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Abstract
We study the influence of rubber transfer films on the sliding friction between rectangular rubber blocks and a concrete 
surface. We present experimental results for the friction coefficient for a rubber compound sliding on a concrete surface 
contaminated by another rubber compound, for two different pairs (A, B) and (C, D) of rubber compounds. For the same 
rubber compounds, we present theory results which illustrate the relative importance of the viscoelastic and adhesive con-
tribution to the sliding friction. We correlate the calculated rubber friction with the nature of the observed transfer films (or 
wear processes).

Graphical Abstract

During sliding, compound A wears by formation of a loosely bound rubber 
powder, while compound B forms a strongly bound smear film. We attribute
the different wear modes to different frictional processes, where the friction
is dominated by the viscoelastic contribution for compound A, and by the
adhesive contribution for compound B.
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1 Introduction

It is often stated that in F1-racing transfer of rubber to the 
racing track can have a strong influence on the sliding fric-
tion or grip. In particular, it is claimed that when a race track 
is contaminated with a transfer film from one type of tire, 
changing to another type of tire may result in smaller friction 
than would be the case if the road surface would not have 
been contaminated by the first type of tire. In this study, we 
show that this statement is in general not true, at least not 
for dry road surfaces during steady sliding at low slip speed. 
We consider two pairs of rubber compounds (A, B) and (C, 
D) sliding on four different but nominally identical dry con-
crete surfaces. We show that the nature of the contamination 
film may be important when predicting if the friction for a 
second rubber compound will increase or decrease by the 
contamination film. Hence a smear film results in a reduc-
tion in the friction while when the wear occurs by formation 
of loose rubber particles the friction is nearly unchanged or 
increased. For the same four rubber compounds we present 
theory results which illustrate the relative importance of the 
viscoelastic and adhesive contribution to the friction. We 
interpret the adhesive contribution as arising from molecular 
stick-slip processes at the interface between a rubber transfer 
film and the rubber block, where most of the slip is assumed 
to occur. We observe different form of the transfer films 
(wear processes) for compound A and B, which we attribute 
to differences in the relative importance of the viscoelastic 
and adhesive contribution to the friction.  

2  Experimental

Using a linear friction tester (see Fig. 1) we have measured 
the sliding friction force when rectangular rubber blocks 
are sliding on concrete surfaces. The concrete surfaces have 
been prepared in a nominal identical way. The size of the 
rubber block is A0 = 3 cm × 7 cm (and thickness 0.5 cm ), 
and the normal force F0 = 250 N giving the nominal contact 

pressure p0 = F0∕A0 ≈ 0.12 MPa . The friction tester can be 
operated at temperatures from room temperature down to 
−45◦C , and the sliding speed from 1 μm∕s (or less) to 1 cm/s . 
In the present study, all measurements were performed at 
T = 20◦C.

A rectangular rubber block is glued into the milling grove 
of the sample holder which gets attached to the force cell 
(red block in the figure). The rubber specimen can move 
with the carriage in the vertical direction to adapt to the sub-
strate profile. The normal load F0 can simply be changed by 
adding additional steel weights on top of the force cell. The 
substrate sample gets attached to the machine table which 
is moved by a servo drive via a gearbox in a translational 
manner. Here we control the relative velocity between the 
rubber specimen and the substrate sample while the force 
cell acquires information about normal force F0 as well as 
friction force Ff . Below we report the friction coefficient 
� = Ff∕F0.

We have performed experiments using 4 different types of 
tread rubbers denoted A,B,C and D. Some information about 
the rubber compounds are given in Tables 1 and 2 and more 
details in Appendix A. The rubber elongation at break (strain 
�B = ΔL∕L0 ) and tensile strength ( �B ) given in Table 2 may 
reflect the nucleation and propagation of cracks, but there is 

Fig. 1  Schematic picture of low-temperature friction instrument 
allowing for linear reciprocal motion

Table 1  Summary of the glass transition temperatures of the tire 
tread compounds A–D

Compound A is a SBR I racing compound for dry surfaces with 
19vol% carbon black and 15vol% oil. Compound B is a NR truck/bus 
compound with 20vol% carbon black. Compound C is a SBR I rac-
ing compound for dry surfaces with 20vol% carbon black and 32vol% 
oil. Compound D is a SBR II racing compound for wet surfaces with 
20vol% silica and 29vol% oil. The glass transition temperature is 
defined as the maximum of tan� as a function of temperature for the 
frequency �

