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There are two contributions to the friction force when a rubber block is sliding on a hard and rough
substrate surface, namely, a contribution F,q = 7¢ A from the area of real contact A and a viscoelastic
contribution F;is from the pulsating forces exerted by the substrate asperities on the rubber block.
Here we present experimental results obtained at different sliding speeds and temperatures, and we
show that the temperature dependency of the shear stress 7, for temperatures above the rubber glass
transition temperature T'g, is weaker than that of the bulk viscoelastic modulus. The physical origin
of r¢ for T > T is discussed, and we propose that its temperature dependency is determined by the
rubber molecule segment mobility at the sliding interface, which is higher than in the bulk because of
increased free-volume effect due to the short-wavelength surface roughness. This is consistent with
the often observed reduction in the glass transition temperature in nanometer-thick surface layers of
glassy polymers. For temperatures T' < T, the shear stress 7¢ is nearly velocity independent and
of similar magnitude as observed for glassy polymers such as PMMA or polyethylene. In this case,
the rubber undergoes plastic deformations in the asperity contact regions and the contact area is
determined by the rubber penetration hardness. For this case, we propose that the frictional shear
stress is due to slip at the interface between the rubber and a transfer film adsorbed on the concrete
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surface. Published by AIP Publishing. https://doi.org/10.1063/1.5037136

I. INTRODUCTION

Rubber friction enters in many important applications
such as tires, dynamical seals, wiper blades, and syringes. It
has been studied for many years starting with pioneering work
by Greenwood and Tabor,' Schallamach,? Roberts and Tabor,’
and Grosch.* It was found that on dry surfaces, there are two
contributions to the rubber friction coefficient, one from shear-
ing the area of real contact (the adhesive contribution p,q) and
one from the pulsating deformations of the rubber surface due
to the substrate asperities (the viscoelastic contribution fyisc)-
The latter contribution depends on the internal friction of the
rubber.

Detailed theories for the viscoelastic contribution to rub-
ber friction have been developed by Kliippel and Heinrich®’
and by Persson.®? The theory of Persson has been found to
be in good agreement with exact numerical studies.'®!! Theo-
ries have also been developed for the adhesive contribution to
rubber friction, but this topic is more complex and it appears
that several processes may contribute, such as rubber stick-slip
processes at the molecular level, opening crack propagation at
asperities, rubber wear, plastic deformations, and plowing, the
relative importance of which depends on the sliding velocity
and the temperature.

Recently, Tiwari et al.'?> presented experimental results
for rubber friction on sandblasted glass substrates. For this
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system, it was concluded that the most important contribution
came from molecular stick-slip events at the sliding inter-
face, while opening crack propagation in asperity contact
regions was shown to be less important, in contrast to the
belief of some groups.!>!* Thus, no definitive consensus exists
about the origin of the adhesive contribution to the rubber
friction.

In his pioneering studies, Grosch was able to construct
smooth master curves for the friction coefficient by shifting
the segments u(v), obtained at different temperatures, using
the bulk viscoelastic shift factor. These results indicated that
rubber friction has the same time and temperature dependency
as the bulk rubber viscoelastic modulus. However, we have
found that the adhesive contribution to the friction has a differ-
ent temperature dependency than the viscoelastic modulus. '3
For this reason, we believe that one should instead construct
shear stress master curves 7¢(v) for the contribution to the
friction force from the area of contact.

In this paper, we present experimental results for filled
styrene-butadiene rubber (SBR) and unfilled and filled hydro-
genated nitrile butadiene rubber (HNBR) slid on a concrete
surface. The measurements were performed at different slid-
ing speeds and temperatures. We show that the temperature
dependency of the shear stress 7¢, for temperatures above the
rubber glass transition temperature 7', is weaker than that
of the bulk viscoelastic modulus. The physical origin of 7¢
for T > T, is discussed below, and we propose that its tem-
perature dependency is determined by the rubber molecule
segment mobility at the sliding interface, which is higher

Published by AIP Publishing.
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than in the bulk due to increased free-volume effect due
to the short-wavelength surface roughness. This is consis-
tent with the often observed reduction in the glass transi-
tion temperature in nanometer-thick surface layers of glassy
polymers.'®17

For temperatures T < T, the shear stress 7¢ is nearly
velocity independent and of similar magnitude as observed
for glassy polymers such as PMMA or polyethylene. In this
case, the rubber undergoes plastic deformations in the asper-
ity contact regions and the contact area is determined by the
rubber penetration hardness. In the same limit, we propose
that the frictional shear stress is due to slip at the inter-
face between the rubber and a hydrocarbon film adsorbed
on the concrete surface. The hydrocarbon film (of nanome-
ter thickness or more) is assumed to result from the transfer
of molecules from the rubber to the substrate surface (transfer
film).

This paper is organized as follows: In Sec. II, we briefly
review the different contributions to rubber friction focusing
on what we believe are the most important contributions from
the area of contact. In Sec. III, we describe the different exper-
iments we have performed, and in Secs. IV and V we present
the experimental friction results for the SBR and HNBR com-
pounds, respectively. In Sec. VI, we present a discussion about
rubber friction below the glass transition temperature and show
results for the surface topography of rubber surfaces after slid-
ing on the concrete surface at 7 = —40 °C. Section VII contains
a discussion and Sec. VIII the summary and conclusion. In
Appendix A, we review the basic equations of the viscoelastic
contact mechanics theory used in analyzing the experimen-
tal data. In Appendix B, we present the measured viscoelastic
modulus of all the rubber compounds and the power spectrum
of the concrete surface.

Il. RUBBER FRICTION

There are several contributions to rubber friction, the rel-
ative importance of which changes with the sliding velocity
and the temperature. Here we consider the sliding of a rubber
block on a hard substrate with a randomly rough surface. We
will assume that the friction force can be written as the sum of
the viscoelastic contribution Fy;s. and a contribution from the
area of real contact, which we assume is proportional to the
contact area A,

Fr = Fyisc + (A, (D

where 7¢ is the frictional shear stress acting on the area of con-
tact. The viscoelastic contribution to F is usually calculated
assuming that 7¢ = 0, i.e., without including the viscoelastic
contribution resulting from the (time-dependent) shear defor-
mations of the rubber, due to the adhesive interaction between
the rubber molecules and the substrate.

In this study, and in earlier studies, information about 7¢
was obtained by analyzing experiments. Thus, 7 was obtained
from the measured friction data by first subtracting the calcu-
lated Fisc from the measured friction force. But since Fyisc
is calculated assuming 7 = 0, it is clear that one contribu-
tion to 7¢ will be due to the viscoelastic deformations of the
rubber (on different length scales, i.e., not just on the length
scale of the asperity contact regions observed at the highest
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magnification). It follows that the effective 7¢ in (1) may be
larger than the frictional shear stress which would prevail in the
contact regions when sliding on a perfectly smooth substrate
surface, where the (rubber) asperity contact regions would be
statically deformed and hence not give a viscoelastic contri-
bution to the friction force. Since we do not have a perfectly
smooth concrete surface, we cannot measure 7 directly in the
present case. However, measurements on other smooth sur-
faces often give frictional shear stresses of similar magnitude
as we deduce for the concrete and asphalt road surface. As an
example, in Fig. 1, we show 7¢ for carbon black filled natu-
ral rubber sphere [with the root-mean-square (rms) roughness
~1 pm] sliding on a smooth surface (rms roughness ~6.5 nm)
of calcium fluorite.'® The shear stress is shown as a function of
the temperature increase, which varied because of variations
in the load, sliding speed, and sliding time. Note that r¢~ 2 — 5
MPa which is smaller by a factor of ~2 than what we typically
observe on rough surfaces, such as concrete or asphalt road
surfaces.

If we write the normal force as Fxy = poAg, where pg is the
nominal contact pressure and Ag is the nominal contact area,
we get

T A
M= Hyisc + — —— = Hyisc + Hcont- 2
Po Ao

The viscoelastic contribution arises from the pulsating forces
acting on the rubber block from the substrate asperities. There
are several processes which can contribute to the friction from
the area of real contact:

(a) Adhesive processes involving rubber molecules, or
patches of rubber, at the sliding interface performing
bonding—stretching—debonding cycles.

(b) Opening crack propagation at the exit of asperity contact
regions.

(c) Hard filler particles (typically carbon or silica particles)
in the rubber scratching the counter surface.

(d) Shearing of thin (nanometer) contamination films, e.g.,
the transfer film from the rubber.

(e) Energy dissipation in wear processes, e.g., the energy to
remove particles from the rubber surface, which involves
breaking covalent bonds in the rubber.

carbon black filled natural rubber
T, =22°C, v =0.25-1.0 m/s
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FIG. 1. The frictional shear stress 7¢ for carbon black filled natural rubber
sliding on a smooth surface of calcium fluorite, as a function of the temperature
increase AT due to frictional heating. The different data points correspond to
sliding at different speeds (between 0.25 m/s and 1 m/s), different loads (from
0.112 N to 1.012 N, corresponding to the nominal contact pressures 0.57 MPa
to 2.22 MPa), and sliding time periods [ ~900 s (red squares) and ~25 s (green
squares)]. Based on data from Ref. 18.
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(f) Plastic deformation and plowing, which will occur for
temperatures below the glass transition temperature.

