RESEARCH ARTICLE | MAY 01 2023
Sliding friction on ice
Special Collection: Adhesion and Friction

N. Miyashita @ ; A. E. Yakini; W. Pyckhout-Hintzen © ; B. N. J. Persson &

’ '.) Check for updates ‘

J. Chem. Phys. 158, 174702 (2023)
https://doi.org/10.1063/5.0147524

N CrossMark
@

View Export
Online  Citation

Articles You May Be Interested In

Chemical Physics

T
o
4]
c
-
=)
O
ﬁ
Q
L
-

Ice breakloose friction

J. Chem. Phys. (June 2023)

Interaction of Sliding Metal Surfaces
Journal of Applied Physics (June 2004)
Friction of Teflon Sliding on Teflon

Journal of Applied Physics (May 2004)

€2:20:01 €20z Jequisydes zz

500 kHz or 8.5 GHz"?
And all the ranges in between.

Lock-in Amplifiers for your periodic signal measurements

ISR = N 7urich
e Z N\ Instruments

Tl Il
el N

3 5 i & i & ji @
(= Il

AIP
é/:. Publishing



https://pubs.aip.org/aip/jcp/article/158/17/174702/2887574/Sliding-friction-on-ice
https://pubs.aip.org/aip/jcp/article/158/17/174702/2887574/Sliding-friction-on-ice?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jcp/article/158/17/174702/2887574/Sliding-friction-on-ice?pdfCoverIconEvent=crossmark
https://pubs.aip.org/jcp/collection/1146/Adhesion-and-Friction
javascript:;
https://orcid.org/0009-0000-8304-4217
javascript:;
javascript:;
https://orcid.org/0000-0002-1142-359X
javascript:;
https://orcid.org/0000-0001-7617-542X
javascript:;
https://doi.org/10.1063/5.0147524
https://pubs.aip.org/aip/jcp/article/158/23/234701/2896463/Ice-breakloose-friction
https://pubs.aip.org/aip/jap/article/33/7/2152/164077/Interaction-of-Sliding-Metal-Surfaces
https://pubs.aip.org/aip/jap/article/26/9/1088/161316/Friction-of-Teflon-Sliding-on-Teflon
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2192624&setID=592934&channelID=0&CID=804063&banID=521339931&PID=0&textadID=0&tc=1&scheduleID=2115094&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjcp%22%5D&mt=1695376943448502&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0147524%2F17146604%2F174702_1_5.0147524.pdf&hc=c6e0b7edddd29273ca5b2eb1d1f62cd9f858a149&location=

The Journal
of Chemical Physics ARTICLE scitation.org/journalljcp
Sliding friction on ice
Cite as: J. Chem. Phys. 158, 174702 (2023); doi: 10.1063/5.0147524 @ rh @

Submitted: 23 February 2023 « Accepted: 13 April 2023 -
Published Online: 1 May 2023

N. Miyashita,’ "=/ A. E. Yakini,”* W. Pyckhout-Hintzen,” "~ and B. N. J. Persson”*?

AFFILIATIONS

The Yokohama Rubber Company, 2-1 Oiwake, Hiratsuka, Kanagawa 254-8601, Japan
2Peter Grunberg Institute (PGI-1), Forschungszentrum JUlich, 52425 Julich, Germany
*MultiscaleConsulting, Wolfshovener Str. 2, 52428 Julich, Germany

“Neutron Scattering and Biological Matter (JCNS-1/IBI-8), Forschungszentrum Julich,
52425 Julich, Germany

Note: This paper is part of the JCP Special Topic on Adhesion and Friction.
2 Author to whom correspondence should be addressed: b.persson@fz-juelich.de