0
= 0.01 s−1

Compound Tg in ◦C Maxi-
mum of 
tan�

A (SBR I, racing, dry) −12.9 0.68
B (NR, truck, bus) −65.5 0.84
C (SBR I, racing, dry) −33.5 0.78
D (SBR II, racing, wet) −24.4 0.97

Table 2  Elongation at break (strain �
B
= ΔL∕L

0
 ) and tensile strength 

( �
B
 ) of the tire tread compounds A–D at the strain rate 0.12 s−1

Compound �B �B (MPa)

A (SBR I, racing, dry) 6.52 13.9
B (NR, truck, bus) 4.72 29.6
C (SBR I, racing, dry) 7.05 11.9
D (SBR II, racing, wet) 6.59 11.2
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no clear correlation between these quantities and the wear 
mode (and wear rate) discussed below.

As substrates, we have used 4 different but nominal iden-
tical concrete blocks. We have used these concrete surfaces 
in many earlier studies (see, e.g, [1–3]). The concrete blocks 
are produced in the same way and appear to the naked eye 
the same. We have measured the surface topography and cal-
culated the power spectra of such surfaces in several earlier 
studies, and the power spectra are always the same within 
the noise of the measurements.

3  Experimental Results

We have performed a set of experiments to study the role of 
rubber contamination films on rubber friction on concrete 
surfaces. We consider two pairs of rubber compounds (A,B) 
and (C,D) sliding on four different but nominally identical 
concrete surfaces.

3.1  Compound A and B

In the experiments, we first run-in the rubber compounds A 
and B on two different concrete surfaces a and b. The run-
in consisted of 15 forwards and backwards sliding events 
(sliding speed v = 1 cm/s ), each 20 cm long, of compound 
A on surface a, and similar for compound B on surface b. 
Fig. 2 shows the friction coefficient as a function of the num-
ber of sliding cycles for compound A (red) and B (blue) 
sliding on the concrete surfaces a and b. The two concrete 
surfaces are nominally identical so the small difference in 
the friction observed may be attributed to the different rub-
ber compounds. Note that during run-in there is a decrease 

in the friction by ∼ 20% in both cases. This may be due to 
the influence on the friction by a thin contamination film 
deposited on the concrete surface, or the removal of a thin 
surface layer on the rubber block, or the increased roughness 
of the rubber surface.

Figure 3 shows a picture of (a) the concrete block a 
after run-in of compound A, and (b) the concrete block b 
after run-in of compound B. Note the difference in wear 
mode: compound A wear mainly by the formation of wear 
particles, which are easily removed with a soft brush or a 
vacuum cleaner, while compound B wear by formation of a 
thin smear film which adhere strongly to the concrete sur-
face. As will be shown in Sec. 4 this is consistent with the 
(theoretically predicted) origin of the rubber friction which 
for T = 20◦C and the sliding speed v = 1 cm/s , is mainly 
viscoelastic for compound A and adhesive for compound B.

Next we measured the friction force for compound A on 
surface a for sliding speeds from 1 μm∕s to 1 cm/s , and the 
same experiment for compound B on the surface b. The 
results are given by the solid red and blue lines in Fig. 4. 
Next we measured the friction for the same velocity interval 
for compound A on the concrete surface b contaminated by 
compound B (red dashed line in Fig. 4). Finally, we per-
formed a similar experiment for compound B on the con-
crete surface a already contaminated by the compound A 
(blue dashed line in Fig. 4). As shown in the figure the fric-
tion coefficient for compound A, when sliding on surface a 
contaminated by compound A, is slightly larger than when 
sliding on surface b contaminated by the compound B (red 
lines). The opposite is true for compound B (blue lines). 
These results indicate that the nature of the contamination 
film may be important when predicting if the friction for a 
second rubber compound will increase or decrease by the 
contamination film. Hence a smear film results in a reduc-
tion in the friction while when the wear occurs by formation 

Fig. 2  The friction coefficient at the sliding speed v = 1 cm/s as a 
function of the number of sliding cycles for compound A (red) and 
B (blue) sliding on two different concrete blocks denoted a and b, 
respectively. In both cases, run-in was performed two times

Fig. 3  Pictures of concrete blocks after run-in of (a) compound A on 
concrete block a and (b) compound B on concrete block b 
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of loose rubber particles the friction increases, or is nearly 
unchanged as observed below for another case.

