal circumstances is directly related to the internal fric-amplitude (or heighy h; see Fig. 1. IfA is the area of the
tion of the rubber, i.e., it is mainly &ulk propertyof the  rubber surface andl the load, then we define the average
rubber? perpendicular stresgor pressurg oo=L/A. Let us now

The friction force between rubber and a rou@tard study under which conditions the lodd and the rubber-
surface has two contributions commonly described as thsubstrate adhesion forces, are able to deform the rubber so
adhesion and hysteric components, respectiv@iie hys- that it comes in direct contact with the substrate over the
teric component result from the internal friction of the rub- whole surface aredFig. 1(b)], i.e., under which conditions
ber: during sliding the asperities of the rough substrate exetthe rubber is able to fill out all the surface “cavities” of the
oscillating forces on the rubber surface leading to cyclic desubstrate.
formations of the rubber and to energy “dissipation” via the Assume first that a uniform stressacts within a circular
internal damping of the rubber. This contribution to the fric- area(radius R) centered at a poinP on the surface of a
tion force will therefore have the same temperature depensemi-infinite elastic body with the elastic modulls This
dence as that of the elastic modultéw) (a bulk property.  will give rise to a perpendicular displacemantof P by a
The adhesion component is important only for very cleandistance which is easy to calculate using continuum mechan-
surfaces. ics: u/R~¢g/E. This result can also be derived from simple

Because of its low elastic modulus, rubber often exhibitdimensional arguments: First, note thatmust be propor-
elastic instabilities during sliding. The most well-known in- tional to o since the displacement field is linearly related to
volves the compressed rubber surface in front of the contadhe stress fieldwe assume here, and in what follows, that the
area undergoing a buckling which produces detachmenrdtrain is so small that linear elasticity theory is valislow-
waves which propagate from the front-end to the back-end oéver, the only other quantity in the problem with the same
the contact area. These so-called Schallamach Wangesir ~ dimension as the stressis the elastic modulug sou must
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(a) rubber (a)

FIG. 1. (a) A flat rubber surface sliding on a hard corrugated substrate. In
(b) the perpendicular pressure, or the rubber-substrate adhesion, is able 'I_.?

deform the rubber so as to completely follow the corrugated substrate pro- G. 2. (@ At “high" sliding velqcny the rubber is F‘°‘ able t.o foIIow_the
file. short-wavelength substrate profile because of the increase in the stiffness of

the rubber at high perturbing frequenciés). At “low” sliding velocity the
rubber is able to fill out also the small-sized substrate cavities.