ABSTRACT

We study the friction when rectangular blocks made from rubber, polyethylene, and silica glass are sliding on ice surfaces at different tem-
peratures ranging from —40 to 0 °C, and sliding speeds ranging from 3 ym/s to 1 cm s™'. We consider a winter tire rubber compound both
in the form of a compact block and as a foam with ~10% void volume. We find that both rubber compounds exhibit a similar friction on ice
for all studied temperatures. As in a previous study 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 around 0 °C (or
for high enough sliding speeds), a thin pre-melted water film will occur at the rubber-ice interface, 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 is due to viscoelastic deformations of the
rubber by the ice asperities. The sliding friction for polyethylene (PE) and silica glass (SG) blocks on ice differs strongly from that of rubber.
The friction coefficient for PE is ~0.04 — 0.15 and is relatively weakly velocity dependent except close to the ice melting temperature where
the friction coefficient increases toward low sliding speeds. Silica glass exhibits a similarly low friction as PE for T > —10 °C but very large
friction coefficients (of order unity) at low temperatures. For both PE and SG, unless the ice track is very smooth, the friction force depends
on the position x along the sliding track. This is due to bumps on the ice surface, which are sheared off by the elastically stiff PE and SG
blocks, resulting in a plowing-type of contribution to the friction force. This results in friction coefficients, which locally can be very large
~1, and visual inspection of the ice surface after the sliding acts show ice wear particles (white powder) in regions where ice bumps occur.
Similar effects can be expected for rubber blocks below the rubber glass transition temperature, and the rubber is in the (elastically stiff)
glassy state.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147524
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may be incorrect (see Fig. 1).”"" Here, we note that ice in contact
with solids with hydrophilic surfaces, such as most metal oxides, typ-

I. INTRODUCTION
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Friction on ice is a topic with a long history' " starting with a
study by Faraday'' where he proposed that ice is covered by a liquid-
like water layer.'? Ice pre-melting, leading to a thin (nanometer)
liquid-like water layer at the ice-vapor interface, has been observed
in many experiments and computer simulations.”” ' However, it
is not clear whether such a layer of high mobility water molecules
occurs at the interface between ice and another solid. Thus, the fact
that ice frozen on most solid surfaces cannot be removed easily has
been interpreted as an indication of the absence of a pre-melted
water film. However, because of surface roughness, this conclusion

ically shows ~3 times higher adhesion and shear strength than for
hydrophobic materials like many polymers.** This could be caused
by air bubbles formed at the water—polymer interface before the
water freezes.

An alternative explanation for the low friction on ice was pro-
posed by Thomson. He suggested that the liquid-like layer is due
to pressure melting.”” Pressure melting was often used as an expla-
nation for the low friction on ice, but in most cases, plastic flow
of the ice will occur before the pressure is large enough to melt
the ice.
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(b) surface roughness

S
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to remove the ice

FIG. 1. Water droplet frozen on a substrate. (a) If the substrate is perfectly
smooth, and if a thin pre-melted (liquid-like) water film would occur at the
ice-countersurface interface, an arbitrary small shear force F could displace the
ice. (b) If the substrate has surface roughness, a finite shear force F is needed to
displace the ice. In case (b), the force F could involve shearing the ice at the inter-
face (cohesive failure) that would depend on the shear yield stress of the ice. We
note that “perfect” silica glass surfaces prepared by cooling from the melted state
(as for float glass) have frozen capillary waves with the fractal dimension D; = 3
and while the rms roughness amplitude is very small (about ~0.27 nm), the rms
slope is of order unity (see the Appendix). This roughness occurs mainly on length
scales shorter than the wavelength of light and thus does not scatter light and can-
not be observed optically. Theory shows that this roughness is enough to generate
a cohesive failure when removing ice frozen onto the glass surface,?* even when
a pre-melted water film of a few monolayers occurs at the glass—ice interface, as
expected close to the ice bulk melting temperature.?? This explains why it is hard
to remove ice from a car’'s windshield in winter, even when the temperature is close
to the ice melting temperature.

At high enough sliding speed, frictional heating will result in
melting of the ice surface. This was first suggested by Bowden and
Hughes’ > and is now considered to be the main reason for the low
friction of ice at high sliding speed.”®

Whether a liquid-like pre-melted water film can form between
ice and another solid depends on the chemical nature of the solid.”*
However, experimental results indicate that a liquid-like layer may
occur below the bulk melting temperature even for ice in contact
with ice if the two crystal lattices are incommensurately oriented
(e.g., rotated). This is also consistent with the fact that many crys-
talline solids start to melt at grain boundaries before the whole
material melts.””"" Still, the frictional shear properties of this liquid-
like layer may be very different from that occurring at the interface
between, e.g., Teflon and ice."”