In Sect. 4 we show that the friction for compound A is 
mainly due to the viscoelastic deformations of the rubber 
by the road asperities. This contribution may be reduced 
more on the surface run-in by the compound B, then on the 
surface run-in by compound A, since the former surface is 
covered by a much thicker transfer film which may effec-
tively smooth the concrete surface at short length scale, and 
reduce the viscoelastic contribution to the friction.

3.2  Compound C and D

We have performed a similar set of experiments for com-
pound C and D on the concrete surfaces c and d. Figure 5 
shows the friction coefficient during run-in at the sliding 
speed v = 1 cm/s as a function of the number of sliding 
cycles for compound C (red) and D (blue) sliding on two 
different concrete blocks denoted c and d, respectively.

Figure 6 shows picture of concrete blocks after run-in of 
(a) compound C on concrete block c and (b) compound D on 
concrete block d. Note that just as for the racing compound 
A the wear occurs by formation of dry (non-sticky) rubber 
particles which are easily removed with a soft brush or with 
a vacuum cleaner.

The solid lines in Fig. 7 shows the friction coefficient 
as a function of the logarithm of the sliding speed for the 
compound C (red lines) and D (blue lines) sliding on the two 

different concrete blocks (c and d, respectively) after run-in 
on the same concrete blocks (resulting in “contaminated” 
concrete surfaces). The red dashed line is for compound C 
sliding on the concrete block d after it was contaminated by 
the compound D. The blue dashed line is for compound D 
sliding on the concrete block c after it was contaminated by 
the compound C. For compound D, there is nearly no dif-
ference in the friction when sliding on the two different con-
crete surfaces, but for compound C the friction is larger by 
∼ 0.2 on the surface contaminated by the compound D. Note 
that the friction coefficient depends relatively weakly on the 
sliding speed, as also found for the racing compound A.

Figure 6c, d show pictures of concrete blocks c and d 
after performing all the experiments reported on above. In 
the measurements the rubber block start to move from the 
lower (darkest) contact region with the lowest speed 1 μm∕s 
for 3 cm , followed by the next lowest speed 10 μm∕s for 
3 cm , and so on. Note that the wear decreases rapidly with 
increasing sliding speed. This is consistent with the rapid 
drop in the area of real contact with increasing sliding speed 
(see Fig. 11 below) and will be discussed further in Sect. 5.

We also performed some sliding friction studies in water. 
After performing all the experiments discussed above we 
added water to the concrete surfaces c and d so the water level 
was about ∼ 3 mm above the highest asperities. Figure 8 
shows the friction coefficient as a function of the logarithm of 
the sliding speed. The solid lines are for compound C (red) and 
D (blue) sliding on the dry concrete blocks c and d, respec-
tively, after run-in on the same concrete blocks (the same as 
the solid lines in Fig. 7). The dashed lines are for compound C 
(red) and D (blue) sliding on the same two concrete surfaces 
in water. Note that in water there is a reduction in the friction 
coefficients for both compounds. This could be due either to a 

Fig. 4  The friction coefficient as a function of the logarithm of the 
sliding speed. The solid lines are for the compound A (red line) and B 
(blue line) sliding on two different concrete blocks (a and b, respec-
tively) after run-in on the same concrete blocks (resulting in “con-
taminated” concrete surfaces). The red dashed line is for compound 
A sliding on the concrete block b after it was contaminated by the 
compound B. The blue dashed line is for compound B sliding on the 
concrete block a after it was contaminated by the compound A

Fig. 5  The friction coefficient at the sliding speed v = 1 cm/s as a 
function of the number of sliding cycles for compound C (red) and 
D (blue) sliding on two different concrete blocks denoted c and d, 
respectively
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reduction in the adhesive contribution to the friction (but the 
theory predict rather small adhesive contribution even in the 
dry state), or due to a reduction in the viscoelastic contribution 
from sealed off water islands occurring at short length scale.

4  Theory: Friction

In this section, we present calculated results for the fric-
tion coefficient and the area of real contact as a function of 
the sliding speed. In the calculations, we use the measured 
viscoelastic modulus of compounds A-D, and the substrate 
is assumed rigid with the surface roughness power spec-
trum of the (clean) concrete surfaces used in the study in 
Ref. [1, 2].

The friction coefficient � = �visc + �con is the sum of a 
viscoelastic contribution �visc , and a contribution from the 
area of real contact �con , and depends on the sliding speed 
and the temperature as discussed elsewhere [3].

