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We study the friction when a rectangular tire tread rubber block is slid on an ice surface at
different temperatures ranging from −38○C to −2○C, and sliding speeds ranging from 3 µm/s to
1 cm/s. At low temperatures and low sliding speeds we propose that an important contribution to
the friction force is due to slip between the ice surface and ice fragments attached to the rubber
surface. At temperatures above −10○C or for high enough sliding speeds a thin premelted water
film occur on the ice surface and the contribution to the friction from shearing the area of real
contact is small. In this case the dominant contribution to the friction force comes from viscoelastic
deformations of the rubber by the ice asperities.

1 Introduction

Friction on ice is a fascinating topic with a long
history[1–5]. Pioneering work was done by Faraday more
than 150 years ago[6]. He brought two ice cubes into
contact and found that they instantly froze together. He
concluded that the surface of ice is covered by a liquid-
like water layer. Thomson suggested that the liquidlike
layer is due to pressure melting[7]. Pressure melting was
often used as an explanation for the low friction on ice
for the following 40 years, until Bowden and Hughes sug-
gested that frictional heating might result in melting of
the ice surface, and that this is the main reason for the
low friction of ice at high enough sliding speed[8].

Many crystalline solids exhibit surface premelting,
where a liquidlike layer form at the surface before the
whole body melts[9–12]. In the simplest picture this can
be explained by the fact that the atoms or molecules at
the surface of a solid are bound to less number of neigh-
bors than in the bulk, and will breakloose because of
thermal fluctuations before the whole crystal melt. Thus
the low friction of ice can be attributed to a combination
of frictional heating and ice premelting. However, while
many experiments have shown that the free ice-vapor in-
terface undergoes premelting, starting at least 10○C be-
low the bulk melting temperature, there are almost no
experimental studies showing that same is true at the in-
terface between ice and another solid[13]. Thus most of
the experimental technique used to study the ice-vapor
interface cannot be used to study the (buried) interface
between ice and another solid.

If a liquidlike water film can form between ice and an-
other solid depends on the chemical nature of the solid.
Thus, for very inert (hydrophobic) materials such as
Polytetrafluorethylen (Teflon) or Polyethylene in contact
with ice a premelted layer may occur below the ice melt-
ing temperature. For solids with strong water-solid inter-
action, such as (hydrophilic) silica, or some metal oxides,
the liquidlike layer may not occur, or may occur only in a
more narrow temperature interval close to the ice melting
temperature. However, there are experimental results in-
dicating that a liquidlike layer may occur below the bulk

melting temperature even for ice in contact with ice if the
two crystal lattices are incommensurate oriented (e.g. ro-
tated). This is also consistent with the fact that many
crystalline solids start to melt at grain boundaries before
the whole material melt[14, 15]. Still, the frictional shear
properties of this liquidlike layer may be very different
from that occurring at the interface between, e.g, Teflon
and ice.

Here we note that two recent studies have proposed
very different origin of the friction on ice. Ref. [16]
showed the importance of the ploughing contribution,
while in Ref. [17] it was found that during reciprocated
sliding on ice a lubricating, viscous mixture of liquid wa-
ter and ice particles dominates the frictional behavior.

Another recent study addressed ice speed skating. In
Ref. [18] it was shown that the friction between the
steel skate blade and the ice stems from boundary fric-
tion where the temperature of the interface is below zero
and ice surface molecules exhibit unconventional mobil-
ity, and hydrodynamic friction where the ice melts and
a thin water layer between the blade and the ice forms.
The boundary friction only plays a role at the tip of the
skate blade over an extremely short contact length be-
tween the skate blade and the ice, and gives a negligible
contribution to total friction but generates enough heat
to melt the ice which allows the skater to slide smoothly
on a thin layer of melt water.

In this paper we study the friction between rubber and
ice. Rubber friction on ice has many applications, and is
particularly important for understanding the grip of tires
on icy road surfaces[19–24]. We will show that for very
low temperatures (say T < −15○C) rubber friction on ice
gives a velocity and temperature dependent friction coef-
ficient very similar to that of ice sliding on ice. We inter-
pret this as due to the slip between the ice surface and ice
fragments attached to the rubber surface. For tempera-
tures T > −10○C the rubber-ice friction differ drastically
from the ice-ice friction which we attribute to two effects,
namely the formation of a premelted water film and slip
at the rubber-ice interface, and to a viscoelastic contribu-
tion to the friction from the deformations of the rubber
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surface by the ice asperities.

In general, for sliding speeds above ≈ 0.1 − 1 m/s the
frictional heating is high enough to melt a thin ice layer
and the friction is determined mainly by fluid dynamics
at an interface with a complex gap (surface separation)
determined by the surface roughness. In this paper we
will focus on low sliding speed v ≤ 1 cm/s where the ice
does not melt but where ice premelting may result in
a thin liquidlike film which strongly reduce the sliding
friction force. We note that the nature of the friction
force for low sliding speed is very important for tire dy-
namics as it determines the effective static friction force
and hence the line separating the region where the tread
blocks are not sliding (or slide at very low speed, say
v < 1 mm/s), from the region where they slide (typical
slip velocity ∼ 1 m/s).