In this paper, we study the friction for rubber, polyethylene,
and silica glass blocks sliding on ice. Rubber friction on ice has
many applications and is particularly important for understand-
ing the grip of tires on icy road surfaces.” *® The friction between
polyethylene and ice is importance for skiing where skis made from
(high-density) polyethylene are often used.””” Finally, the friction
(or shear strength) between silica glass and ice is of interest in many
applications where one needs to remove ice or frost from glass, e.g.,
from the windscreen of a car.

ARTICLE scitation.org/journalljcp

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

loading
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“~ sensor gearbox

FIG. 2. Schematic picture of the low-temperature friction instrument allowing for
linear reciprocal motion.

Il. EXPERIMENTAL
A. 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. 2), which
is attached to the force cell. The rubber specimen can move with
the carriage 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 is attached to the machine table that
is moved by a servo drive via a gearbox in a translational manner.
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 the friction force.

To change the temperature, and to avoid (or reduce) the con-
densation 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 various velocities to
gain information on the velocity and temperature dependency of
the friction coefficient. With the current configuration, it is pos-
sible to vary the rubber specimen velocities between 1 ym/s and
12.5mm s~'. A heating system built into the set-up allows the raise
of the temperature after the experiment is over.

B. Ice surface

The ice surface was produced according to the procedure I1
described in Ref. 34. Thus, distilled water was poured into an alu-
minum box and frozen to make a thin ice layer. This process was
repeated to obtain a thick ice substrate without (or with reduced)
surface unevenness resulting from the freezing-induced expansion
of water (note: ice assumes a larger volume than water at 0 °C). In
Ref. 34, it was shown that the surface roughness power spectrum of
the ice surface prepared in this way is very similar to the power spec-
tra obtained from ice surfaces produced using other and different
procedures. We did not study the surface topography of the ice sur-
face used in the present study, but we will assume that it is similar to
the ice surface I1 studied in Ref. 34.

The red line in Fig. 3 shows the surface roughness power spec-
trum of the ice surface used in the viscoelastic friction calculations,
which is the same as used in Ref. 1. The green, blue, black and pink
lines are the power spectra of the surfaces of rubber compounds A
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FIG. 3. Red line: The surface roughness power spectrum of the ice surface used
in the viscoelastic friction calculations. The green, blue, black, and pink lines are
the power spectra of the rubber compound A and C, and of the silica glass (SG)
and polyethylene (PE) surfaces (after performing all the experiments), respectively.
The glass surface is scratched, and this is the reason for its relative large power
spectrum for large wavenumbers. The rms roughness values of the A, C, SG, and
PE surfaces are 11.9, 11.7, 0.40, and 1.15 um, respectively. The corresponding
rms slopes are 0.42, 0.60, 0.24 and 0.20, respectively.

and C, and of the silica glass and polyethylene surfaces (after per-
forming all the experiments), respectively. The glass surface was
scratched, and this is the reason for its relative large power spectrum
for large wavenumber. The two rubber surfaces are lapped (rough-
ened) by sand paper to remove a skin layer. The rubber surface C
is lapped for a longer time than the rubber surface A, but the larger
roughness of the surface C may be due mainly to the pores (cavities)
being exposed at the surface of this foam rubber compound.

In general, the surface roughness of the rubber, SG, and PE
affects the area of real contact and the area of real contact contri-
bution to the friction. However, during steady sliding at a constant
speed over a smooth counter surface, there is no viscoelastic contri-
bution to the friction from the rubber asperities as there is no time
dependent deformation of the rubber.