The contribution from the area of real contact may involve 
shearing a thin contamination film, or processes where 

Fig. 6  Pictures of concrete blocks after run-in (at the velocity 
v = 1 cm/s ) of (a)  compound C on concrete block c and (b)  com-
pound D on concrete block d. In (c) and (d) we show pictures of con-
crete blocks c and d after performing all the experiments reported on 
in this work. The sliding speed increases in steps of a factor of 10 
from the bottom (most black area) to the top starting with v = 1 μm∕s 
and ending with 1 cm/s . For each velocity the sliding distance 3 cm

Fig. 7  The friction coefficient as a function of the logarithm of the 
sliding speed. The solid lines are for the compound C (red line) and D 
(blue line) sliding on two different concrete blocks (c and d, respec-
tively) after run-in on the same concrete blocks (resulting in “con-
taminated” concrete surfaces). The red dashed line is for compound 
C sliding on the concrete block d after it was contaminated by the 
compound D. The blue dashed line is for compound D sliding on the 
concrete block c after it was contaminated by the compound C

Fig. 8  The friction coefficient as a function of the logarithm of the 
sliding speed. The solid lines are for compound C (red line) and D 
(blue line) sliding on two dry concrete blocks (c and d, respectively) 
after run-in on the same concrete blocks. The dashed lines are for 
the compound C (red) and D (blue) sliding on the same two concrete 
blocks in water
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polymer segments (or nanosized rubber patches) undergo 
cyclic stick-slip events [4–6], or where hard filler particles at 
the rubber surface scratches the substrate (plowing friction). 
The viscoelastic contribution to the friction results from the 
time-dependent deformations of the rubber by the substrate 
asperities, which occurs on many length scales [7].

We can write �con = (�f∕p0)(A∕A0) , where the area of real 
contact A depends on the contact pressure, temperature and 
the sliding speed. In the experiments (Sect. 3) the nominal 
contact pressure p0 ≈ 0.12 MPa and the nominal contact 
area A0 ≈ 3 × 7 = 21  cm2. The frictional shear stress �f can 
originate from different processes which we now discuss.

The frictional shear stress depends on surface energies, 
contamination films and the location of slip (or shear) 
planes. One can distinguish between three limiting cases, 
namely (a) the surface has a thin, strongly bound, con-
tamination film (usually water and polar molecules with a 
hydrocarbon part), or (b) a thicker contamination film occurs 
which could result from transfer of molecules from the rub-
ber to the substrate surface, or (c) a weakly bound contami-
nation film where slip occurs between the contamination 
film and the substrate surface.

If the contamination film is very thin (some nanometers), 
and the molecules bound strongly enough to the substrate 
surface (here concrete), slip will occur between the rubber 
and the contamination film. In this case the contribution 
from the area A of real contact to the friction may involve 
interfacial processes where polymer segments, or nanosized 
patches of the rubber, attach, stretch, snap-off and re-attach 
to the substrate [4–6]. During the rapid snap-off the elastic 
energy in the stretched polymer chains are converted into 
heat. Theoretical [4–6] and experimental [3, 8] studies have 
shown that this results in a frictional shear stress which is 
well approximated by a Gaussian-like function of the loga-
rithm of the sliding speed v, with a width of order several 
decades in velocity:

where v∗(T) depends on the temperature T, but which for 
T = T0 ≈ 20◦C typically is of order 1 cm/s . We believe that 
in the present applications the shear stress �f is likely due 
to the interaction between segments of rubber molecules on 
the rubber block with a rubber transfer film deposited on 
the substrate surface already at the leading edge of asperity 
contact regions. We believe that a shear plane forms at the 
interface between the transfer film and the rubber block and 
that most slip and (adhesive) energy dissipation occurs at 
this interface. Thus for dry contact the chemical nature of 
the substrate may not be important [9].

The temperature dependency

(1)�f ≈ �0 exp

(

−c
[

log
v

v∗

]2
)

where we have found, by analyzing experiments for differ-
ent rubber compounds [3], that the shift factor a′

T
 is of the 

Arrhenius type

with the activation energy � ≈ 1 eV and kB is the Boltzmann 
constant.

The parameters �0 , v∗ and c in (1) cannot be predicted 
theoretically, but have to be determined by fitting to experi-
mental friction results. In the calculations reported on below 
we have used �con = (�f∕p0)(A∕A0) with �f given by (1) with 
�0 = 8 MPa for compound B and for the racing compounds 
A,C,D �0 = 4 MPa , and with c chosen so that the full-width-
at-half-maximum of the Gaussian (1) is 4 velocity decades in 
all cases. At T = 20◦ the Gaussian is centered at v∗ = 5 cm/s 
for compound B and v∗ = 1 mm/s for the compounds A,C,D. 
These values are very typical [3]. Note that the reference 
velocity v∗ in general decreases as the rubber glass transition 
temperature increases, and the values used here are consist-
ent with this observation. To determine the parameters �0 , c 
and the reference velocity v∗ more accurately it is necessary 
to measure the friction coefficient in a wider velocity range 
(or for more temperatures) then done here.