be proportional tay/E. SinceR is the only quantity with the
dimension of length we get at once- (¢/E)R. Thus, with  Greenwoodsee Sec. Il B, theaveragepressure which acts
reference to Fig. 1, ih/A~a/E, the perpendicular pres- in the rubber-substrate contact area atléligestasperities is
sure oo will be just large enough to deform the rubber to of order o~ (A/R)Y?E, whereA is the rms surface rough-
make contact with the substrate everywhere. ness amplitude ani the (average radius of curvature of the
Next, let us consider the role of the rubber-substrate adlarge surface asperities. Since for a road surface we expect
hesion interaction. When the rubber deforms and fills out aA~R it is clear that the local pressure in the contact area of
surface cavity of the substrate, an elastic endfgy=ENh?  the large surface asperities will be of order Bfi.e., just
will be stored in the rubber. Now, if this elastic energy is large enough in order for the rubber to deform &ifidut the
smaller than the gain in adhesion enefgy~Ay\? as a smaller surface cavities
result of the rubber-substrate interactiomhich usually is The discussion above is for stationary surfaces. During
mainly of the van der Waals typethen(even in the absence sliding we must take into account that the elastic mod&us
of the loadL) the rubber will deform spontaneously to fill out depends on the perturbing frequensy and thatE(w) is a
the substrate cavities. The conditifify=E,q gives™ h/\ complex quantity with an imaginary part related to the inter-
~(Ay/EN)Y2 For the rough surfaces of interest here wenal friction of the rubber. In a first approximation we may
typically have h/A~1, and with E=1MPa and Ay  still use the estimates presented above if we replace
=3 meV/A? the adhesion interaction will be able to deform =E(0) with |E(w)| where the frequency=v/\. Now, for
the rubber and completely fill out the cavities\&c1000A.  a typical rubber at room temperatutew)~E(0) for w
Note that the adhesion interaction is more important than the= w,<10° s 1. For higher frequencid€ (w)| increases rap-
applied pressure ik y> o?\/E. It will be shown below that idly [see Fig. 4a)]. This has the following important impli-
the local pressure in a contact al@éich is higher than the cations: For asperitiegor cavities with linear size A
average pressure,) typically is of orderE so that the ad- >v/w, the local stressr~E(0) so that the rubber can de-
hesion interaction dominates&y>E\. With the same pa- form and completely follow the substrate corrugation. In a
rameters as above this gives<100 A, i.e., the adhesion in- typical case, for a tires sliding on a road with=10 m/s one
teraction dominates for nanoscale cavities. getsv/w.~0.1 mm. Thus in this case the rubber is able to
In the case of passenger tires one typically kgs deform and fill out only the very long wavelength surface
~0.2MPa, and in the case of truck tire 0.8 MPa. This is atroughnesg\>0.1 mm); see Fig. 2a). On the other hand, in
least one order of magnitude smaller than thimtio elastic  Anti-Lock Braking Systen{ABS) of automobile tires on dry
modulus E~10MPa of filled rubbers(but only a little  or wet roadv<1cm/s in the incipient part of the footprint
smaller than that of unfilled rubber wheEe~1 MPa. We  area, and in this casg v,<1000 A so that all surface cavi-
conclude that the pressusg is in general not able to deform ties with linear size larger than 1000 A will be filled out by
the rubber to fill out the large surface cavities on a roadthe rubbefFig. 2(b)]. Whether the nanoscale cavities will be
since in this case one typically has\~1, which according filled out by the rubber depends on the magnitude of the
to the discussion above would require a local pressure afurface energy and oE(w)| evaluated fow~v/\ (wherex
order o~E. However, note the following: If the roughness is the size of the nanoscale asperity or cavity
in Fig. 1 represents the largest asperities on a road, then, The following observation may also be relevant for the
since road surfaces are nearly fractake Sec. IlID), the question of whether the small sizddanoscalg substrate
large asperitiegor cavities will have smaller asperitiefor ~ cavities can be filled out by the rubber: Rubber used for tires
cavitieg and so on. Now, according to the contact theory ofhas fillers (carbon or silica particleswhich increases the
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logyo(E/1Pa)

FIG. 3. Rubber with filler particles in contact with a hard substrate with 0 3 6 9
nanocavities. logg(w/1s™1)

macroscopic elastic modulus from roughly®®a for pure :
rubber to 16 Pa for the composite. However, the filler par- -I,'E—F
ticles are typically 1000 A or larger, and will be surrounded 05+ '
by “pure” rubber. Since the filler particles, and the average
distance between the filler particles in the rubber matrix, :
typically are larger the than nanoscale cavitigse Fig. 3, it 0 !
is not appropriate to use the macroscopic elastic modulus h
when determining whether the rubber will fill out the nanos-gig. 4. Typical frequency dependender rubbep of (a) the complex elas-
cale cavities, but rather one should use the elastic modulus @& modulusE(») and (b) —Im E(w)/|E(w)|.
pure rubber, i.e.E~1C° Pa. (If a rubber surface has been
standing for some time without use, it may be covered by a
thin hardened skin, which results from oxidation or the in-whereV is the volume of the solid. Figure(&@ shows the
fluence of the sun light; in this case also the hardened laye€al Ei(w) and the imaginary parE,(w) of the complex
must be taken into account in the analysis of the role oflastic modulusE=E;+iE, of rubber(schematig. Figure
nanoscale cavities. 4(b) shows the the functior- Im E(w)/|E(w)|. Note that the
The discussion above refers to clean surfaces. For cod@tter function is maximal fow=1/7, wherer can be inter-
taminated surfaces the small-sized surface cavities may b¥eted as the typical time associated with flipping of some
filled by contaminatior(e.g., by water on a wet roador the ~ segment of a rubber molecule from one configuration to an-
rubber surface may be covered by dust which prevents thather. Note that the “flipping” is a thermally activated pro-
rubber from penetrating the small sized cavities; this willc€ss andr depends exponentiallipr fastey on the tempera-