For sliding on clean dry surfaces, we believe that the vis-
coelastic contribution and the adhesive contribution (a) give
the dominant contribution for most relevant sliding speeds and
temperatures. However, at temperatures well below the rubber
glass transition temperature, the viscoelastic contribution is
not important and the most important mechanism appears to
be associated with plastic deformation and shearing of thin
transfer film from the rubber.

To illustrate the general nature of rubber friction on hard
rough substrates, the circles in Fig. 2 show the master curve
for the friction coefficient for unfilled HNBR sliding on a con-
crete surface. The master curve was obtained by shifting along
the velocity axis the measured friction velocity segments (v)
(with v between 20 um/s and 1 mm/s), obtained at many dif-
ferent temperatures (indicated in the figure), to form a smooth
curve. In the figure, we also show the theoretically obtained
viscoelastic contribution pisc to the friction coefficient (green
curve) and what we believe are the contributions from the area
of contact from the adhesion process (a) denoted ,q (pink
curve) and from shearing a thin transfer film denoted pians
(red curve). We now briefly discuss the nature of the vis-
coelastic contribution and the contribution from the area of
contact.

A. Viscoelastic contribution to rubber friction

When a rubber block is sliding on a hard rough sub-
strate surface, the asperities of the substrate will exert time-
dependent deformations of the rubber. Since rubber materials
have an internal friction or damping, the time dependent defor-
mations will result in converting sliding kinetic energy into
heat motion.

Surfaces of solids have roughness on very many different
length scales, sometimes extending from macroscopic dis-
tances (say cm) down to atomic distances (say nm),'” which
all must be added together to obtain the total viscoelastic con-
tribution to the friction force. This is illustrated in Fig. 3 where
surface roughness is assumed to occur on only two length
scales. Neglecting frictional heating, for surfaces which are
self-affine fractal with the fractal dimension close to 2 (as

1
unfilled HNBR
Tt =20°C
08
K 20°C
06
adhesion
Hag
0.4 viscoelastic
Muise  ~y shearing
transfer
0.2 ¢t film, Wgans

0
1210 -8 6 4 -2 0 2 4 6 8 10
log, v (m/s)

FIG. 2. Circles: master curve for ¢ = 20 °C for compound HNBR-0, obtained
by shifting the velocity segments u(v), obtained at different temperatures
(between —40 °C and 20 °C), along the velocity axis to form as smooth
curves as possible. Solid lines: the adhesion, viscoelastic, and transfer film
contribution to the friction coefficient (see the text for details).
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small energy
dissipation

rubber

hard solid

FIG. 3. The dissipated energy per unit volume is the highest in the small-
est asperity contact regions. To get the total viscoelastic contribution to the
friction, one must add up the contributions from roughness on all length scales.

is typical for road surfaces and other surfaces of practical
importance, e.g., sandblasted surfaces), it has been shown that
roughness on all length scales is roughly equally important,
i.e., each decade in length scales contributes roughly equally
to the total energy dissipated by the viscoelasticity of the
rubber.?”

The rubber viscoelastic modulus depends on the fre-
quency w and temperature 7. At low frequencies (or high
temperatures), rubber materials are soft with a typical Young’s
modulus of order ~1 MPa (rubbery region). At high frequen-
cies (or low temperatures), it becomes very stiff with a Young’s
modulus of order ~1 GPa (glassy region). The transition region
between the rubbery region and the glassy region is very
important for rubber friction as in this frequency region the
ratio between the imaginary part of the viscoelastic modulus
(which s associated with energy dissipation) and the real partis
large.

Since the viscoelastic contribution to rubber friction is
determined by the bulk viscoelastic modulus, it will have the
same temperature dependency as the viscoelastic modulus,
which usually is described by the temperature-frequency shift
factor ar.

In analyzing the measured rubber friction data below,
we have used the Persson theory for the viscoelastic contri-
bution.>!” In calculating s and the contact area A, it is
necessary to use a large wavenumber (or short distance) cutoff
g1. We have found in the past®?! that good agreement with
experiments is obtained by choosing ¢; so that including all
the roughness with wavenumbers smaller than g results in a
surface with the root-mean-square (rms) slope ~1. For road
surfaces, this usually corresponds to a cut-off length of order
micrometer.

In analyzing the data presented below, we have chosen g
so that the rms slope equals 1.3 for the filled SBR and HNBR
compounds and 0.85 for the unfilled HNBR compound; this
gives good agreement with the experimental data. This differ-
ence in g between filled and unfilled compounds may reflect
the increased threshold tear strength of filled compounds as
compared to unfilled compounds.?? Thus, we interpret 1/g as
the length scale where the stress at the interface becomes so
large as to break covalent bonds in the rubber. The increased
threshold tear strength of filled compounds will shift this length
scale to shorter distances. For a discussion of the physical
origin and interpretation of the cut-off g, see also Refs. 15
and 23.
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B. Adhesive contribution from the area of contact

For the dry sliding contact between a rubber block and
a substrate surface, in the asperity contact regions the rubber
molecules are believed to undergo cyclic stick-slip events, as
indicated in Fig. 4. In many cases, one expects weak interfa-
cial interactions, e.g., van der Waals interaction. For stationary
contact (v = 0), the rubber chains at the interface will adjust to
the substrate potential to minimize the free energy. This bond
formation may require overcoming potential barriers and will
not occur instantaneously but requires some relaxation time.
During sliding at low velocity, thermal fluctuations will help
to break the rubber-substrate bonds resulting in a friction force
which approaches zero as the sliding velocity goes to zero. At
high velocity, there is not enough time for the rubber molecules
to adjust to the substrate interaction potential, i.e., the bottom
surface of the rubber block will “float” above the substrate
forming an incommensurate-like state with respect to the cor-
rugated substrate potential. Thus, the frictional shear stress is
small also for large sliding speed. Hence we expect the fric-
tional shear stress as a function of the sliding speed to have
a maximum at some intermediate velocity vy. This friction
mechanism was first studied in a highly simplified model by
Schallamach?* and later by Leonov et al.>> and for a more
realistic model by Persson and Volokitin.?® The theory pre-
dicts that the frictional shear stress is a Gaussian-like curve as
a function of logjgv, with a width of 4 (or more) frequency
decades and centered at a sliding speed typically of order
vy ~ 1 cm/s; see the paq(v) curve in Fig. 2. This frictional shear
stress law is very similar to what was observed (measured)
by Grosch*> for rubber sliding on smooth surfaces (glass or
steel).

In Ref. 23, we found that using the following frictional
shear stress law 7¢(v, T) resulted in good agreement between
theory and measurements:

2
T = TR exp(—c[loglo(;—*)] ), 3)
0

where ¢ = 0.1, vO* ~ 6x 1073 m/s, and 74y ~ 6.5 MPa. The full
width at half maximum of the 7¢(v) as a function of logjgv is
2(In2/c)"? ~ 5.3.

The master curve (3) is for the reference temperature
Tref = 20 °C and was obtained for a rubber with the glass
transition temperature 749 = 273 — 38 K (using the definition
of Ty described below), but we have found that the frictional
shear stress at other temperatures and for other compounds
can be obtained approximately by replacing v with va;,, where

\'

stretches

detaches, relaxes

J. Chem. Phys. 148, 224701 (2018)

ay is the shift factor obtained when constructing the master

curve (3),
ef1 1 1 1
mhar=—(=—-=-=—+—], 4
o kB(T To T, Tgo) @
where T, is the glass ftransition temperature and

To = (273 + 20) K. The activation energy € =~ 0.94 eV.

We have found that the parameters introduced above
(c, v(’)", 1r9) for the adhesive contribution to the friction vary
slightly depending on the studied system. Thus, for exam-
ple, for 7g, we used slightly different values for differ-
ent compounds and road surfaces but usually in the range
750 = 8 = 3 MPa. These values for 7y are similar but typi-
cally slightly larger than observed for very smooth surfaces
(see Fig. 1 for one example). This may be partly due to a vis-
coelastic contribution to 7g on rough surfaces (see above)
and also to the fact that on a rough substrate surface the
rubber chain segments may be able to bind stronger at step
edges and other defect sites, as compared to a perfectly
flat substrate, as recently observed for polydimethylsiloxane
rubber on smooth and slightly (atomically) roughened glass
surfaces.?’-?8

We can write (3) and (4) in the following alternative

form: )
v
T = T exp(—c [loglo(—)] ) (®)]
Um
and . .
€
Um = 0 exp[—g(? - T—g)], (6)

where vy = vj expl(e/ks)(1/To — 1/Tg0)] = 5 x 1077 m/s.
If we write vg = A/t and assume a characteristic length of
order a few nanometer, we get at the glass transition tem-
perature the relaxation time 7 = 0.01 s. We believe that 7
is the segmental relaxation time (a-relaxation process) for
polymer chains in the surface region of the rubber block (see
below).