The viscoelastic contribution to the friction �visc , and the 
relative contact area A∕A0 , are calculated using the Persson 
rubber friction theory (see Ref. [1] for details).

If the contamination film is thicker it may behave as a 
(usually shear thinning) viscous fluid, and the shear stress 
acting on the rubber surface will be determined by the vis-
cosity (and shear rate) of the fluid:

where B is a shear-thinning constant and �̇� = v∕d the shear 
rate (d is the film thickness), and �0 the low strain-rate vis-
cosity. For polymer fluids the exponent n is typically in the 
range 0.7–1 [10, 11], where the larger n correspond to longer 
chain molecules.

In the present applications, we believe that a slip plane 
forms between the rubber and the contamination film. At 
this slip plane molecular stick-slip procceses occur and the 
frictional shear stress is given by (1).

For a smooth low-energy substrate surface, some of the 
slip may be localized at the interface between the substrate 
and the contamination film. However, the study in Ref. [12] 
indicates that even for very inert substrate the main slip may 
occur either within the contamination film or at the interface 
between the rubber and the contamination film.

v∗(T) = v∗(T0)∕a
�
T
,

lna�
T
=

�

kB

(

1

T
−

1

T0

)

(2)𝜏f ≈
𝜂0�̇�

1 + (𝜂0∕B)�̇�
n
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To calculate the rubber friction, we need the viscoelas-
tic modulus of the rubber and the surface roughness power 
spectrum of the concrete surface. The latter was obtained 
elsewhere (see, e.g., [1, 2]), and the former was obtained 
using a Dynamical Mechanical Analyse instrument as dis-
cussed in Appendix A.

Figure  9 shows the measured loss tangent 
tan� = ImE∕ReE as a function of the logarithm of the fre-
quency for compounds A,B,C and D obtained at T = 20◦C 
and for the strain 0.0004. Note that the racing compounds 
A,C,D have the maximum in tan� at much lower frequency 
then the bus/track compound B, which reflect the fact that 
the glass transition of the compounds A,C,D are much 
higher than for the compound B (see Table 1).

4.1  Compound A and B

Figure 10 shows the calculated friction coefficient � as a 
function of the logarithm of the velocity for compound A 
(red curves) and B (blue curves) at T = 20◦C . The dashed 
lines are the viscoelastic contribution �visc and the solid lines 
the sum � = �visc + �con of the viscoelastic contribution and 
the (adhesive) contribution from the area of real contact. The 
total friction coefficient is in good semi-quantitative agree-
ment with the measured data (compare Fig. 4 and 10). Note 
the small contribution to the friction from the area of real 
contact for the racing compound A. This is due to the small 
area of real contact in the relevant velocity (or frequency) 
region resulting from the high glass transition temperature 
of compound A. This is illustrated in Fig. 11 which shows 
the relative contact area A∕A0 as a function of the logarithm 
of the velocity for compound A (red curve) and compound 
B (blue curve) at T = 20◦C.

The friction results for compounds A and B are consistent 
with the wear pattern observed in Sect. 3. Thus the small 
area of real contact predicted by the theory for compound 
A for T = 20◦C and the sliding speed v = 1 cm/s suggest 
that adhesive wear, which would result in the formation of 
a smear film on the concrete surface, is small for this com-
pound during run-in, which is consistent with Fig. 3 which 
shows mainly wear by the formation of “dry” wear parti-
cles. However, for compound B, the friction is mainly due to 
adhesive interactions and the wear occurs via the formation 
of a smear film.