reduce the role of the rubber-substrate adhesion and lowdHre, 7= 7o €xp(e/ksT). In a more accurate description of the
the sliding friction. dynamical properties of rubber it is necessary to introduce a

wide distribution of relaxation times.
We can use the equations above to estimate the contri-
ll. RUBBER FRICTION: ROLE OF THE SURFACE bution from the internal friction to the sliding friction of
ROUGHNESS rubber. In an earlier papgkmwe considered the case of a
In this section we use the theory of viscoelasticity toSingle contact areer several identical contact argas this
estimate the contribution of the surface roughness of the suYork we present a more complete discussion about the role
strate to the friction force when rubber is slid on a hard,°f the nature of the surface roughness.

rough substrate. A. Identical asperities
The energy dissipation in a viscoelastic media is in gen- . . - . . -
eral given by We consider first the sliding configuration shown in Fig.

5. A viscoelastic bodye.g., rubberwith a flat surface slides
B 3 . with the velocityv on a rigid substrate with periodic “rough-
AE=| d tha’ijgijy " L . . .
ness.” The sliding motion results in fluctuating stresses act-

wherea, is the stress tensor and: the strain tensor. The ing on the surface of the viscoelastic solid, and characterized
ij i :

dot denotes time derivative. For uniaxial deformations of a
cylindrical bar this formula reduces to

rubber

V *
AE=— pym f do o lmlo(w)e* (w)]

or
V 1 5
AE= o do wlm E(w) |o(w)] hard substrate
Vi Im E(w) FIG. 5. The fluctuating stress(t) acting on the surface areal? gives rise
- f 00— |0'(w)|2 (1) to energy “dissipation” via the internal friction of the solid. The main part
2 ] g . " . 3
2@ |E(w)]| of the “dissipation” occurs in the dotted volume elemehts 1.
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by the frequencywy~v/l, wherev is the sliding velocity
and| a length of order the diameter of the contact area be-
tween a substrate asperity and the rubber surfe®e Fig. 5.

The main part of the energy “dissipation” occur in the dot-
ted volume elementsee Fig. 5V~I13. If L is the load(or
normal force then the fluctuating stress acting on the surface
areal? is o~o0ycoswyt, Where the(average stress oy
=L/NI?, whereN is the number ofidentica) asperities or
contact areas. Substituting this (ib) gives

<N 13,2 1 b

AE~NI ooonIm(E(wo)), ) (b)

whereT is the total time the oscillating stress has acted on

the solid. We note that the rubber strain field in Fig. 5 is, of R i

course, not the same as in uniaxial deformation of a cylin-

drical bar as assumed in the derivation(bf. Nevertheless, FIG. 6. (a) Rubber sliding on a surface with nonoverlapping surface asperi-
to within a factor of order unitywhich depend on the Pois- tes: (b) The contact model studied by Greenwood, Ref. 9.
son ratior~0.5) the expressiori2) gives the dissipated en-

ergy during the time period. This follows from dimen-

sional arguments, but can also be shown directly from

explicit model calculations. The energy dissipation per unit Lsz dodl P(l,0)l%0

time AE/T must equal the produdtv between the friction

force and the sliding velocity so that we get
1Podw, 1 F  [dodlP(l,0)1?6? Im[1/E(w)]
F~N m : m=1~ 2 : 4)
% E(wg) L Jdodl P(l,0)l%0
SinceL=NI%0, we get This equation is valid under rather general conditions, but we
consider now the simplest case where the surface asperities
= E”Uo Im 1 ) 3) are approximated as spherical cups of identical raBilsit
L E(wo) of different height, see Fig.(B). This model was originally