The temperature dependency of the frictional shear stress
is weaker than that of the bulk viscoelastic modulus. Thus the
activation energy € =~ 1 eV we have found for the Arrhenius-like
temperature dependency of 7¢ is only about half of the effec-
tive activation energy associated with the bulk viscoelastic
modulus (as determined by the shift factor ar). Similarly, the
relaxation time 7 is about 1000 times shorter than expected for
the segmental relaxation time for the bulk rubber. We believe
both effects are related to the fact that polymer chains at the
rubber surface experience smaller energy barriers for segmen-
tal motion as compared to the bulk.'®!” Thus it is well known

reattaches

FIG. 4. The classical description of a polymer chain at the rubber-block counter surface interface. During lateral motion of the rubber block, the chain stretches,
detaches, relaxes, and reattaches to the surface to repeat the cycle. The picture is schematic and in reality no detachment in the vertical direction is expected, but only
arearrangement of molecule segments (in nanometer-sized domains) parallel to the surface from pinned (commensurate-like) to depinned (incommensurate-like)

domains.
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that the glass transition temperatures of polymer films decrease
as the thickness decreases. In our case, we do not have a free
surface but the rubber is in contact with a substrate surface,
but because of surface roughness at short length scales and
due to the sliding motion (see Fig. 5), it is likely that even in
the area of contact there is a thin (nanometer) porous layer
which reduced the energy barriers for segmental motion at the
interface.

From the discussion above, one would expect that instead
of (6) one should use

= ex € (1 1
Um = Uy €eXp w\T T

where Ty is an effective glass transition temperature at the
interface. But we may still write vy, by the form (6) if we
define

ieneel 53

0 ks\Ty Tg)|
Experiments on polymer films with thickness ~10 nm give
typically glass transition temperatures ~50 K smaller than for
very thick films. Assuming a similar reduction in 7, gives in
our case (with Ty ~ 250 K) vj ~ v9/1000, so the segmen-
tal relaxation time 7" = A/v at the surface glass transition
temperature Tg’ would be of order ~10 s, i.e., similar to what
is expected for glassy polymers at T’y (note: different glassy
polymers exhibit very similar segmental relaxation times at
Ty

To summarize, it is assumed that the polymer segments
at the rubber surface have higher mobility than in the bulk. Of
course, if the polymer segments interact strongly with a sub-
strate, it may have a lower mobility than in the bulk. However,
we believe that because of short wavelength surface roughness
and because of the finite sliding speed, the average surface sep-
aration (in the area of contact) at the sliding interface is relative
large, giving rise to increased surface mobility of the polymer
chains. The thickness of the surface layer with modified seg-
ment mobilities has been estimated for some polymers to be
of order a few nanometers.'®!739-3* This is also the surface
region which most likely is of importance for the adhesive con-
tribution to rubber friction, and it is therefore natural that we
obtain a smaller activation energy for the adhesive contribution
to rubber friction than that obtained for the bulk viscoelastic
modulus.

We note here, however, that it is not clear that the tem-
perature dependency of the adhesive contribution to rub-
ber friction is determined by the rubber properties alone.
The picture of rubber friction described above, involv-
ing rubber molecules or rather nanometer sized patches of

Vv

rubber

high mobility

s surface layer
hard substrate

FIG. 5. Rubber block in sliding contact with a hard substrate with short-
wavelength roughness. At the interface occurs a thin (a few nanometer) surface
layer where the rubber polymer segments have higher mobility than in the bulk
due to increased free volume.

J. Chem. Phys. 148, 224701 (2018)

rubber at the rubber surface binding to the substrate in pinned
domains, involves also energy barriers for breaking the sub-
strate bonds. However, if these barriers are smaller than
the barrier for segmental motion, they may give a weaker
temperature dependency than that resulting from segmental
motion.

C. Shearing of thin transfer film

At temperatures below the rubber glass transition temper-
ature T'g, rubber material exhibits stress-strain relations very
similar to those of metals and some glassy polymers with a
characteristic yield stress (see Sec. VI).

The friction coefficient we observe for rubber materials
sliding on concrete at temperatures well below the glass tran-
sition temperature is u ~ 0.5 — 0.6 (see Fig. 2 and below).
This is very similar to what we observe for glassy polymers
on the same concrete surface. Thus in Fig. 6, we show the
kinetic friction coefficient as a function of the sliding speed
for polyethylene and PMMA on the concrete. The measure-
ments were performed at 7 = 20 °C at low nominal contact
pressure (about 10 kPa).

Several measurements have been performed of the shear
stress when polymers are sliding on smooth surfaces. In par-
ticular, Whitten ez al.*>-3° studied the sliding of spherical glass
balls on glassy polymers. In these experiments, most likely
thin polymer films were transferred to the glass surfaces so
the sliding contact was most likely the polymer on the same
polymer. All the studied polymers exhibited similar frictional
shear stress which increased linearly with the contact pressure:
T¢ = 79 + Bp. For example, for PMMA, the authors found
79 = 30 MPa and 8 = 0.10. If we assume that when PMMA is
slid on the concrete surface a polymer transfer film is formed
on the concrete surface and if we assume the PMMA pene-
tration hardness py ~ 100 MPa, we get ¢ ~ 50 MPa and the
friction coefficient u = t¢/py =~ 0.5, in good agreement with
our experimental results.

‘We believe that for temperatures well below the glass tran-
sition temperature, rubber friction on hard and rough substrate
surfaces is determined mainly by shearing of thin transfer films
just as for the glassy polymers discussed above. That is, we
expect transfer of rubber molecules to the concrete surface (see
Fig. 21) and that shearing of the interface gives the observed

0.7
0.6
| ]

n ]
05 [ ]
04 r
03|

polymer / concrete
02 T=20°C

u PMMA
01 f polyethylene

0

8 -7 6 -5 -4 -3 -2 - 0
log,e v (m/s)
FIG. 6. The friction coefficient as a function of the sliding speed for polyethy-

lene and PMMA on concrete. Measurements at 7 = 20 °C at low nominal
contact pressure (about 10 kPa).
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friction coefficients. We will discuss this topic in detail in
Sec. VL.

D. Construction of the friction master curve

In his pioneering study, Grosch was able to construct
smooth friction master curves for the friction coefficient by
shifting the measured friction velocity segments u(v), obtained
at different temperatures, along the velocity axis using the bulk
viscoelastic shift function a7. We have found in earlier studies,
and also in the present study (see below), that this is not the
case for the systems we have studied. Grosch studied sliding
friction on sand paper and for this substrate, very high wear
rates occur while for more common surfaces such as concrete
or asphalt road surfaces the wear rate is much smaller and this
may be the reason for the different results.

We have found that the adhesive contribution to the fric-
tion coefficient has a different temperature dependency than
the viscoelastic contribution (and the contact area) which
depends on the bulk viscoelastic shift factor ar. Hence it is
not possible to construct master curves for the friction coef-
ficient but only for the frictional shear stress. To obtain the
frictional shear stress master curve we use (2) to obtain

A
T = Po XO(,U — Myisc)- @)

We calculate the viscoelastic contribution pyisc and the con-
tact area A, which both depend on the temperature via the
viscoelastic shift factor ar, using the Persson theory. From the
measured friction coefficient velocity segments u(v), obtained
at different temperatures, we obtain the shear stress velocity
segments 7¢(v) at different temperatures, which we shift to
obtain a smooth master curve. The resulting shift factor a.
is found to have the form (4) for low sliding speed (or high
temperatures).

The friction coefficient master curve shown in Fig. 2 was
obtained by shifting the high temperature velocity segments
using the shift factor a. and the low temperature velocity seg-
ments using the bulk shift factor ar. The reason this gave a
relative smooth master curve is that in the velocity region
where the adhesive contribution dominates, the viscoelastic
contribution s and the contact area A are relatively weakly
dependent on the sliding speed. Nevertheless, master curves
for the friction coefficient, like the one shown in Fig. 2, are in
general not accurate. Instead one should compare the theory
results for the friction coefficient at every different temperature
separately, as done in Figs. 12, 18, and 19.

In constructing friction master curves, one needs to mea-
sure the friction coefficient at such low sliding speeds that
frictional heating can be neglected. For this reason, the high-
est sliding speed we use is 1 mm/s. In practical applica-
tions, frictional heating is of crucial importance and must
be included in the theory analysis.>’° Frictional heating
occurs on many time and length scales and is a complex
topic. Hence any fundamental approach to rubber friction must
start with gaining a good understanding of rubber friction in
the limiting case when frictional heating is unimportant and
the temperature is the same everywhere in the rubber and
substrate.

J. Chem. Phys. 148, 224701 (2018)

TABLE I. Summary of the glass transition temperatures of the SBR and the
HNBR compounds. The glass transition temperature 7'y is defined as the
temperature where tan §(T') (for the frequency wq = 0.01 s™!) is maximal.

Compound Ty Maximum of tan &
SBR -44.0°C 0.51
HNBR-0 -23.0°C 0.89
HNBR-50 -23.3°C 0.47

lll. EXPERIMENTAL

We have studied the temperature and velocity depen-
dency of rubber friction for three different rubber compounds
on a concrete surface. Here we briefly describe the material
properties and the experimental setup used for the friction
experiments.