In F1-racing the tire surface temperature is typically 
80◦ − 110◦C and in Fig. 12 we show the friction coefficient 

Fig. 9  The loss tangent tan� = ImE∕ReE as a function of the loga-
rithm of the frequency for compounds A, B, C and D. At T = 20◦C 
and for the strain 0.0004

Fig. 10  The friction coefficient � as a function of the logarithm 
of the velocity for compound A (red curves) and B (blue curves) at 
T = 20◦C . The dashed lines are the viscoelastic contribution �

visc
 and 

the solid curves the sum � = �
visc

+ �
con

 of the viscoelastic contribu-
tion and the (adhesive) contribution from the area of real contact

Fig. 11  The relative contact area A∕A
0
 as a function of the logarithm 

of the velocity for compound A (red curve) and compound B (blue 
curve) at T = 20◦C
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� as a function of the logarithm of the velocity for compound 
A at T = 20◦C (red curves) and T = 90◦C (green curves). 
The dashed lines are the viscoelastic contribution �visc and 
the solid curves the sum � = �visc + �con of the viscoelastic 
contribution and the (adhesive) contribution from the area of 
real contact. Note that at T = 90◦C the adhesive contribution 
to the friction is very important. This is due to an increase in 
the contact area resulting from the softening of the rubber 
with increasing temperature. This is illustrated in Fig. 13 
which shows the relative contact area A∕A0 as a function of 
the logarithm of the velocity for compound A at T = 20◦C 
(red curve) and T = 90◦C (green curve).

Note that at T = 90◦C the sliding friction coefficient for 
the racing compound A is of order 1.4–1.6 for sliding speeds 
of order ∼ 0.1 − 1 m/s . This appears to be consistent with 
practical experience for racing tires where the maximum in 
the � − slip curve (which typically occurs for (average) slip 
velocities of order 1 m/s ) typically is of order 1.4–1.5.

4.2  Compound C and D

In Fig. 14, we show the friction coefficient � as a function of 
the logarithm of the velocity for compound C (red curves) 
and D (blue curves) at T = 20◦C . The dashed lines are the 
viscoelastic contribution �visc and the solid curves the sum 
� = �visc + �con of the viscoelastic contribution and the 
(adhesive) contribution from the area of real contact. Note 
that for the speed v = 1 cm/s for both compounds the fric-
tion coefficient is dominated by the viscoelastic contribution 
while for the lowest speed the adhesive contribution from the 
area of real contact is very important. This is, in part, due to 
the strong increase in the area of real contact with decreasing 
sliding speed. This is illustrated in Fig. 15 which shows the 
relative contact area A∕A0 as a function of the logarithm of 
the velocity for both compounds. The velocity dependency 
of �visc and �con and of the contact area will now be used 
to discuss the dependency of the nature of the wear on the 
sliding speed (Fig. 6).

5  Rubber Wear

Figure 3 and 6 show that only compound B gives rise to 
a smear film on the concerete surface during run-in. The 
other compounds A,C,D wear by formation of a dry powder 

Fig. 12  The friction coefficient � as a function of the logarithm of 
the velocity for compound A at T = 20◦C (red curves) and T = 90◦C 
(green curves). The dashed lines are the viscoelastic contribution �

visc
 

and the solid curves the sum � = �
visc

+ �
con

 of the viscoelastic con-
tribution and the (adhesive) contribution from the area of real contact

Fig. 13  The relative contact area A∕A
0
 as a function of the loga-

rithm of the velocity for compound A at T = 20◦C (red curve) and 
T = 90◦C (green curve)

Fig. 14  The friction coefficient � as a function of the logarithm 
of the velocity for compound C (red curves) and D (blue curves) at 
T = 20◦C . The dashed lines are the viscoelastic contribution �

visc
 and 

the solid curves the sum � = �
visc

+ �
con

 of the viscoelastic contribu-
tion and the (adhesive) contribution from the area of real contact
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of rubber particles. Now, when sliding compound A on 
the surface covered by a smear film of compound B (case 
A on contaminated b in Fig. 4) the friction is lower that 
when compound A is sliding on the surface contaminated 
by compound A (A on a). Thus, the smear film created by 
compound B reduces the friction while the loose particles 
created by the compound A do not. This is consistent with 
the results for compound C and D where sliding on the con-
taminated surfaces (with loose particles) results in higher 
or similar friction.

In the context of rubber wear of tires one speak about 
two limiting wear modes, namely wear resulting in a “dry 
powder” of rubber particles, or in a sticky smear film. But 
this does not necessarily correspond to rubber wear prod-
ucts with different chemical composition, but rather may just 
reflect the size of the wear particles. Thus it is known that 
adhesion is killed by the long wavelength roughness [13, 
14]. The longest wavelength roughness of a wear particle is 
determined by the linear size of the particle. Thus small rub-
ber wear particles will always be sticky and adhere to sur-
faces (e.g., the substrate surface, or any other surface), effec-
tively forming a smear film. If the particles are big enough, 
and have large enough surface roughness (as expected for 
wear particles), they will not adhere to themself or to the 
substrate surface forming a “dry powder”. This is also what 
is observed experimentally.