The average stress, is given by Hertz contact theony, studied by Greenwoddn the context of contact mechanics.
~EZ3(L/N)Y3: this introduces a dependence of the friction He showed that the model predict that the area of real contact
coefficient on the loadl (and on the number of asperitial is (nearly proportional to the I.oacdand independent of the
which is usually not observed experimentally. apparent contgpt area, e.g., independent of the_ number of
On the other hand, as shown by Greenwood, and dissurface asperitigs as is usually observed experimentally.
cussed in the next section, for surface asperities with randomince the radius is fixed, the contact diametérand the
height the average stress, is nearly independent of the (average perpendicular stress are not independent param-

normal force(and on the number of asperitiéa agreement eters but are related to each other via Hertz contact theory:
with experiments. o=[4E/37(1-v?)](h/R)*? andl~(Rh) whereh is the

distance the rubber is compressed by an asperity. Thus we
can replace the probability distributioR(l,o) with P(h)
which only depends oh. In many cases the asperity height
distribution is nearly Gaussian, and in this case we have
Let us now consider a distribution of contact areas with(@pproximately>® P(h) = A exp(—qh) whereq=a/A, where
different sizes as indicated in Fig(e. Let P(l,o) be the A is the rms width of theGaussian asperity height distri-
probability that a contact area has the diamétand the bution, and wher@ is a number which depends very weakly

B. Nonoverlapping, stochastically varying asperities

(average perpendicular stress: on h, but in most cases of interest it can be taken as a con-
stant,a~2-3. Substituting these results () and writing
f dodl P(l.0)=1. h/A=x and w,=v(xRA) 2 gives

odh P(h)I202 Im[ 1/E
If the surface asperities are well separated so that we can ;~ fo (W7o Im[ VE(w))]

% 2
neglect the interaction between the displacement field in the Jodh P(h)I*o
rubber derived from the different contact areas, then it is 4 AVY2[2dx e Im E(wy)
easy to generalize the result presented above. The friction ~ | = = P —ax . 5)
force becomes 3m(1-v%) |R]  [5dx x¥%e ¥ E(w,)|

352w, 1 In most case€(w,) varies much slower withx than the
Im( Elw )). prefactor in the integrals above, and we can therefore move
! E(w,) outside the integral, witlv, evaluated at th& where
Since the prefactor is maximal, i.e., for=1. This gives

I
FINJ dodl P(l,0)
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Im E(wl)
“= C T ] ©

(a)

where C~(A/R)Y? and w;~v(RA) Y2 For very rough rubber
surfaces, such as a road surface, we haveR and soC

~1 and w;~V/R. Since IME(wy)/|E(we)|~1 when g
~1/7 [see Fig. 8)] one expects the maximum of the coef-
ficient of friction to be of order unity, as is usually observed
experimentally.

Note that(6) is of the form (3) with oq=C|E(w,)|
rather thanoo~E?3(L/N)*? as follows from Hertz contact
theory. The theory above shows that this is a result of the
fact that we have a distribution of asperity heights rather than
asperities of identical height. In fact, this result can also be
understood from very simple dimensional arguments: In ex-
periments with rubber it is usually found that the friction (b)
coefficientu is (nearly independent of the normal force or
loadL. (This is not true when the loddis very small or very
large. In the former case, adhesion between the rubber and
the substrate becomes important. In the latter case, the area
of real contact approaches the apparent area of contact, and
the area of real contact cannot increase linearly with the
load) This is the case, for example, in the experiments by _ B _ B
Groscl and by Moriet al1° Since no plastic deformation is FIG. 7. A surface with large asperities and overlapping small asperities. In