A. Road surface

The surface roughness of the concrete surface was studied
using a stylus instrument and the surface roughness power
spectrum C(g) was calculated as described elsewhere*>*! and
in Appendix B. The concrete surface has the rms roughness
~0.12 mm and the surface roughness is well described as self-
affine fractal with the fractal dimension Df =~ 2.1.

B. Rubber compounds

The rubber compounds used were a SBR blend (tire
tread compound) and filled and unfilled HNBR. The com-
position of the rubber compounds is given in Appendix B
(see Tables II and III). Table I shows the rubber glass tran-
sition temperatures, here defined as the temperature where
tan 6(T) = Im E(T)/Re E(T) is maximal, where the viscoelas-
tic modulus E(T) is the (low strain) Young’s modulus for the
temperature 7 and the frequency w = 0.01 s~!. The viscoelas-
tic modulus master curves and the temperature-frequency shift
factors ar, as obtained for very low strain (0.04%), are given
for all the compounds in Appendix B. In Appendix B, we also
present information about the non-linear stress-strain proper-
ties of all the rubber compounds, which are important for the
calculation of the area of real contact.

C. Linear friction tester

We have developed a linear friction tester where the driv-
ing velocity can be specified. Figure 7 shows a schematic
picture of the setup. The rubber is glued into the milling grove
of the sample holder which is attached to the force cell (red
block in the figure). The rubber specimen can move in the

low temperature freezer (-45°C to 20°C)

loading
mass
electric
xyz-force motor with
«~——— sensor gearbox

road surface

FIG. 7. Schematic picture of the low-temperature friction instrument allow-
ing for linear reciprocal motion.
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vertical direction to adapt to the substrate profile. The normal
load can be changed by adding additional steel plates on top of
the force cell. The substrate sample is attached to the machine
table which is moved by a servo drive via a gearbox in a trans-
lational manner. Here we control the relative velocity between
the rubber specimen and the substrate sample while the force
cell acquires information about normal force as well as friction
force.

With the current configuration, it is possible to move the
rubber specimen with velocities from 1 ym/s up to 1.25 cm/s.
The temperature inside the deep freezer can be varied from
20 °C to —45 °C. After the velocity profile measurement is
finished, we change the temperature inside the deep freezer
and repeat the whole velocity profile again.

The rubber samples used in this study were of two types:
For the SBR compound, we cut out a rectangular rubber spec-
imen (typical dimension is 3 X 7 cm) and glue it to the sample
holder. We round off the sharp edges using a scalpel. For the
HNBR compounds, we instead used half-cylinder shaped sam-
ples. The cylinders were 7 cm long and the radius was 1.5 cm.
We slid the cylinders in the direction orthogonal to the cylinder
axis, but before the experiments we run in the samples (on a
concrete surface) so that a x10 mm wide nearly flat surface
region was formed (see Fig. 32, which shows optical pictures
of this surface area).

IV. EXPERIMENTAL RESULTS
FOR THE SBR COMPOUND

Figure 8 shows for the SBR compound the measured fric-
tion coefficient velocity segments, for temperatures between
T = -40 °C to T = 20 °C. There are different procedures
possible to construct a friction master curve from the mea-
sured velocity segments. The simplest procedure, which was
used by Grosch, is to directly shift the measured velocity seg-
ments to obtain a smooth master curve. Grosch claimed that
he could obtain smooth master curves this way and that the
shift factor was the same as the Williams-Landel-Ferry (WLF)-
like shift factor obtained from the bulk viscoelastic modulus.
However, we have already found in earlier studies that this is
not the case, at least not for filled compounds on asphalt or
concrete road tracks (Grosch focused mainly on unfilled com-
pounds on sandpaper). Thus, Fig. 9 shows the master curve
obtained using the bulk viscoelastic shift factor ar. Clearly, the

SBR / concrete

| TS

_

—e—20°C -20°C

10°C -30°C
—e__0°C —e— -40°C
—e—-10°C —%— 20°C, repeat

-5 -4.5 -4 -3.5 -3 -2.5
log, v (m/s)

FIG. 8. Measured velocity segments u(v), obtained at different temperatures.
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2 . . . .
SBR compound B — fgg
0P,
u T=20°C o°C
—— -10°C
-20°C
-30°C
—— 40°C
17 “.“.'.
0

-6 -4 -2 0 2 4 6 8
logq, v (M/s)

FIG. 9. Frictional master curve produced by shifting the measured velocity
segments u(v), obtained at different temperatures, to the reference temperature
T =20 °C using the bulk viscoelastic shift factor a7 (green curve in Fig. 11).

adhesive contribution to the friction depends on the tempera-
ture in a different way than the viscoelastic contribution.

Figure 10 shows the friction coefficient master curve as
obtained by shifting the u(v) velocity segments in Fig. 8 using
the shift factor a’T shown in Fig. 11 (red stars). For low veloc-
ities (or high temperatures), where the adhesive contribution
gives the dominating velocity dependency, the shifting pro-
cedure results in a shift factor as given by (4). However, as
discussed in Sec. III, it is not strictly possible to shift the
friction coefficient velocity segments directly to obtain a mas-
ter curve since the shear stress 7¢ has a different temperature
dependency than the viscoelastic contribution to the friction
and also that of the contact area. Hence one should first calcu-
late the shear stress velocity segments 7¢(v) from the measured
u() via t¢(v) = po(Ap/A)(u(v) — tyisc(v)). The different veloc-
ity segments 7¢(v) obtained for the different temperatures can
then be shifted to obtain a smooth master curve for 7¢(v).
In Appendix C, we show the frictional shear stress master
curve obtained using this approach, and the shift factor a’.
is shown in Fig. 11 (red stars). The reason the same shift
factor results in a relatively smooth master curve for the fric-
tion coefficient (see Fig. 10) is that the adhesive contribution
occurs in a velocity region where the viscoelastic contribution
and the contact area do vary relatively slowly with the sliding
speed.

2
SBR/ concrete e
T=20°C —e—o0°C
48 —e— -10°C
-20°C
-30°C
—e— -40°C
g
1t
for penetration
hardness ,=100MPa
0

-6 -4 -2 0 2 4 6 8
logyo v (M/s)

FIG. 10. Frictional master curve produced by shifting the measured velocity
segments u(v), obtained at different temperatures, to the reference temperature
T =20 °C using the shift factor a;, shown in Fig. 11 (red stars).
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57 viscoelastic modulus a;
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2
1 \:\\\\\\\x
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temperature (°C)

FIG. 11. Red stars: The shift factor a7. used to obtain the master curve in
Fig. 28. Green squares: the bulk viscoelastic shift factor ar. The dashed line
is the Arrhenius shift factor (4).

In Fig. 12, we show the friction coefficient as a func-
tion of sliding speed for several different temperatures
T =20, 10, 0, —10, —20, —30, and —40 °C. The blue squares

2

SBR on concrete T=20°C
1.5 m
n
8 ®o
w o
1 .OO 7~
(e} \
o}
g
Mvise

05 Han + Moo 3
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are the measured data and the green lines the calculated fric-
tion coefficient including only the viscoelastic contribution
Wyise (lower green curves) and the viscoelastic plus adhesive
contribution (yisc + (ad) (upper green curve). In the calcu-
lation, we have not included the contribution from shearing
the transfer film, which we believe is important for low tem-
peratures. The adhesive contribution is assumed to have the
temperature dependency given by the Arrhenius law (4). The
red curves are the results obtained by including the finite pen-
etration hardness in the calculations, while the green curves
are without plastic yielding.

V. EXPERIMENTAL RESULTS FOR THE FILLED
AND UNFILLED HNBR COMPOUNDS

The SBR compound studied above has the glass tran-
sition temperature Ty ~ —44 °C which is much lower than
for the unfilled and filled HNBR compounds we study in this

: T=10°C T=-20°C
15 - 15
|}
H " i .
u, l.\
1 - — \ 1 = FIG. 12. The friction coefficient for the
o SBR compound as a function of slid-
’ ing speed for several different temper-
0.5 0.5 atures T = 20, 10, 0, —10, —20, —30,
and —40 °C. Blue squares: The mea-
0 0 surements start at 7 = 20 °C and end
2 2 with the measurement at 7 = —40 °C.
T=0°C T=-30°C Open circles: After the measurement at
T =—40 °C, the temperature is returned
1.5 N 15 to 7' =20 °C and a new measurement is
n \ performed to check how much the fric-
u \ u . L
- \ - tion has changed due to contamination
1 ~—= 1 i'!'-.. of the sliding surfaces. The green lines
/ are theory predictions discussed in the
/ text.
0.5 0.5
T=-10°C T=-40°C
1.5 1.5
n H
1 1 N
I-ﬁh
0.5 0.5
0 0
12 10 -8 -6 -4 -2 0 2 4 12 -10 -8 -6 -4 -2 0 2 4
log,, v (mM/s) logo v (M/s)
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0.4 e
—e+— 0°C
—— -10°C
0.2 20
—e— _40°C
0
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FIG. 13. The friction coefficient master curve at T = 20 °C for the HNBR-
0 compound obtained using the shift factors a7. shown in Fig. 14 (red
stars).