2 Experimental

Low temperature friction tester

We have performed ice friction measurements using
our low temperature linear friction slider. In this set-up
the temperature can be changed from room temperature
down to −40○C. The rubber is glued on the sample holder
(aluminum plate) (see Fig. 1) which gets attached to the
force cell. The rubber specimen can move with the car-
riage in the vertical direction to adapt to the substrate
profile. The normal load can be changed by adding steel
plates 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. We con-
trol the relative velocity between the rubber specimen
and the substrate sample while the force cell acquires in-
formation about normal force as well as the friction force.

To change the temperature, and to avoiding (or reduce)
the condensation of moisture in the atmosphere on the
rubber and ice surfaces, the whole set-up is placed inside
a deep freezer. We slide the rubber sample over the ice
surface with different velocities to gain information on
the velocity and temperature dependency of the friction
coefficient. With the current configuration it is possible
to move the rubber specimen with velocities from 1 µm/s
to 12.5 mm/s. For increasing the temperature after an
experiment is finished there is a heating system built into
the set-up.

Ice surface

The ice surface was produced according to the proce-
dure I1 described in Ref. [22]. Thus distilled water was
filled into an aluminum box and frozen. This is done in
several layers in order to reduce the surface unevenness
resulting from freezing-induced expansion (note: ice has
bigger volume than water at 0○C). In Ref. [22] it was
shown that the surface roughness power spectrum of the
ice surface prepared this way is very similar to the power
spectra obtained from ice surfaces produced using other
different procedures. We have not studied the surface to-
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FIG. 1. Schematic picture of low-temperature friction instru-
ment allowing for linear reciprocal motion.
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FIG. 2. The logarithm of the real part of the viscoelastic
modulus, and ImE/ReE as a function of the logarithm of the
frequency. For the reference temperature T = 20○C.

pography of the ice surface used in the present study but
we will assume that it is the same as of the ice surface I1
studied in Ref. [22].

Rubber compound

We used a styrene-butadiene rubber (SBR) based win-
ter tread compound with silica filler, with the glass tran-
sition temperature Tg ≈ −45

○C. The rubber block is 1 cm
thick, 6 cm wide and 2 cm long in the sliding direction.
The viscoelastic modulus of the rubber was measured
using Dynamical Mechanical Analysis (DMA) in shear
mode for a fix stress amplitude. Fig. 2 shows the log-
arithm of the real part of the viscoelastic modulus, and
ImE/ReE as a function of the logarithm of the frequency.

3 Experimental results

We present experimental friction results for the nom-
inal rubber-ice contact pressure p0 = 0.2 MPa, as typ-
ical for tire applications. The temperature inside the
deep freezer is varied in steps from −38○C to −2○C. We
start at the lowest temperature and for each tempera-
ture we increase the sliding speed in steps from 3 µm/s
up to 1 cm/s. For the two lowest sliding speeds (3 and
10 µm/s) we slide 2 cm on the ice surface and for the 6
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FIG. 3. The measured rubber-ice friction coefficient as a func-
tion of the logarithm of the sliding speed for several temper-
atures indicated. The nominal contact pressure p ≈ 0.2 MPa.
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FIG. 4. The measured friction coefficient as a function of the
logarithm of the sliding speed for T = −30○C and T = −5.4○C
(from Fig. 3) and the calculated viscoelastic contribution
(solid lines) for the same temperatures. The nominal contact
pressure p ≈ 0.20 MPa.

highest speeds (30, 100, 300 µm/s, 1, 3 and 10 mm) we
slide 4 cm so total 28 cm sliding distance. The friction
coefficients reported on below are averages of Fx/Fz over
the sliding distance (2 or 4 cm) for each velocity.

Fig. 3 shows the measured rubber-ice friction coeffi-
cient as a function of the logarithm of the sliding speed
for several temperatures indicated. For each temperature
we slide on the same ice surface track. Thus the first slid-
ing act (for −38○C) may be influenced by run-in of the
ice surface where some of the ice asperities are smoothed
by plastic deformation and wear.

4 Analysis of experimental data and discussion

There are two contribution to the rubber friction on
ice, namely a contribution from shearing the area of real
contact, and a contribution from the viscoelastic defor-

FIG. 5. The measured ice-ice friction coefficient as a function
of the sliding speed for several temperatures indicated. The
nominal contact pressure p ≈ 0.02 MPa. Adapted from Ref.
[25]

mations of the rubber surface by the ice asperities. In
Ref. [22] we studied the viscoelastic contribution µvisc