I1l. RUBBER-ICE FRICTION
A. Rubber compound

In the present study, we use winter rubber tread compounds
in the form of a solid block (compound A) and as a foam (com-
pound C) with about 9% voids. The voids (spherical cavities) have
diameters of the order $100 ym. The rubber compound consists of a
mixture (blend) of equal amounts of natural rubber (NR) and buta-
diene rubber (BR), with carbon black filler. This is a winter tread
compound with very low glass transition temperature (T ~ =70 °C
for NR and Ty » —100°C for BR). The dimension of 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). We use a Q800 DMA
instrument produced by TA Instruments. The machine is run in ten-
sion mode, meaning that a strip of rubber, clamped on both sides, is
elongated in an oscillatory manner. The complex viscoelastic mod-
ulus E(w) is first measured in constant strain mode with a strain

ARTICLE scitation.org/journalljcp

amplitude of 0.04% strain and at different frequencies from 28 Hz
stepwise down until 0.25 Hz (10 frequency points). The rather small
strain amplitude is chosen in order to avoid/reduce strain soften-
ing effects, e.g., due to the Mullins effect or the Payne effect, which
can strongly alter the viscoelastic response of the rubber specimen.
Measuring the rubber sample in tension mode also requires to pre-
strain the rubber with a static strain that has to be larger than the
dynamic strain during oscillation. A prestrain of 0.06% was applied
in the experiments to avoid buckling the rubber during the DMA
measurement.

The experiment starts at =120 °C, and after measuring the
modulus in the frequency range mentioned earlier, the tempera-
ture is increased in steps of 5°C, and the procedure is repeated
until 120 °C is reached. The frequencies are then shifted in order to
overlap in a smooth ReE master curve. This temperature—frequency
shifting procedure works strictly only for a compound consisting of
one type of rubber with a well-defined glass transition temperature.
In the present case, the compound consist of equal volume fractions
of NR and BR and the shifting procedure can be considered only
approximate.

In rubber sliding friction, the strain in the road asperity contact
regions are typically rather high, ~0.1 - 1 (or ~10 — 100%). To take
this into account, we “correct” the E(w) master curve by performing
strain sweeps out to strains of order ~1 (see, e.g., Ref. 39).

Figure 4 shows the logarithm of the real and imaginary part
of the viscoelastic modulus E(w) as a function of the logarithm of
the frequency w. Figure 5 shows the logarithm of the shift factor
ar as a function of the temperature, for the reference temperature
Tref = 20 °C.

B. Experimental results

We present experimental friction results for the nominal
rubber—ice contact pressure p, = 0.2 MPa, as typical for tire applica-
tions. The temperature inside the deep-freezer is varied in steps from
—-39°C to ~0°C. We start at the lowest temperature, and for each

10
r compound A
gt T, = 20°C
= ‘_f\'{//‘
8y
L
27} //
////ImE
6 L
-10 0 10 20 30

log, ® (1/8)

FIG. 4. The real and imaginary part of the viscoelastic modulus E(w) as a function
of the frequency w (log-log scale) for compound A. If e(t) = Re[e(w)exp(—iwt)]
is the applied strain then the stress o(t) = Re[E(w)e(w)exp(—iwt)]. For the
reference temperature, T = 20 °C.
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FIG. 5. The logarithm of the shift factor ar as a function of the temperature for
compound A. For the reference temperature, T = 20 °C.

temperature, the sliding speed is increased stepwise from 3 ym/s up
to 1 cm s™*. For the two lowest sliding speeds (3 and 10 ym/s), we
slide 2 cm on the ice surface and for the six highest speeds (30, 100,
300 yum/s, 1,3 and 10 mm sfl) we slide 4 cm. So, the total sliding dis-
tance was 28 cm. The friction coefficients reported on below for each
velocity are averages of Fy/F; over the sliding distance (2 or 4 cm).
The experimental results presented in each figure below have been
obtained on a fresh/virgin ice surface.

Additionally, the friction coefficients reported on below are
averaged over forward and backward sliding, but the measured fric-
tion during forward and backward sliding are nearly identical in
spite of the fact that the rubber block may be tilted in the sliding
direction by a few degree relative to the ice surface.