16 T
HNBR-0
14
12
<) . .
‘g10 viscoelastic modulus a;
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3
K
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\\
2 \\\*,,
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-40 -30 -20 -10 0 10 20

temperature (°C)

FIG. 14. Red stars: The shift factor a’T used to obtain the master curve in
Fig. 29. Green squares: the bulk viscoelastic shift factor ar.

section where Ty ® —23 °C. This implies that the viscoelas-
tic and adhesive contributions to the rubber friction for the
HNBR compounds become unimportant at much higher tem-
peratures (and hence lower sliding speeds) than for the SBR
compound.

In Fig. 13, we show the friction coefficient master curve at
T =20 °C for the HNBR-0 compound obtained using the shift
factors a7, shown in Fig. 14 (red stars). In Figs. 15 and 16, we
show the corresponding results for the HNBR-50 compound.
The shift factors a7, in Fig. 14 and 16 are obtained by shifting
the shear stress velocity segments, 7¢(v), obtained at different

1 T
HNBR-50
0.8 % T =20°C
n N4
06 ol
0af e
—e— 0°C
—e— -10°C
0.2 -20°C
-30°C
—e— 40°C
0 . . . .
-5 0 5 10

logq, v (M/s)

FIG. 15. The friction coefficient master curve at 7 = 20 °C for the HNBR-
50 compound obtained using the shift factors a7, shown in Fig. 16 (red
stars).
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FIG. 16. Red stars: The shift factor a’T used to obtain the master curve in

Fig. 30. Green squares: the bulk viscoelastic shift factor ar.

temperatures, in order to obtain smooth master curves for 7¢(v)
(see Appendix C).

In Fig. 17, we compare the friction coefficient master
curve for the HNBR-0 (red curve) and HNBR-50 (green curve)
compounds. Itis interesting to note that for the lowest 2 temper-
atures, the friction is the same for the filled and unfilled com-
pounds. For these temperatures, we believe that the friction
arises from shearing a thin transfer film.

Figsures 18 and 19 show the measured friction coeffi-
cients (blue squares) and the theory predictions (green lines),
including only the viscoelastic contribution (lower green lines)
and the viscoelastic plus adhesive contribution (upper green
lines), where for the latter we have used the shift factor a.
given by (4). In the calculation, we have not included the
contribution from shearing the transfer film. Clearly for both
the filled and unfilled HNBR compounds for the two low-
est temperatures, the adhesive and viscoelastic contributions
are very small and shearing the transfer film dominates the
friction.

VI. RUBBER FRICTION AT LOW TEMPERATURES

At temperatures below the glass transition temperature
T, rubber material exhibits stress-strain relations very sim-
ilar to those of metals with a characteristic yield stress.
This is illustrated in Fig. 20 which shows the stress-strain
relation at T =~ —40 °C for the unfilled and filled HNBR

1 . . .
— HNBR-0
HNBR-50
08 | Y T,=20°C
u ¥
0.6 \/ W“ WS VN
04}
02}
0 . . . . .
-5 0 5 10 15

logy, v (M/s)

FIG. 17. The friction coefficient master curve at 7 = 20 °C for HNBR-0
(red curve) and HNBR-50 (green curve) compounds obtained using the shift
factors a7, shown in Figs. 14 and 16 (red stars), respectively.
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compounds. The initial slope of the o (€) curves corresponds
to the Young’s modulus £ =~ 2.6 GPa and 2.0 GPa for the
filled and unfilled compounds, respectively, but at the strain
€ ~ 0.02 the material yields plastically. For both compounds,
the yield stress (in elongation) is about 40 MPa. We note, how-
ever, that when the temperature is increased above Ty, the
rubber samples nearly fully recover their original shape, i.e.,
most of the deformations disappear. Hence, the plastic defor-
mations of rubber at low temperatures do not involve breaking
of (strong) covalent bonds (e.g., hydrocarbon or sulfur bonds),
but rather involve changes in the arrangement of the polymer
chains. This involves segments of the polymer chains mov-
ing over energetic barriers during the plastic deformations,
which at temperatures T’ < T'g are too large to be overcome by
thermal fluctuations during time periods of practical impor-
tance. However, for temperatures T > Ty, the thermal fluctu-
ations are large enough to move the segments over the energy

barriers so the rubber returns to its original free energy
minimum state.

The friction coefficient we observe for rubber materials
at temperatures well below the glass transition temperature is
u~0.5—0.6 (see Figs. 18 and 19). As shown in Sec. II, this
is very similar to what we observe for glassy polymers sliding
on the same concrete surface (see Fig. 6). When a glassy poly-
mer, at temperatures below the glass transition temperature, is
sliding on a hard rough substrate surface, plastic deformation
and plowing typically occur. Plowing is caused by asperities of
a hard material penetrating into a softer material and plowing
out a groove by a plastic flow in the softer material. We believe
that for temperatures well below the glass transition temper-
ature, rubber friction on hard and randomly rough substrate
surfaces involves plastic deformation, plowing, and wear par-
ticle production. However, we show in Appendix D that these
processes do not give the main contribution to the observed
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friction coefficient, which instead is due to shearing of a trans-
fer film deposited on the concrete surface by the rubber sliding
action (see Fig. 21).

45
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» 15

10

0 0.02 0.04 0.06 0.08 0.1
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FIG. 20. The tensile stress-strain curves of unfilled and filled HNBR at
T =-40°C.

Rubber friction in the low temperature region is sim-
ilar to the friction when a hydrocarbon slab is slid on
another hydrocarbon slab of the same material. For poly-
mer sliding on the same polymer experiments,>> and com-
puter simulations,® give shear stresses which increase lin-
early with the contact pressure, and which typically equal to
~50 MPa at the contact pressure ~ 100 MPa; this corresponds to
a friction coefficient u ~ 0.5 as observed in our experiments.
This picture requires that there is a transfer of a nanometer
(or more) film of rubber hydrocarbon molecules to the con-
crete surface in the contact region, as indeed observed (see
Fig. 21), and that the two solids slip at the interface between
the adsorbed hydrocarbon film and the rubber surface. For this
situation, the relative high friction observed in the computer
simulations results from the fact that the atomic corrugation
on the two surfaces is the same which allows locally (in space
and time) commensurate-like regions to form.
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VIl. DISCUSSION

We have found in this paper, and in an earlier study, that the
adhesive contribution to the rubber friction obeys a different
temperature dependency than that associated with the bulk
viscoelastic modulus. We attribute this to a smaller activation
barrier for segmental motion of the rubber hydrocarbon chains
at the surface than in the bulk. Thus, in a typical case, the
activation barrier for segmental motion is 2 eV in the bulk and
~1 eV at the surface (or rather the interface). For the rubber-
air interface, this is indeed expected based on standard free-
volume arguments and is also found in experiments. For the
contact between rubber and a flat surface, the situation is less
clear, but we believe it holds also for the concrete surface
we use, and most other surfaces of practical interest, because
of the large surface roughness prevailing on most cases (see
Fig. 5).

For temperatures below the glass transition temperature,
or equivalently, for very high sliding speeds (neglecting fric-
tional heating), there is another contribution to the frictional
shear stress which we have suggested to result from shearing of
a transfer film. However, from a practical point of view, this is
not so important as frictional heating will result in rubber tem-
peratures well above the glass transition temperature in most
applications such as for tires. Thus, in most cases, the friction
can be obtained as the sum of the viscoelastic contribution and
the adhesive contribution.

In the context of F1 racing, it has been observed that trans-
fer of rubber (or rubber derived wear products) from racing
tires to the road surface can increase the friction. This may be
due to a smoothing of the road asperities at short length scales,
which increases the tire-road contact area and the adhesive
contribution to the friction. At the same time, the viscoelas-
tic contribution to the friction from the surface roughness is
reduced, but for racing tires the adhesive contribution may be
the most important.

It has been observed that if a road surface is run-in for
a particular type of tires, it can result in very low friction
for other tires produced using different rubber compounds.
This observation is consistent with the picture of the adhe-
sion contribution to rubber friction presented above. Thus,
at high enough temperature, polymer chains on one surface
can easily interdiffuse with the polymer chains on an opposite
surface (here the road surface contaminated by rubber wear
products) if the polymers on the two surfaces are identical.
If the polymers are different, interdiffusion is less likely and
a “phase-separated” weakly interacting interface may prevail.
This would result in an adhesion contribution to the friction
which may be much smaller in the latter case as compared
to the former case. And even if interdiffusion does not occur
(as would be the case at low temperature), the same poly-
mer on both sides results in a more commensurate-like contact
with higher barriers for lateral motion than when the polymers
differ.

The influence of interdiffusion (or commensurability)
on friction is well known and general: to obtain low
friction between two glassy polymers in mechanical con-
tact, one should use different polymers. As an example,’¢
for polyoxymethylene sliding on polyoxymethylene or for
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polyethylene on polyethylene, the friction coefficient (at the
velocity 1 mm/s) (ux = 0.55) is about 5 higher than for poly-
oxymethylene on polyethylene (y = 0.1). In these applica-
tions, the polymers are typically used at room temperature,
i.e., well below the glass transition temperatures and one may
think that the chain mobility is too low to allow for interdiffu-
sion. However, in the sliding contact, the local temperature in
the asperity contact regions may be so high as to increase the
chain mobility to the point where chain interdiffusion would
occur. In fact, in some cases, even local melting of the poly-
mers has been observed. In addition, as pointed out before, at
the surface (here interface), the mobility of the polymer chains
will be higher than in the bulk (i.e., the local glass transition
at the surface is lower than in the bulk) and this will reduce
the barrier for interdiffusion. And even if no interdiffusion can
occur due to low chain mobility, the commensurability argu-
ment above shows that one expects higher friction when using
the same polymer materials on both sides.