to the friction, and we will use the same theory in the
present case (see also Ref. [26]). In the calculations of
µvisc enter the viscoelastic modulus E(ω) of the rubber
compound, and the ice surface roughness power spec-
trum C(q). We assume that the latter is the same as
for the ice surface I1 studied in Ref. [22]. The large
wavenumber cut-off q1, which determines the shortest
wavelength roughness included when calculating µvisc,
was determined so that the rubber-ice maximum contact
stress is given by the plastic yield properties of the ice
as described in Ref. [22]. We note that the cut-off q1 we
use is very similar to the cut-off wavenumbers found in
Ref. [22] for different ice surfaces and ice temperatures.
In Fig. 4 we show the measured friction coefficient
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as a function of the logarithm of the sliding speed for
T = −30○C and T = −5.4○C (from Fig. 3), and the calcu-
lated viscoelastic contribution (solid lines) for the same
temperatures. For T = −5.4○C the viscoelastic contri-
bution alone can explain the experimental results, i.e.,
the contribution from the area of real contact is negli-
gible. This is the expected result if a thin premelted
liquidlike water film occur in the area of real contact.
For T = −30○C the viscoelastic contribution can explain
the measured data for the highest sliding speed. At high
sliding speed frictional heating is important which may
result in a premelted surface layer which gives a negligi-
ble contribution to the friction. However, for low sliding
speed the measured friction is much larger than the vis-
coelastic contribution. This imply that there must be a
contribution from the area of real contact, and that no
liquidlike film occur in the rubber-ice contact regions in
this case. We will now discuss the physical origin of the
area of real contact contribution to the friction force for
low temperatures and low sliding speed.

Fig. 5 shows the measured ice-ice friction coefficient as
a function of the sliding speed for several temperatures
indicated. Note that for T = −40○C and −30○C for low
sliding speeds the magnitude and velocity dependency
of the ice-ice friction coefficient is very similar to what
we observe for the rubber-ice friction. Hence we propose
that for low temperatures ice fragments attach to the
rubber surface and that the slip occur at the interface
between the ice fragments and the ice surface. These
ice fragments may result from ice wear processes or from
frost formed on the rubber and ice surfaces before start of
sliding. We note that in our low temperature set-up we
first cool down the system to −40○C (which takes several
hours) without the rubber in contact with the ice. After
we open the deep freeze and lower the rubber to the ice
surface. This act takes ∼ 10 s and may result in humid
air flowing to the ice and rubber surfaces where it could
form loosely bound ice structures (frost). This is also
consistent with observations of Roberts[19] who found
that rubber friction on frosty ice is much smaller than
on polished ice. He found that the friction coefficient
on polished ice at v = 10 mm/s was about ∼ 1.8 but
only ∼ 0.5 on the same ice covered with hoar frost, which
is similar to what we observe when v = 10 mm/s and
T < −20○C. He also observed that at −30○C a polished ice
track would remain so only for a few hours, despite being
in a closed deep freeze cabinet. This may be a result of
ice sublimation and formation of small frost crystals, and
is likely to occur in our experimental set-up too.

For the temperatures T > −10○C the magnitude and
the velocity dependencies are completely different for the
ice-ice contact as compared to the ice-rubber contacts.
For the ice-ice contact the friction decreases strongly with
increasing sliding speed. We have shown in Ref. [27] that
this can be explained by premelting of the ice surface oc-
curring as a result of frictional heating. However, at low

sliding speed frictional heating is negligible and in this
case even at T = −3○C there is no premelted liquidlike
film at the ice-ice interface and the sliding friction coeffi-
cient very large [see Fig. 5(top) for v < 10−5 m/s]. How-
ever, such a film occur at the interface of the rubber-ice
contact for any temperature above −10○C, and the ob-
served sliding friction is due to the viscoelastic contribu-
tion which according to theory increases with increasing
sliding speed, as indeed observed.

Direct influence of premelting of ice at the rubber-ice
contact for T > −10○C was presented by Roberts[19] and
by Orndorf et al[13], who observed very different types of
adhesion between rubber balls and ice above and below
∼ −10○C. In these studies it was also observed that after
some minutes dwell in lightly loaded static contact at
T > −10○C the rubber sphere made a circular mark in
the ice indicating a continuous flow of water away from
the contact during stationary contact. The same effect
was not observed at T = −20○C.

Experiments have shown that rubber may adhere
strongly to smooth (polished) ice surfaces (as strong as
to silica glass) and that the friction coefficient between
rubber and polished ice surfaces may be very large (or
order 2) for low sliding speeds and low temperatures
(T < −10○C, but T > Tg, where Tg is the rubber glass
transition temperature)[19, 20]. Thus, we expect that
the velocity and temperature dependency of the rubber
friction on ice will look qualitatively like in Fig. 3 also
when there are no ice fragments at the ice-rubber inter-
face.

5 Summary and conclusion

Fig. 6 summarize the proposed picture resulting from
the study presented above. Fig. 6(a) illustrate that when
a rubber block is sliding on an ice surface for tempera-
tures T > −10○C a thin liquidlike film of premelted ice
occur at the interface between the rubber and the ice
surface. Shearing the liquidlike film result in negligible
contribution to the friction force which is hence mainly
due to viscoelastic deformations of the rubber by the ice
asperities.

However, for temperatures T < −15○C and low enough
sliding speed there is no premelted liquidlike film at the
ice-rubber interface. In this case the friction force is
mainly due to shearing the contact between the ice block
and ice fragments adhering to the rubber surface [see Fig.
6(b)], and to viscoelastic deformations of the rubber by
the ice asperities. For temperatures below the rubber
glass transition temperature also the viscoelastic contri-
bution will be negligible.
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