. o . (&) the rubber is not able to fill out the small “cavities,” while it is able to
assumed to occur in the context of rubber friction, the elastiglo so in(b).
modulusk is theonly quantity in the problem with the same
unit as pressure, and it follows immediately theg=CE,
i.e., dimensional analysis alone predicts that the (average) _ "
pressure in the areas of real contact is proportional to theC- ©Overlapping asperities
elastic modulus E of the rubbewhere C (WhiCh may be Many real surfaces can be approximated as fra((cj;al
larger or smaller than unifydepends only on the nature of more accurately, self-affine fractal, see Sec. liB some
the surface roughness$in the Greenwood theory,C  (finite) roughness-size interval. A fractal surface is charac-
~(A/R)Y2, see abovk For sliding surface& (wq) is com-  terized by having “overlapping” surface asperities. With
plex, and we will assume that,~C|E(wo)|. Note thatoy  this we mean that “large” surface asperities are covered by
depends on the sliding velocity: increasingv leads to a “small” asperities, and the “small” asperities are covered
stiffening of the elastic properties anidr a given loadto a by even smaller asperities and so @ee Fig. 7. We will
reduced contact area, and to an increased surface siy@ss now show that in this case the functigu(v) broadens, but
the contact areas. the peak maximundoes not decreasas would be the case

The study presented above can be generalized to includer nonoverlapping surface asperities of different sisee
a distribution of curvature radiiR;}, corresponding to dif- Sec. IlI B). Let us first consider the situation illustrated in
ferent asperity sizes. If we assume that all the different sizegig. 7. We assume only two types of asperities, namely large
asperities have the same probability height distribution, thefiradius of curvatureR,) asperities covered by smaladius

hard substrate

we get of curvatureR;) asperities. Even though the displacement
fields in the rubber associated with a large asperity overlap
~-S cg ImE(w;) ) with the displacement field of the small asperities, when cal-
K i i9i |[E(w)| culating the energy dissipation we can simply add the two
contributions since they involvéifferent loss frequencies
where and are therefore additive. Assume first that the rubbeois
able to deform and completely fill out the small cavities as
fi|E(w;)| (R /A)Y2 illustrated in Fig. 7a). The energy dissipation induced by the
g‘:Ejfj|E(wj)|(Rj/A)1’2’ ®) large asperities occurnainly) in the volume elementg.
The energy dissipation associated with small asperities oc-
wheref; is the fraction of the asperities of tygsize “i.” curs(mainly) in the volume element. If we assume that for

Note thatX;g;=1. If the distribution of asperity sizes is each “large” asperity, there ar8l; “small’ asperities in
wide, as is usually the case in practical applications, it willcontact with the sliding solid, then the energy dissipation
broaden the functionu(v) and reduce its maximum. This each large asperity
effect may be of practical importance, but contains no new

g\etl[e);erstlng physics and will not be considered further in this AE%ISO’%&)OT Im(

E(wop)

1
+Ny 13020, T Im(—).
E(w,y)
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Now, note that
L=0’0|S=N10'1|§.

Using this equation gives

B. N. J. Persson and E. Tosatti

mately described as fractal, or, more accurately, as “self-
affine” surfaces, over a rather wide roughness size region. A
self-affine surface has the property that if we make a scale
change that is different for each direction, then the surface do