VIIl. SUMMARY AND CONCLUSION

In this paper, we have presented experimental results
obtained at different sliding speeds and temperatures for two
chemically different rubbers compounds, namely, SBR and
HNBR (filled and unfilled) and we found the following:

(1) The temperature dependency of the shear stress 7¢, for
temperatures above the rubber glass transition temper-
ature T4, is weaker than that of the bulk viscoelastic
modulus. We propose that the origin of the temperature
dependency of 7¢ for T > T, is determined by the rub-
ber molecule segment mobility at the sliding interface,
which is higher than in the bulk due to increased free-
volume effect due to short-wavelength surface rough-
ness. We note that the sliding movement may “gener-
ate” free volume by “pulling” on polymer strands (the
sequences between cross-linked points in the rubber),
which cannot relax completely during the time available
in the course of the sliding movement.*3

(2) For temperatures T < T, the shear stress ¢ is
nearly velocity independent and of similar magnitude
as observed for glassy polymers such as PMMA or
polyethylene. In this case, the rubber undergoes plas-
tic deformations in the asperity contact regions and
the frictional shear stress is due to slip at the interface
between the rubber and a hydrocarbon film adsorbed on
the concrete surface. The hydrocarbon film (of nanome-
ter thickness or more) is assumed to result from the
transfer of molecules from the rubber to the substrate
surface.
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APPENDIX A: VISCOELASTIC CONTRIBUTION
TO RUBBER FRICTION

At present, two different theories have been used to cal-
culate the area of real contact and the viscoelastic contribution
to rubber friction. Here we consider the simplest case of slid-
ing at a constant speed and at such low speed that frictional
heating can be neglected.

In the theory of Persson, the friction force acting on a rub-
ber block squeezed with the stress pg against a hard randomly
rough surface is given by%!0:1>.37

1 q1
Hyise & = / dg ¢ C(q)S(q)P(q)
2 q0

E(qu(t) cos ¢,Tp)
(1-v?po

where T denotes the temperature and where

1 [V6 2 1
P(g) = —/ dx e * = erf(—), (A2)
0

27
X/ d¢ cos ¢ Im , (Al)
0

\r 24/G
where
1 [ 3 2 E(qv cos ¢, Tp) 2
G@=—/qua@/ dg |20 (a3)
8 q0 0 (1 -=v*)po

Note that P(q) = A(g)/Ag is the (normalized) contact area
observed at the magnification { = g/qo (see Sec. II).

The factor S(g) in (A1) is a correction factor which takes
into account that the asperity-induced deformations of the
rubber are smaller as in the case if complete contact would
occur in the (apparent) contact areas observed at the magnifi-
cation { = g/qo. For contact between elastic solids, this factor
reduces the elastic asperity-induced deformation energy and
including this factor gives a distribution of interfacial separa-
tion in good agreement with experiments and exact numerical
studies.*’ The interfacial separation describes how an elastic
(or viscoelastic) solid deforms and penetrates into the rough-
ness valleys, and it is stressed here that these (time-dependent)
deformations cause the viscoelastic contribution to rubber fric-
tion. We assume that the same S(g) reduction factor as found
for elastic contact is valid also for sliding contact involving
viscoelastic solids. For elastic solids, it has been found that
S(g) is well approximated by

S(g) =y + (1 - y)P*(q),

where ¥ = 1/2 and here we use the same expression for vis-
coelastic solids, being in nature a geometrical parameter. Note
that § — 1 as P — 1 which is an exact result for complete
contact. In fact, for complete contact, the expression (Al) is
exact.

The more general case of non-uniform sliding and includ-
ing frictional heating was studied in Ref. 15.

(A4)
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In the theory of rubber friction,®” the viscoelastic contri-
bution to the friction depends on the surface roughness power
spectrum C(q), where g =27/ A is the wavenumber of a particu-
lar frequency component (with wavelength A1) of the roughness
profile. Most surfaces have a self-affine fractal-like topogra-
phy, where C(q) ~ g~>(1*#)_ Here the Hurst exponent typically
is in the range 0.7 < H < 1, corresponding to a fractal dimen-
sion Df = 3 — H between 2 and 2.3 (see Refs. 19 and 40).
Most surfaces have a roll-off region for g < ¢, where C(g)
is approximately constant. In calculating the rubber friction,
we include all the roughness components with wavenumber
qo < q < q1. Here go = 2n/L, where L is the linear size of the
rubber block in the sliding direction. If ¢ < g, as is usually the
case, the contact area and the viscoelastic contribution to the
friction are nearly independent of go. We define the magnifica-
tion £ = g/qo. When we study the interface at the magnification
£, we do not observe roughness components with wavenumber
q > qo{, and physical quantities observed at this magnification
will therefore depend on the magnification.

We note that when calculating the viscoelastic contribu-
tion to rubber friction (and the contact area), it is necessary
to introduce a large wavenumber cutoff ¢; = 27/4;, where 44
is the shortest surface roughness wavelength included in the
contact mechanics calculation. For smooth surfaces, 4; may
be of order atomic distances, or the average distance between
cross-links, i.e., g; ~ 10° — 10! m~!. For very rough sur-
faces like road surfaces, the cutoff may be related to the onset
of rubber bond-breaking and wear processes, which appear in
the contact regions at high enough magnifications as a result
of large stresses and high temperatures. For road surfaces, this
typically gives the cutoff g; ~ 105 — 107 m~!.

APPENDIX B: MATERIAL PROPERTIES

The experiments reported above were performed on three
rubber compounds sliding on a concrete surface. The compo-
sition of the rubber compounds is given in Tables II and III.
Here we briefly describe the material properties, namely, the
viscoelastic modulus of the rubber compounds and the surface
roughness of the concrete surface.

1. Surface roughness power spectrum

As substrates for the rubber friction study, we use concrete
surfaces. The concrete blocks have been used in several earlier
studies. They are very stable (negligible wear).

TABLE II. Components of the HNBR compounds in parts per hundred
rubber (phr) of the total compound.

Materials HNBR-0 HNBR-50
HNBR 100 100
Antioxidant 3 3
Stearic acid 0.5 0.5
Zinc oxide 5 5
Magnesium oxide 10 10
Plasticizers 20 20
Carbon black (N-330) 0 50
Peroxide 10 10
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TABLE III. Components of the SBR compound in volume % of the total
compound.

Materials SBR
Carbon black 17.6
Silica 475
0il 22.55
Resin 0.58

Figure 21 shows the concrete surface where the dark
region arose from transfer of rubber material to the concrete
surface during sliding at v = 1 mm/s for two cycles (each cycle
is 40 cm).

The surface roughness of the concrete surface was studied
using a stylus instrument. Figure 22 shows the surface rough-
ness power spectrum of the concrete surface used in this study.
The large wavenumber cutoff g; = 8.1 X 10° m~! or cut-off
length A; = 2n/g; ~ 1 pum. The root-mean-square slope of the
surface including all the roughness with wavenumber below
q1is 1.3.

2. Viscoelastic modulus

For rubber friction, it is necessary to have information
about the complex elastic modulus over a rather large fre-
quency 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 temper-
atures. The results measured at different temperatures can be
time-temperature shifted to a master curve at a chosen refer-
ence temperature covering a broad range of frequencies. This
has been shown for unfilled polymers and is approximately
true for filled rubber as well.

FIG. 21. The concrete surface used in the experiments. The dark region arose
from transfer of rubber material (carbon black filled HNBR-50) to the concrete
surface during sliding at v = 1 mm/s for two cycles (each cycle is 40 cm) at
T =-40°C.

J. Chem. Phys. 148, 224701 (2018)
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FIG. 22. The surface roughness power spectrum of the concrete surface used
in this study. The large wavenumber cutoff ¢ = 8.1 x 10° m~! or cut-off
length A; =2n/g) = 1 pm.

In this section, we present results for the viscoelastic
properties for SBR (tire tread compound) and for filled and
unfilled HNBR rubbers. The HNBR with 36 wt. % of acry-
lonitrile (ACN) and 96% saturation of the butadiene groups
was used in this study. The HNBR-50 compound contains
carbon black filler and was prepared by a two-step proce-
dure. In the first step, HNBR was compounded with curing
agents, antioxidants, magnesium oxide, and plasticizers in an
internal mixer to form a premix of HNBR. The second step
involved mixing of the premix with peroxide in a two roll
mill.