Figure 6 shows the measured rubber—ice friction coefficient for
compound A as a function of the logarithm of the sliding speed
for several temperatures indicated. Similar results are shown for the
foam compound Cin Fig. 7. The rubber samples used in Figs. 6 and 7

1 -
compound A -39 |
p = 0.2 MPa -30
08 m-20 -
m-10
H m-5.6
06| -2.6
-1.8
OC 1
04t
02f
0 . . . .
-6 -5 -4 -3 -2 -1

logio v (M/s)

FIG. 6. Experimental rubber—ice friction coefficients for compound A as a function
of the logarithm of the sliding speed for several temperatures indicated. The fric-
tion coefficient is averaged over the forward and backward sliding direction. The
nominal contact pressure p ~ 0.2 MPa.
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1 T
compound C o 0-39
p = 0.2 MPa -30
0.8 m-20 ]
m-10
n m-5.6
06 | 287
-1.8
°C
04 |
027
0 , , , .
-6 -5 -4 3 -2 -1

log, v (m/s)

FIG. 7. Experimental rubber—ice friction coefficients for compound C as a function
of the logarithm of the sliding speed for several temperatures indicated. The fric-
tion coefficient is averaged over the forward and backward sliding direction. The
nominal contact pressure p ~ 0.2 MPa.

1 : : : :
compound C, repeat with stronger wear, p = 0.2 MPa
08t
0-39
H -30
0.6 m-20
m-10
m-5.6
0.4} -2.6 1
-1.8
°C
02
0 . .
-6 -5 -2 -1

-4 -3
log,o v (M/s)

FIG. 8. Experimental rubber-ice friction coefficients for compound C (after surface
lapped with sand paper) as a function of the logarithm of the sliding speed for sev-
eral temperatures indicated. The friction coefficient is averaged over the forward
and backward sliding direction. The nominal contact pressure p ~ 0.2 MPa.

were lapped by sand paper. For the foam compound, we performed
a second experiment on a sample lapped for a longer time to remove
enough rubber to make sure voids are exposed at the rubber sur-
face, the result of which is shown in Fig. 8. Note the similarity in
the measured friction in Figs. 6-8 in spite of the different ice sur-
faces used and of the different rubber surface preparation for the
foam compound. Only the first run (open squares) at the lowest tem-
perature T = —39 °C differs strongly comparing the three different
experiments. We attribute this to run-in processes. As will be dis-
cussed later, ice wear processes occur when the sliding block is stiff
and strongly affects the friction (see Figs. 14-16 below).

Figure 9 shows the measured rubber-ice friction coefficient
for compound A as a function of the logarithm of the sliding speed
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FIG. 9. Experimental rubber-ice friction coefficient for compounds A and C as a
function of the logarithm of the sliding speed for the temperatures and T = 0.5°C
and —1.1°C (compound C) and T = —0.7 and 0.2 °C (compound A). The friction
coefficient is averaged over the forward and backward sliding direction. The dotted
lines are the repeat measurements on a new ice surface. The nominal contact
pressure p ~ 0.2 MPa.

for several temperatures indicated. The solid line is for forward slid-
ing, and the dashed line is for backward sliding motion. The friction
coefficient is nearly the same in the two directions, which is not the
case for elastically hard sliders, such as SG or PU sliders, unless the
ice surface is very smooth (see Sec. I'V).
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0.2t

0.1

m compound A
m compound C

0.1

-6 -5 -4 -3 -2 -1
log,o v (m/s)

FIG. 10. Experimental rubber—ice friction coefficient for compound A (after surface
weakly lapped with sand paper) as a function of the logarithm of the sliding speed
for (a) T = —5.6, (b) —2.6, and (c) —1.8 °C. The solid line is for forward sliding,
and the dashed line is for backward sliding motion. The nominal contact pressure
p ~ 0.2 MPa.

Experiments with tires indicate that tread blocks made by
the foam compound show enhanced grip properties on wet ice at
T = 0°C. To test this, we have performed friction experiments with
compounds A and C on ice at T ~ 0 °C where a very thin melt-water
film may exists on the ice surface. Figure 10 shows the measured
rubber-ice friction coefficient for compound A and C as a func-
tion of the logarithm of the sliding speed for the temperature (a)
T = -1.8°C (from Figs. 6 and 7, respectively) and (b) T = —0.7°C
(compound A) and +0.5°C (compound C). At least for the low
sliding speeds, the friction for compound A is higher than for
compound C, while on the dry ice surface at T = —1.8 °C, the fric-
tion coefficients are very similar. However, the experiments are
performed on different ice surfaces and slightly different tempera-
tures, which could explain the rather small differences in the sliding
friction values.