1 not change its morphology. Recent studies have shown that
- _) (99  asphalt road tracks arapproximately self-affine in a finite
E(wo) E(wy) surface roughness interval, with an upper cutoff at about 1
wherewo=v/ly andw,=Vv/l,. As before we may writerg  MM.
=Cy|E(wo)| ando;=C4|E(w,)|, whereC, is given in the In order to study rubber friction on a hard self-affine
Appendix. We note that the analysis presented above is agtirface, itis first necessary to be able to describe the contact
proximate in that the “load” on the “small” asperities in Mechanics. The model described in Sec. Il C is an example
Fig. 7(a) are not identicaland equal toL/N;) as assumed O©f the contact between a flat rubber surface and a hard self-
above, but it depends on the distancef the asperity away affine surface, for the particular case where the scale change
from the center of the Hertzian contact area between the bit§ the same in each directidne., a fractal surfageand the
asperity and the substratéit is proportional to [1 ~ contact mechanics for this case was worked out already 1957
_(r/ro)z]llz, Wherero is the radius of the contact a')ea by ArChard:.Ll He showed that the area of real contact is
However, this effect can be taken into account in the analydirectly proportional to the loagor normal forcg, AA~L.
sis: the main result is that it will lead to some additional In @ recent series of papers by Bhushan and co-worKets,
broadening of the functiop(v) (see the Appendix is claimed that for self-affine surfaces the area of real contact
Next, let us assume that the rubber is able to completelflepends nonlinearly on the loalA~L>(*""), whereD is
fill out the small cavities, as illustrated in Fig(bf; as dis- the fractal dimension of the surface. Sirde-2 (D=2 cor-
cussed in Sec. Il this case is expected in most practical sit/espond to a flat surfagethis theory predicts that the area of
ations. In this case we can estimate the energy d|SS|pat|d|$al contact increases faster than linear with the load. This is
derived from the small cavities as follows. To deform theusually not observed experimentally. In our opinion, the
rubber to fill out a cavity of width and deptth requires the ~ theory of Bhushan and co-workers is based on some ques-
stresg(see Sec. )lo;~|E(w;)|h/\ (Wherew,;=v/\) acting  tionable assumptions, and we will therefore base the follow-
on the area?. Thus theN; small cavities will give rise to ing discussion on the picture of Archard.
the energy dissipation When the picture of Archard is valid, the friction coef-
ficient is given(approximately by (12). The sum in(12) is
) over different length scales. The subdivision of the surface
profile into a hierarchy of length scales depend on the par-
ticular surface under study. Now in most cases the upper
limit in the sum is quite obvious. For example, for an asphalt
road track the upper cutoff is of order 1 mfthe typical
grain size as observed in surface profile measurements. In a
recent measurement an asphalt road was observed to by self-
affine down to the shortest length-scale studie@proxi-

=
,LL=E%UOIm

+O'1|m(

N A 3ofw, T Im(L) =N;|E(wy)|?h?vT Im(
E(wy) E(wy)

which gives the following contribution to the friction force:

N;|E(w4)[?h? Im

o
E(wy)/)’
The contribution to the friction coefficient is obtained by

dividing this force with the loadN1\*o: mately 0.03 mm The low length scale cutoff in the sum
h\2ImE(w;) (12) is, however, usually not determined by the intrinsic cut-
(X) o off of the fractal nature of the surfadgvhich may be an
atomic distanck but (for clean surfacesby the mechanisms
discussed in Sec. Il. For contaminated surfaces the low-
distance cutoff may be determined by the nature of the con-
(100 tamination. For example, if the rubber surface is covered by
small (uniformly sized dust particlege.qg., talk or carbon or

Using o= Cy|E(wg)| the total friction coefficient equals

e Im E( o) ImE(w;)
F 0B (wo)] Y [E(wy)]

where silica particles from the fillers, or pulverized stone from a
1 (h\2|E(wy)] R\ Y2/ 2|E(wy)| road then the low distance cutoff is obviously determined by
= || =/~ —| = 11 the particle size. On the other hand, if the surface is covered
G x) [ECwo)] (A (x) Ewol M peb

by water or some other “lubrication” liquide.g., oil or

The analysis presented above can be extended to tlgreasg which fills out the small surface cavities, then the
case where the “small” asperities in Fig. 7 are covered bylow distance cutoff will be determined by the smallest as-
even smaller asperities and so on. Thus, in general we getperities which can penetrate above the contamination layer.
In any case, the contamination layer will remove the contri-
bution to the energy dissipation from the small surface as-
perities and cavities, and reduce the friction force.

Im E(wi)
=2 G - a2

D. Self-affine fractal surfaces IV. RUBBER WEAR

It has been found that many “natural” surfaces, e.g., Let us briefly discuss wear in the context of rubber fric-
surfaces of stones generated by fracture, can be approxion. When a block of rubber is exposed to low-frequency
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The wear result from the small-sized surface asperities which generate pul-

FIG. 8. Wear of rubber at high sliding velocityon a hard, rough, substrate.
sating forces with frequencies in the glassy region of the rubber loss spectra. /

shear stresses at room temperature the rubber response is T(C)
elastic, and there is likely to be very small wear. However,
strong wear may occur at low temperatures, or at very higlrlG. 9. The temperature dependence of the wear and the friction coefficient
frequencies, where the rubber behave as a glassy brittle m% rubber sliding on a rough hard substrate at a fixed veldsitematit