For our dynamic mechanical analysis (DMA) measure-
ments, we use a Q800 Dynamic Mechanical Analysis (DMA)
instrument produced by TA Instruments. The machine is run

4

SBR compound B
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T3

o
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'3 2t
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FIG. 23. Thick lines: The viscoelastic modulus master curve for the SBR
compound obtained at very low strain (linear response region), 0.04% strain.
Circles: the effective modulus at large strain as obtained for the frequency
f =1Hz at different temperatures and then shifted along the frequency axis to
the reference temperature 20 °C using the (low-strain) viscoelastic shift factor
ar.
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FIG. 24. Thick lines: The viscoelastic modulus master curve for the HNBR-
0 and HNBR-50 compounds obtained at very low strain (linear response
region), 0.04% strain. Circles: the effective modulus at large strain as obtained
for the frequency f = 1 Hz at different temperatures and then shifted along
the frequency axis to the reference temperature 20 °C using the (low-strain)
viscoelastic shift factor ay.

in the 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 the con-
stant strain mode with a strain amplitude 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,
7.9,4.4,25,1.4,0.79, 0.44, and 0.25 Hz). The rather small
strain amplitude is chosen in order to avoid strain softening
effects, e.g., the Mullins effect or the Payne effect, which can
strongly change the viscoelastic response of the rubber spec-
imen. It is not clear how these nonlinear effects would affect
the results at different temperatures and one therefore usually
measures the low strain master curve in the linear response
region. We have found that a strain amplitude of 0.04% is rea-
sonably good for typical tread rubber compounds. Measuring

J. Chem. Phys. 148, 224701 (2018)
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FIG. 25. The shift factor for the SBR compound and the HNBR-0 and
HNBR-50 compounds as a function of the temperature. The dashed line
is the WLF prediction assuming the canonical coefficients A = 17.44 and
B=51.6°C.

the rubber sample in the tension mode also requires prestrain-
ing the rubber with a static strain that has to be larger than the
dynamic strain during oscillation. The prestrain in the experi-
ments has been set to 0.06% to avoid compressing the rubber
during the DMA measurement.

The experiment usually starts at —70 °C and after mea-
suring the modulus at all frequencies mentioned above, the
temperature is increased in steps by 5 °C and the procedure is
repeated until 120 °C is reached. Note that it may be necessary
to choose smaller temperature steps when reaching the glass
transition temperature T, where the viscoelastic response of
the rubber material changes strongly with frequency (and tem-
perature). This makes sure that the curves measured at different
temperatures overlap with each other, which is necessary for
the shift procedure. The results are then shifted in order to form
a smooth ReE master curve.

To include the non-linear behavior in the characterization
of the material, we perform a second experiment which we
refer to as the strain sweep experiment to study the soften-
ing effects due to, e.g., the breakdown of the filler network
(Payne effect). Here the rubber sample is again measured in
the oscillation mode at constant temperature but now at a fixed
frequency of 1 Hz while the strain amplitude is increased from
very small values (=0.01%) until either the sample breaks or
the maximum force of the DMA Q800 is reached. We typ-
ically reach strain values of order 100% depending on the
temperature (at low temperatures, the maximum strain ampli-
tude may be limited to =35%). The procedure is repeated

(a) time = 0s

(b) time = 60s

FIG. 26. A rubber cylinder (diameter 1 cm) was kept at 7 = —30 °C for 8 days and then compressed by 20%. In (a), we show the uncompressed cylinder (left)
and the compressed cylinder (right) immediately after moving the cylinder into room temperature. In (b), we show the uncompressed cylinder (left) and the
originally compressed cylinder after 60 s at room temperature. After even longer time at room temperature, the rubber temperature everywhere approached room

temperature and the cylinder recovered its initial shape.
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FIG. 27. The normalized contact area A/Aq (where A is the nominal contact
area) for the SBR compound as a function of sliding speed (log-log scale) for
T =20°C, -10°C, and —40 °C. The dashed line is the contact area assuming
that the contact pressure in all contact regions equals the yield stress (or
penetration hardness) oy = 100 MPa.

using a new rubber sample for each measurement, at different
temperatures.

The thick lines in Fig. 23 show the viscoelastic modulus
master curve for the SBR compound obtained at very low strain
(linear response region), 0.04% strain, and for the reference
temperature Tyr = 20 °C. In the top panel, we show the real
part Re E and in the bottom panel we show the imaginary part
ImE of the rubber modulus. The circles show the effective
modulus at large strain as obtained for the frequency f = 1 Hz
at different temperatures and then shifted along the frequency
axis to the reference temperature 20 °C using the (low-strain)
viscoelastic shift factor ar. Figure 24 shows similar results for
the HNBR-0 and HNBR-50 compounds.

Figure 25 shows the horizontal shift factors for the SBR
compound and the HNBR-0 and HNBR-50 compounds as
a function of the temperature. The dashed line is the WLF
prediction assuming the canonical coefficients A = 17.44 and
B=51.6°C.In Table I, we give the glass transition temperature
for the rubber compounds. The glass transition temperature is
defined as the maximum of tané as a function of temperature
for the frequency wo = 0.01 s~ 1.

3. Yield stress of HNBR at low temperature

We have measured the (low temperature) yield stress of
filled and unfilled HNBR rubber in both tension (elongation)
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FIG. 28. The frictional shear stress master curve at T = 20 °C for SBR
obtained using the shift factor a7. shown in Fig. 11 (red stars).
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and compression tests. The results in the tension mode are
shown in Fig. 20. When the external force was removed, the
sample when kept at T = —40 °C stayed in its elongated state,
but returned to its original undeformed state if the temper-
ature increased above the glass transition temperature. The
same was observed in compression tests. Thus, as an exam-
ple, Fig. 26 shows a rubber cylinder (diameter 1 cm) which
was first kept at 7 = —30 °C for 8 days, and then compressed
by 20%. In (a), we show the uncompressed cylinder (left)
and the compressed cylinder (right) immediately after mov-
ing the cylinder into room temperature. In (b), we show the
uncompressed cylinder (left) and the originally compressed
cylinder after 60 s at room temperature. After even longer time
at room temperature, the rubber temperature approaches the
room temperature and the cylinder recovers its uncompressed
shape.

APPENDIX C: THE FRICTIONAL SHEAR STRESS

Figure 10 shows the friction master curve as obtained by
shifting the p(v) velocity segments in Fig. 8 using the shift fac-
tor a7 shown in Fig. 11 (red stars). For low velocities, where
the adhesive contribution gives the dominating velocity depen-
dency, the shifting procedure results in a shift factor as given
by (4). However, as discussed in Sec. I11, it is not strictly pos-
sible to shift the friction coefficient velocity segments directly
to obtain a master curve since the shear stress 7¢ has a differ-
ent temperature dependency than the viscoelastic contribution
to the friction and also that of the contact area. Hence one
should first calculate the shear stress velocity segments 7¢(v)
from the measured w(v) via 7¢(v) = po(Ag/A)(u(V) — Hyisc(V)).
The different velocity segments 7¢(v) obtained for the differ-
ent temperatures can then be shifted to obtain a smooth master
curve for 7¢(v).

We have obtained the frictional shear stress master curve
for all the studied rubber compounds using the procedure
described above. When calculating the contact area A(v), we
have taken into account that at low temperatures the rubber
exhibits a yield stress, so the contact area for low temperatures
is given by Aoy = Agpo, where py is the nominal contact pres-
sure and oy is the penetration hardness which we have taken
to be 100 MPa, i.e., about 3 times higher than the yield stress in
elongation as observed for the HNBR rubber. As an example,

8
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FIG. 29. The frictional shear stress master curve at 7 = 20 °C for the HNBR-0
obtained using the shift factor a7, shown in Fig. 14 (red stars).
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FIG. 30. The frictional shear stress master curve at T = 20 °C for the HNBR-
50 obtained using the shift factor a7, shown in Fig. 16 (red stars).

in Fig. 27, we show for the SBR compound the normalized
contact area A/Ag (where Ag is the nominal contact area) as
a function of sliding speed (log-log scale) for 7 = 20 °C,
—10°C, and —40 °C. The dashed line is the contact area assum-
ing that the contact pressure in all contact regions equals the
penetration hardness oy = 100 MPa.

In Fig. 28, we show the frictional shear stress master curve
at T = 20 °C for the SBR compound. At low sliding speeds
(corresponding to high temperatures), the velocity segments
have been shifted with the Arrhenius shift factor (4) while at
high sliding speeds the shift factor is similar to the bulk shift
factor ar. This is shown in Fig. 11 where the red stars are the
shift factor a7, used to obtain the master curve in Fig. 28 while
the green squares are the bulk viscoelastic shift factor ar. The
dashed line is the Arrhenius shift factor (4).

The dashed lines in Fig. 28 indicate the adhesive and
transfer film contributions to the frictional shear stress. The
adhesive contribution is given by (3) and depends on temper-
ature according to the Arrhenius law (4) while the contribu-
tion from shearing the transfer film has the same temperature
dependency as the bulk viscoelastic modulus.

In Figs. 29 and 30, we show the frictional shear stress
master curves for the unfilled and filled HNBR compounds,
and Figs. 14 and 16 shows the corresponding shift factors.
At the three highest temperatures, the shift factor obeys the
Arrhenius law (4). For the two lower temperatures, the shear
stress is nearly velocity independent and it is not possi-
ble to determine the temperature dependency of the shift

hard asperity

rubber for T<T,

FIG. 31. A hard asperity plastically plowing rubber (at a temperature well
below the rubber glass transition temperature). The “big” asperity has smaller
asperities on top of it but they have a negligible influence on the plowing force
since they have only a small influence on the asperity plowing cross section
(schematic).
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factor from the measured data and in the figures we have
just assumed that it is the same as the bulk viscoelastic shift
factor.