We performed another experiment close to the ice bulk melt-
ing temperature where compounds A and C were slid on the same
ice surface after the surface had been run-in with compound A at a
lower temperature. Figure 11 shows the measured rubber-ice fric-
tion coefficient as a function of the logarithm of the sliding speed for

€2:20:01 €202 Joquisydes zz
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temperatures T = 0.5 °C and —1.1 °C (compound C) and T = —0.7 0.5 " "
and 0.2 °C (compound A). The solid lines are taken from Fig. 10(b), m 56 compound A
while the dashed lines are the repeat measurements on a new ice 04 |
surface.

1
C. Analysis of experimental data and discussion 037

Two contributions to the rubber friction on ice are consid-
ered, namely, a contribution from shearing the area of real contact 0.2t
and a contribution from the viscoelastic deformation of the rubber
surface by the ice asperities. In Refs. 1 and 34, we studied the vis-
coelastic contribution i tO the friction, and we will use the same
theory in the present case. In the calculations, u ;  enters the vis-

0.1 f v
Wisc theory T=-1.8°C

coelastic modulus E(w) of the rubber compound, as well as the ice 0 : :
surface roughness power spectrum C(q) (see Ref. 40). We assume -6 -5 -4 -3 -2 -1
that the latter is similar to that of the ice surface 11 studied in Ref. 34; logio g (1/m)

the power spectra used in the calculations below is given by the

thick red line in Fig. 3. In Ref. 34, the large wavenumber cut-off FIG. 12. Experimental rubber-ice friction coefficients for compound A as a func-

tion of the logarithm of the sliding speed for the temperature T = —1.8, —2.6, and

q;> which detgrmines the shortest. wavelength roughness %ncmded —5.6°C (from Fig. 6). Also shown is the calculated viscoelastic contribution to the
when calculating p; , was determined so that the rubber-ice max- friction coefficient for compound A at T = —1.8 °C, but the calculated contributions
imum contact stress is given by the plastic yield properties of the for T = —2.6 and —5.6 °C are nearly identical.

ice. However, in the present case, and also in Ref. 1, the rough-
ness over all the length scales for which the power spectra were
obtained in Ref. 34 (g <10° m™") leads to contact stresses below
the ice penetration hardness (which depends on the temperature
and the indentation speed). In what follows, as in Ref. 1, we use
g, =10° m™" for all temperatures and sliding speeds. The exact

T=0°C, with water on ice surface

origin and magnitude of the cut-off g, in the present case is not 02t = compound A
known to us, but using a larger wavenumber cut-off would result = compound C
in a friction coefficient, which is larger than observed for the highest u — Hvisc theory
temperature. I

Figure 12 shows the experimental rubber-ice friction coef-
ficients for compound A as a function of the logarithm of the

sliding speed for the temperatures T =-1.8, -2.6, and —5.6°C 01
— compound A
— compound C 0 * * * *
0.2t 1 -6 -5 -4 -3 -2 -1

log, v (M/s)

H FIG. 13. Experimental rubber-ice friction coefficients for compounds A and C
as a function of the logarithm of the sliding speed for the temperature T ~ 0°C
[from Fig. 10(b)]. Also shown is the calculated viscoelastic contribution to the
0.1 friction coefficient for compound Aat T = 0°C.