One expect different wear processes associated with the 
viscoelastic contribution and the adhesive contribution to the 
rubber friction. Thus the adhesive contribution may gener-
ate large stresses in the area of real contact, but the area of 
real contact may consist of (very many) very small contact 
regions. The shear stress acting in these contact region is 
unlikely to generate wear particles with lateral dimension 
larger than the width of the contact regions, unless they are 

very closely spaced [15]. The viscoelastic contribution to the 
friction act on many length scales since asperity size spreads 
many length scales. In general, the stress field from an asper-
ity (apparent) contact regions can only drive cracks into the 
rubber a distance determined by the linear size of the (appar-
ent) asperity contact region. But since a wide distribution 
of asperities occur we expect a wide distribution of wear 
particle sizes to result from the viscoelastic contribution to 
the friction as discussed in detail in Reference [16, 17].

We note also that even if the frictional shear stress is 
relative small, detachment of rubber particles can occur due 
to the mechanochemical nature of the bond breaking pro-
cess. That is, the barrier for bond breaking is lowered by 
the simultaneous formation of new bonds with, e.g., oxygen 
atoms. Thus, it has been observed that the degradation of 
filled NR and SBR to a sticky material occurs only in the 
presence of oxygen, but not in a nitrogen atmosphere [18]. 
Bond breaking is also affected by thermal fluctuations which 
can supply part of the energy needed to overcome the barrier 
towards breaking a bond. However, due to the low sliding 
speed negligible frictional heating is expected in our study 
so thermal effects are likely not to be enhanced by the sliding 
motion in our case.

That oxygen is involved in the bond breaking process is 
known from experiments since the rubber wear particles 
have a higher concentration of bound oxygen than the origi-
nal rubber. This is particularly true when the rubber wear 
occurs by the formation of a smear film. Thus if small wear 
particles or “smear” is formed, as may be associated with the 
adhesive contribution to the friction, the wear products are 
likely to have a higher concentration of oxygen atoms than 
big wear particles due to the higher surface to volume ratio.

Figure 6c, d show pictures of concrete blocks c and d 
after performing all the experiments reported on above. In 
last measurements the rubber block start to move from the 
lower (darkest) contact region with the lowest speed 1 μm∕s 
for 3 cm , followed by the next lowest speed 10 μm∕s for 
3 cm , and so on. Note that the wear decreases rapidly with 
increasing sliding speed. This is consistent with the rapid 
drop in the area of real contact with increasing sliding speed 
(see Fig. 15). At the highest speed 1 cm/s the wear is very 
small and consist mainly of “dry powder” which accumu-
lates at the turn-around regions of the sliding track as in 
Fig. 6a, b. At the lowest sliding speed the wear occurs by 
the formation of a smear film, i.e., a different wear process. 
This is correlated with the fact that the viscoelastic contribu-
tion to the friction dominate for the largest sliding, while at 
the lowest speed the adhesive contribution from the area of 
real contact becomes very important (see Fig. 15). Note also 
that the contact time is 10000 times longer for the lowest 
sliding speed compared to the highest sliding speed, which 
may increase the wear as thermal and mechanochemical pro-
cesses become more important with increasing contact time.

Fig. 15  The relative contact area A∕A
0
 as a function of the logarithm 

of the velocity for compound C (red curve) and compound D (blue 
curve) at T = 20◦C
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6  Summary and Conclusion

We have shown that there is a slight decrease in the rubber 
friction coefficient with the number of run-in cycles for com-
pounds A and B, but a negligible change for compounds C 
and D (but these compounds was run-in for a shorter time). 
When a rubber block is sliding on a concrete surface, which is 
contaminated by another rubber compound, the friction force 
may be either bigger or smaller than if sliding occurs on a sur-
face contaminated by the same type of rubber compound. In 
an earlier study, [9] for two very different rubber compounds 
similar results was obtained as found above. The present study 
indicates that the nature of the contamination film may be 
important when predicting if the friction for a second rub-
ber compound will increase or decrease by the contamination 
film. Hence a smear film results in a reduction in the friction 
while when the wear occurs by formation of loose rubber 
particles the friction is nearly unchanged or increased.