. e figure is based on experimental results of A. Schallamach, Rubber
terial. Thus at low temperature rubber can fracture by craclgnem. Technol209 95 (1968.
propagation(recall the Challenger catastroptes there is no
time for the rubber molecule to deform elastically by thermal
excitation over the energy barriers.Similarly, at high  temperature where, at the relevant frequenaigsv/l asso-
enough frequency the rubber will respond in a glassy brittleciated with the asperity-rubber interaction, the rubber is in
manner even at room temperatdfeNow, when a rubber the rubbery region of the viscoelastic response and where the
block is sliding on a rough surface with roughness on manyoss function ImE(w,)/|E(w;)| is small. When the temperature
different length scale¢fractal surfacg the very small sur- s reduced, the friction initially increases and reaches a maxi-
face asperities will generate very high-frequency pulsatingnum when the perturbing frequencies are located in the
forces on the rubber surface;~v/l, wherel is the linear  transition region between the rubbery region and the glassy
size of a contact area. At room temperatures most types agkgion, where InE(w|)/|E(w;)| is maximal. Finally, when the
rubber will be in the glassy state when>10°~10°s ™. If  temperature is reduced below—40 °C the friction coeffi-
we consider the sliding velocity ~10m/s (typical for a  cient decreases a®, now moves into the glassy region
wheel during breaking on a roathis gives brittle or glassy where ImE(w)/|E(w)| is small. Thus, from the discussion
response fot<100—-1000A. Thus one expects in this caseabove we expect the wear to increase whers reduced
large wear, with rubber particles of linear size400—-1000 pelow —40 °C as is indeed observed experimentéige Fig.
A being removed(by brittle fracture during breaking, see 9). Note, however, that the wear also increases at high tem-
Fig. 8. This estimate assumes that the rubber surface do@gratures. This can be understood as follows. During sliding
not heat up to any great extend as a result of the frictionaihe asperities exefbscillating shear stresses on the rubber,
energy dissipation. This assumption may only hold at theput in the rubbery region this stress is by itself usually not
initial phase during emergency breakifigcked wheels for large enough to break the strong covalent bofelg., the
sliding at high velocity during a “long” time period the sulphur bondgin the rubber. However, at high enough tem-
rubber surface temperature may become so high that the ruperatures thermal fluctuations may break a bond, in particu-
ber does not behave as a glassy solid even when exposediép if it is already stretched as a result of the external stress.
fluctuating stresses in the frequency range,  This stress-aided thermally activated bond-breaking will give
~10°-10"s™*. Based on the Williams—Landel-Ferry equa- rise to a rapid increase in the wear at high temperatures.
tion one can estimate that a temperature increase from 300 Khus, we expect the temperature-dependence of the wear to
(room temperatuneto 330 K gives approximately an order of have the U-shaped form shown in Fig. 9. Note also that the
magnitude shift of the glassy region to higher frequencies. wear is minimal close to the point where the friction is maxi-

The situation is different for slowly sliding rubbers. mal. Thus, as is now well known, there is no simple relation
Thus whenv<1cm/s, as is the case for the extremely im-between wear and friction and, in particular, a large friction
portant application to ABS-braking of automotive tires on coefficient does not necessarily imply a large wear.
dry or wet road surfaceevherev~0.01-1 cm/s in the in- Other wear processes discussed in the literature involve
cipient part of the footprint argathen the rubber will be able  the influence of sun light and oxidation on the rubber sur-
to deform and fill out the nanoscale cavities associated witlfiace, leading to a thin hardened and brittle surface layer
the short-ranged surface roughness. This leads to an invhich may be removed relatively easily by the stresses the
creased friction coefficient but small wear, since the relevaniubber surface is exposed to under its practical use.
frequenciesv/l are well below those corresponding to the
glassy brittle region of most rubbers.