. . . . (from Fig. 6). Also shown is the calculated viscoelastic contribu-
0 tion to the friction coefficient for compound A at T = -1.8 °C, but

€2:20:01 €202 Joquisydes zz

6 S k;;' v (m /;; 2 . the calculated contributions for T = -2.6 and —5.6°C are nearly
10 identical. In fact, the viscoelastic contribution to the friction is
FIG. 11. Experimental rubber—ice friction coefficient for compounds A and nearly the same even for very low temperatures, such as T = -30°C.
C as a function of the logarithm of the sliding speed for the temperature This is due to the low glass transition temperature of the rubber
(@) T=-1.8°C (from Figs. 6 and 7, respectively) and (b) T =0.5°C (com- compound.

pound C) and T = —0.7°C (compound A). The friction coefficient is averaged Figure 13 shows the measured rubber-ice friction coefficient
over the forward and backward sliding direction. The nominal contact pressure for compounds A and C as a function of the logarithm of the sliding

p ~ 0.2 MPa. o .
speed for the temperature 7'~ 0°C [from Fig. 10(b)]. Also shown
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is the calculated viscoelastic contribution to the friction coefficient
for compound A at T = 0°C. Since a very thin melt-water film may
exist on the ice surface in this case, the roughness of the ice sur-
face possibly differs from that of the ice at lower temperatures; ice
melting may smooth the ice surface at least at small length scales.
However, comparing the experimental data in Figs. 12 and 13, it
does appear as if the friction continuously approaches the T~ 0°C
curve as the temperature is increased toward the ice melting temper-
ature. We conclude that, for temperatures close to the ice melting
temperature, the friction force is likely mainly due to the rubber
viscoelastic deformations by the ice asperities. The same conclu-
sion was obtained in Refs. 1 and 34, but there we found that the
viscoelastic contribution was dominating also for lower tempera-

(a) negligible ice wear
v

_—

slider

ice

\

-—

(b) strong ice wear -

FIG. 14. The hard (PE or SG) slider scratches the ice surface. The resulting ice
wear differs depending on the sliding direction due to a small tilting (of order of a
few degree or less) of the slider relative to the ice surface and due to asymmetry
(in the sliding direction) of the ice bumps. In the case illustrated, the friction will be
strongly enhanced in the backward sliding direction when the slider hits into the
ice bump. For rubber, the influence of the ice bump on the wear (and friction) is
much smaller due to elastic deformations of the slider (the elastic modulus of the
rubber in the rubbery region is lower than the plastic yield stress of the ice).

1
08 f TS
06 I T=-15°C

Ty 04 backward

02 N

ol
02| forward
04t
-0.6

60 80 100 120 140 160 180 200 220
X (mm)

FIG. 15. Experimental SG-ice friction coefficients as a function of the position of
the slider for T = —15 °C and sliding speed v = 0.1 mm s~ The nominal contact
pressure p ~ 0.2 MPa.
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tures, at least down to T = —5.4°C. The rubber compounds used
in Refs. 1 and 34 had a much higher Ty (about —45 °C) than for
compound A used in this study, which resulted in a friction coef-
ficient that increased strongly as the temperature was reduced below
T=0°C.

The viscoelastic contribution to the friction is expected to dom-
inate if a thin pre-melted liquid-like water film occurs in the area

silica glass - ice, T=-15°C, v=0.1mm/s

FIG. 16. Ice surface after sliding in Fig. 15. Note the ice wear particles (white
powder).

FIG. 17. A cylinder disk sliding on an ice surface with ice bumps. When the cylinder
hits into a (high) bump, a locally enhanced friction force will act on the cylinder,
and the cylinder will tend to pivot around the high-friction point, giving rise to a
transverse displacement & of the center of mass. The pivot point can occur with
equal probability on the left and the right half of the cylinder, and a non-rotating
cylinder will on the average move on a straight path. Imposing a rotation to the
cylinder breaks the symmetry, and the cylinder moves to the left if the rotation in
counterclockwise. The exact mechanism in which the rotation breaks the symmetry
is not known. o4

J. Chem. Phys. 158, 174702 (2023); doi: 10.1063/5.0147524
© Author(s) 2023

158, 174702-7

€2:20:01 €202 Joquisydes zz


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

of real contact. At high (but not too high) sliding speeds, frictional
heating becomes important, which may result in a pre-melted sur-
face layer even at low temperature. At even higher sliding speeds,
a melt-water film forms, which gives rise to a low friction, and in
these cases, the viscoelastic contribution to the friction gains impor-
tance. However, for low temperature and low sliding speed, the
measured friction is much larger than the viscoelastic contribution.
This implies that there must be an important contribution from the
area of real contact to the friction, and that no liquid-like film occurs
in the rubber-ice contact regions in this case.