APPENDIX D: RUBBER FRICTION AND WEAR
AT LOW TEMPERATURES

Consider the contact between a rigid solid with random
roughness and an elastic solid with a flat surface. If we con-
sider the rough surface at the magnification {, we observe
only the roughness components with wavenumber ¢ < go(,
where g( is some reference wave number, e.g., the roll-off
wavenumber of the surface roughness power spectrum. The
surface rms slope A" will increase as we increase the magnifi-

cation {. As long as the contact is elastic, the relative contact
aread42-44

A - 2p()

Ao T WE’
where Ag is the nominal contact area and p is the applied
nominal contact pressure. The average pressure in the asperity
contact regions p = poAg/A ~ h’E/2. We assume that when p
reaches the yield stress or penetration hardness py, the con-
tact deforms plastically. This will occur in the contact regions
observed at the magnification where py =~ h’E/2, where py
is the rubber penetration hardness. Thus, a plastic flow will
occur in the asperity contact regions at the magnification {*,
where including all the roughness with wavenumber g < go{*
results in a rms slope 7’ =~ 2py/E. Assuming the penetration
hardness to be ~3 times higher than the yield stress in elon-
gation, we get from Fig. 20 that py = 100 MPa and using (in
the glassy region) E ~ 2 x 10> MPa we get i’ ~ 0.1. For the
concrete surface, we use below this rms slope corresponding
to the wavenumber g = (*go ~ 1 X 10> m™!.

To summarize, the roughness with wavenumber g < {*qq
will deform the rubber elastically and will not contribute to
the friction. The roughness components with wavenumber
q > {*qo will plastically deform the rubber and will give a
plowing contribution to the friction as a result of the unbal-
anced tangential force acting on the asperity (see Fig. 31).
However, for surfaces with fractal dimension D close to 2 (as
is typical for most real surfaces), the short wavelength rough-
ness is not very important for the plowing contribution to the
friction. This can be seen as follows:

Let us “discretize” the roughness and assume that instead
of a continuous distribution of roughness components, there
is roughness only with discrete wavenumbers, say go, 10go,
100qq, . . .. In this case, on top of an asperity with linear size
A, there will be smaller asperities with linear size 1/10 (and
so on), as indicated in Fig. 31. Now consider the asperity with
the linear size 1* corresponding to the wavenumber g = go™.
On top of this occur asperities with smaller size 4 = 1%/10. If
the fractal dimension Dy = 2, these asperities are self-similar
to the original asperity, i.e., the ratio between the height and
width of it is the same as for the asperity observed at the
magnification £*. Thus the plowing cross section area is only
slightly modified by the smaller asperities observed when the
magnification is increased beyond ¢*. That is, in a first approx-
imation, we can assume that the plowing friction is determined
only by the (smallest) asperities observed at the magnification
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£*. At this magnification, the rms slope of the roughness is
h =~ 2py/E.

The argument presented above is not valid if the fractal
dimension is much higher than 2. Thus if D¢ = 3 (as for frozen
capillary waves), the “new” roughness observed as the mag-
nification increases has the same amplitude as the roughness
observed at a lower magnification, and in this case one would
need to include all the roughness components when estimating
the plowing contribution to the friction force.

When asperities in a narrow region of length scales give
the main contribution to the plowing friction (as is the case
when Dy =~ 2), we can use the model of Tabor and Bow-
den, which only considers asperities on a single length scale,
to estimate the plowing friction. Thus, the plastic plowing
gives a contribution to the friction given by u =~ ah’, where
a is a number <1 but of order unity which depends on the
shape of the asperities. For example, for a conical asper-
ity, @ = 2/x. Using this value for @ and /" = 0.1 gives a
contribution to the friction coefficient Ay ~ 0.06, which is
much smaller than the observed value ~0.6. This estimation
is very rough, and there is a need for developing a more accu-
rate approach to the plowing contribution for surfaces with
roughness on many length scales, but the deviation from the
measured value is so large that we conclude that there must be
other processes which give the main part of the friction at low
temperatures.

As stated above, most of the rubber plastic deformations
are reversible and disappear as the rubber heats up above
the glass transition temperature. Thus, we do not expect any
strong wear tracks to remain on the rubber surface at room

(a)

after sliding at T=20°C

FIG. 32. (a) The surface of the HNBR-50 cylinder after sliding 320 cm
on the concrete surface at 7 = 20 °C at the nominal contact pressure
po = 0.40 MPa. (b) The same surface after sliding 80 cm on the concrete
surface at 7 = —40 °C at the nominal contact pressure py = 0.92 MPa. The
latter surface was “cleaned” by removing rubber and concrete wear particles
using adhesive tape. In both cases, the sliding speed v = 1 mm/s.
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FIG. 33. The one-dimensional (1D) surface roughness power spectrum of the
HNBR-50 cylinder surface before (blue line) and after (red and green lines)
sliding at T = —40 °C on the concrete surface [see Fig. 32(b)]. The red line is
the 1D power spectrum orthogonal to the sliding direction and the green line
along the sliding direction.

temperature, unless the substrate has very sharp asperities
(like sandpaper) which can break covalent bonds in the rub-
ber. This is consistent with optical pictures of the contact (see
Fig. 32) where only very weak (shallow) wear tracks can be
observed.

We have performed stylus topography measurements
along and orthogonal to the sliding direction of the rubber sur-
face shown in Fig. 32(b). Figure 33 shows the one-dimensional
(1D) surface roughness power spectrum before (blue line) and
after (red and green lines) sliding at 7 =—40 °C [see Fig. 32(b)].
The red line is the 1D power spectrum orthogonal to the slid-
ing direction and the green line along the sliding direction.
We note that there is a slight increase in the surface roughness
power spectrum at wavenumber ¢ < 10* m™! for the direction
orthogonal to the sliding direction as compared to parallel to
the sliding direction. However, the short wavelength rough-
ness, down to length scales of order a few micrometer (which
is the lateral resolution of our stylus instrument), appears to be
almost identical in the two directions. This remarkable result
indicates that the wear process at short length scales, which is
the origin of the small rubber wear particles produced during
sliding (see Fig. 35), results in a surface with nearly isotropic
roughness at short length scale.

Figure 34 shows the height probability distribution of the
HNBR-50 cylinder surface after sliding at 7 = —40 °C [see

0.07

— orthogonal to sliding direction
0.06 — along sliding direction

HNBR-50

= 0.05

0.04

P, (1/um

0.03
0.02
0.01

-80 -60 -40 -20 0 20 40
height h (um)

FIG. 34. The height probability distribution of the HNBR-50 cylinder surface
after sliding at 7 = —40 °C on the concrete surface [see Fig. 32(b)]. The red
line is the 1D power spectrum orthogonal to the sliding direction and the green
line along the sliding direction.
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FIG. 35. Rubber wear particles adhering to adhesive tape, produced during
sliding at v = 1 mm/s (for 80 cm) of the HNBR-50 compound on the concrete
surface at 7 = —40 °C. The nominal contact pressure py = 0.92 MPa.

Fig. 32(b)]. The red line is the height distribution orthogonal
to the sliding direction and the green line along the sliding
direction. As expected from the power spectra, the amplitude
of the corrugation in the profile is the largest in the direction
orthogonal to the sliding direction.

Figure 35 shows rubber wear particles obtained by squeez-
ing an adhesive tape against the surface in Fig. 32(b). Most of
the rubber particles are very small, less than ~30 pum, and most
likely the big rubber particles are an agglomeration of many
small (say micrometer) rubber wear particles. Thus the rubber
wear appears to involve much smaller length scales than the
length scale (of order 01-1 mm) where plastic deformation
of the rubber occurs. This again is supported by the obser-
vation that most of the plastic deformations disappear when
the temperature is increased above the rubber glass transition
temperature.

Since the rubber elastic modulus becomes very high at
low temperatures, the stresses acting on the substrate sur-
face (here concrete) at temperatures below the rubber glass
transition temperature are very high. As a result, we observe
wear fragments broken off from the concrete and transferred
to the rubber surface. Thus, Fig. 36 shows fragments (white
regions) from the concrete surface which are adhering to the

FIG. 36. The rubber surface shown in Fig. 32(b) before removing rubber and
concrete wear particles. The white particles are fragments from the concrete
surface.
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rubber surface after the rubber was slid on the concrete surface
atT =-40°C.

We have shown above that most of the rubber wear parti-
cles are very small and not associated with the plastic deforma-
tion of the rubber which occurs at much longer length scales.
Consider now the energy dissipated during sliding the distance
L. We can write this as uF'NL = uApyL. We assume that the
sliding results in the removal of small rubber particles. Remov-
ing this material requires breaking covalent bonds. Let y be
the energy per unit surface area to break the bonds. This is
also the energy to propagate an opening crack in the rubber
and depends on the crack tip speed.*>*® Let R be the average
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