The change in the friction coefficient between the different 
systems is relative small, typically about ∼ 10% . This change 
may of course be crucial in some applications like in F1-rac-
ing. We note, however, that our experimental study was for the 
temperature T = 20◦C , and tire temperatures are often higher 
(but not necessarily the road temperature), and in F1-racing 
much higher, typically T = 80 − 110◦C . In addition, racing 
tire tread compounds have additives (e.g., resin) which become 
sticky only at high temperatures (say above 80◦C ). Experi-
mental studies at higher temperatures for racing compounds 
are necessary to determine if this will change the conclusions 
obtained above. F1 racing typically occur on asphalt road sur-
faces, but we do expect similar wear and frictional properties 
on such surfaces as for the concrete surface used here.

We have present theory results which illustrate the rela-
tive importance of the viscoelastic and adhesive contribution 
to the sliding friction. For the racing compounds A,C,D we 
found that at T = 20◦C the viscoelastic contribution dominate 
the friction for 1 cm/s while for the bus/truck compound B 
the adhesive contribution dominates, and we attribute the 
different wear mode observed to this fact. Thus, for the racing 
compound the wear consist of “dry” (non-adhesive) rubber 
particles which are easily removed with a soft brush or a vac-
uum cleaner. For the compound B, we instead found a sticky 
smear layer which cannot be removed from the concrete sur-
face by mechanical means. We attributed this difference to 
the size of the wear particles which depends on what process 
(adhesive or visdcoelastic) dominate the friction force.

Appendix A

For rubber friction it is necessary to have information about 
the complex elastic modulus over a rather large frequency 
range, as well as at different strain values including very 
large strain of order 100%. A standard way of measuring 
the viscoelastic modulus is to oscillatory deform the rubber 
sample with a constant strain or stress amplitude. This is 
done at different frequencies and then repeated at different 
temperatures. The results measured at different temperatures 
can be time-temperature shifted to a master curve at a chosen 
reference temperature covering a broad range of frequencies.

Here we present results for the viscoelastic properties 
for the rubber compounds A-D used above. For our meas-
urements, we use a Q800 Dynamic Mechanical Analy-
sis (DMA) instrument produced by TA Instruments. The 
machine is run in tension mode, meaning that a strip or a 
fiber of rubber clamped on both sides, is elongated in an 
oscillatory manner. The complex viscoelastic modulus is 
first measured in constant strain mode with a strain ampli-
tude of 0.04% strain and at different frequencies starting 
from 28 Hz and changed in steps until 0.25 Hz is reached 
(10 frequency points: 28.0, 25.0, 14.0, 7.9, 4.4, 2.5, 1.4, 
0.79, 0.44, and 0.25 Hz). The rather small strain amplitude 
is chosen to avoid strain softening effects. It is not clear how 
these nonlinear effects would affect the results at different 
temperatures, and one therefore usually measure the low 
strain master curve in the linear response region. We have 
found that a strain amplitude of 0.04% is reasonably good 
for typical tread rubber compounds. Measuring the rubber 
sample in tension mode also requires to prestrain the rubber 
with a static strain that has to be larger then the dynamic 
strain during oscillation. The prestrain in the experiments 
has been set to 0.06% to avoid compressing the rubber during 
the DMA measurement.

The experiment usually starts at −75◦C and after meas-
uring the modulus at all frequencies mentioned above, the 
temperature is increased in steps by 5◦C , until the transition 
region is reached. In the transition region, we increase the 
temperature step by 2.5◦C until the onset of rubbery region 
and after that we switch back to increasing temperatures in 
steps of 5◦C until the end temperature of 120◦C or 150◦C is 
reached. Note that it may be necessary to choose smaller 
temperature steps when reaching the glass transition tem-
perature Tg where the viscoelastic response of the rubber 
material changes strongly with frequency (and temperature). 
This makes sure that the curves measured at different tem-
peratures overlap with each other, which is necessary for the 
shift procedure. The results are then shifted to form a smooth 
ReE master curve.

Figure 16 shows the (a) real ReE and (b) the imaginary 
ImE part of the viscoelastic modulus E as a function of the 
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frequency for compounds A, B, C and D (log-log scale). 
The horizontal shift factor aT needed to produce these mas-
tercurves is shown in Fig. 17 as a function of temperature.

We have also studied the large strain dependency of the 
effective viscoelastic modulus. The measurements were per-
formed at the frequency f = 1 Hz for several different tem-
peratures. Figure 18 shows the ratio ReE(�)∕ReE(0) (solid 
lines) and ImE(�)∕ImE(0) (dashed lines) as a function of 
the logarithm of the strain � for compounds A, B, C and D. 
The results are averages of the strain curve obtained for the 
temperatures T = −10 , 0, 20, 60 and 100◦C.
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