The discussion above is in agreement with experimenta
data. Figure 9 shows the temperature dependence of the wear There is at present a strong drive by tire companies to
and the friction when rubber is slid on a hard rough substratelesign new rubber compounds with lower rolling resistance,
at a fixed velocity. Note first that the friction is small at high higher sliding friction and reduced wear. At present these

. SUMMARY

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2028 J. Chem. Phys., Vol. 112, No. 4, 22 January 2000 B. N. J. Persson and E. Tosatti

attempts are mainly based on a few empirical rules and owhereEq,=|E(w.)|. The small asperity at a distancdrom
very costly trial-and-error procedures. We believe that a funthe center experience a load
damental understanding of rubber friction and wear may help 2
. . . 3 r
in the design of new rubber compounds for tires and other | =325~ ( -
rubber applications, e.g., wiper blades. 2 I'o
In the present paper we have discussed the factors which the stress
determine the area of real contact between a rubber block
and a hard rough surface. We have shown that for stationary L %o 3 r#\ 12
surfaceg(or low sliding velocity for typical pressures in the 2T T 2\ 2
(apparentcontact area between a car tire and a asphalt road . .
the rubber will only make contact with about 5% of the large FUrthermore, since from Hertz contact thedwith E,
road surface asperitigsvhich are associated with the upper ~ E(wy)]
cutoff length in the fractal distribution of the substrate sur- 4E w2 [ hy |2
face roughnegsHowever, in each such contact area the lo- lem ( )

1/2

cal pressure is large enough to squeeze the rubber into the Ry
smaller-sized “cavities.” and 7rr§= h,;R; we get
We have studied the sliding friction for rubber on sur- 3(1—p?)L,| 28
faces with different types dfdealized surface roughness. In h,= ( ﬁ?_l)
general, the friction coefficieniu=3;C; Im E(w))/|E(w))|, 4E,Ry

whereE(w) is the complex elastic modulus evaluated at they, o

frequencyw, and where the sum is over the different surface

roughness length scales, with w;=v/\; and whereC; 5 L3 L
depend on the nature of the surface roughriess, the ratio Il"lzw_ri " hyR,

of the amplitude to the wavelength of the surface roughness

profile). The detailed dependence Gf on the parameters 4k, 283 43
which characterizes self-affine fractal surfaces has not been - 3(1— VZ)Rl Ly
studied in the present paper, and remain as a very important a3 o 23
topic for future studies of rubber frictiofsee also Ref. )8 :( 4E, a2 E) (1_ r
Finally, we have given some arguments about the origin of 3(1-v*)R, 702 rs)
the wear of rubber surfaces at low and high temperatures.

2/3

Now, note that
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APPENDIX

Let us consider a “large” asperity with radius of curva- Now, according to Hertz contact theory

ture Ry. The radius of the Hertzian contact region when the 4E, 213 3
asperity is squeezed against a substrate is denoteg.byn Oo= (3(1_—]}2)%) Lo

the contact regior(areaA0=7Tr§) we assumeN; smaller

asperities (radius Rl) with the Concentrationn:Nl/AO SUbStltUtlng this |n(A2) would give a friction coefficient
:1/a2 where the last equa’[ion define the |engthUSing which depend on the |0ad, which is Usua”y not observed

Hertz contact theory we get experimentally. However, as discussed in Sec. Il B, if we
) assume a distribution of heights for tklgig) surface asperi-
Ao=mT5=Roho, ties, then the average stresg will be (nearly independent
where h, is the distance the big surface asperity is com-Of the Ioad_ and _Of the number of s_urface_ asperitieg:
pressed. The stress in the contact region is given by ~CoEp. Using this result(note: there is a difference by a
o 1o factor of order unity between the average (afy)*® and
o(H=0c E (1_ _) (od®); this difference is irrelevant for the present discussion
02 rg) in (A2) gives
where Im E(w,) ImE(w;)
=C + , A3
4, (h0>1’2 #=CoTE (gt TECw)] 3
0- =5 1 o\ = 1
0 3m(1-1%) | Ry where
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2/3 |E(w0)|)1/3 s
(lE(«ul)l Co

c _3 3a
5l (1- 1R,
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