In Ref. 1 for another rubber compound with a higher glass
transition temperature, it was shown that the measured rubber-ice
friction coefficient is very similar to the measured ice-ice fric-
tion coefficient as a function of the sliding speed for T < -10°C.
It was proposed that, for low temperatures, ice fragments attach
to the rubber surface and that the slip occurs at the interface
between the ice fragments and the ice surface. These ice fragments
originate from ice wear processes during run-in (open squares in
Figs. 6-8) or from frost crystals formed on the rubber and ice sur-
faces before sliding. We believe that ice fragments contribute to
the rubber-ice friction in a similar way in the present case, but
there must be an additional important contribution to the fric-
tion from the area of ice-rubber contact where in some contact
regions slip occurs between the ice and the rubber. This is con-
sistent with the experiments of Hemette et al.,*’ which we now
discuss.

Hemette et al."' have performed rubber-ice friction studies
for relative smooth ice surfaces for temperatures between —20°C
and -2.5°C. The nominal contact pressures they used are simi-
lar to those in our study, but they probably used much smoother
ice surfaces. As a function of the logarithm of the sliding speed,
they observed a Gaussian-like friction coefficient curve centered
around v ~ 10 mm s~' with a maximum that decreased from ~2
at —20°C to 0.2 at —2.5°C. For T = -20 °C, this differs with Ref. 1
where the maximum of the friction at low temperature was observed
for v~ 0.1 mm s~ as also observed for the ice-ice contact. This
discrepancy can be explained by assuming that, in the study of
Hemette et al., the sliding interface was devoid of frost crystals or
ice wear particles and that slip occur between the rubber and the
ice surface. In the present study, there appears to be two local max-
ima in the p(v) curve at low temperature. This could result from
some contact areas involving ice fragments sliding on the ice sur-
face and other contact regions where the rubber slides on the ice
surface.

The existence of a large rubber-ice frictional shear stress is
supported by adhesion and friction experiments by Roberts and
Richardson.”"”” They found 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 (of order 2) for low sliding speeds and low tempera-
tures (T < -10°C,but T > Ty, where Ty is the rubber glass transition
temperature).””

At temperatures T > —10 °C, the magnitude and the velocity
dependency completely differ for the ice-ice contact compared to
the ice-rubber contact. For the ice-ice contact, the friction decreases
drastically with increasing sliding speed v, while this is not the
case for the rubber-ice contact. For the ice-ice contact, we have
shown in Ref. 42 that the drop in the friction with increasing v can
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be explained by pre-melting of the ice surface as a result of fric-
tional heating. However, at a low sliding speed, frictional heating is
negligible, and in this case, even at T = —3 °C, there is no pre-melted
liquid-like film at the ice—ice interface and the ice-ice sliding friction
coefficient is very large,** while for rubber on ice the friction is much
lower. For T > -10°C, we propose that the rubber-ice friction is
due to the viscoelastic contribution, and a contribution from shear-
ing the area of real contact that may involve a pre-melted film with
non-Newtonian properties as found in recent molecular dynamics
calculations.'®

IV. SILICA GLASS (SG)-ICE FRICTION

When the slider is made of an elastically hard material, such as
PE or SG, we observe strong wear of the ice surface unless it is very
smooth. This effect is illustrated in Fig. 14, which shows schemat-
ically a slider on an ice surface with a bump. The slider scratches
the ice surface, but the resulting ice wear depends on the sliding
direction due to a small tilting (of order a few degree or less) of
the slider relative to the ice surface and due to some asymmetry
(in the sliding direction) of the ice bump. In the case illustrated, the
friction will be strongly enhanced in the backward sliding direction
when the slider hits into the ice bump. For rubber, the influence of
ice bumps on the wear (and friction) is much smaller due to elas-
tic deformations of the slider (the elastic modulus of the rubber in
the rubbery region is lower than the plastic yield stress of the ice),
except at very low temperatures where the rubber is in its glassy state.
For this reason, we observe very small changes in the friction for
a rubber slider when the sliding direction is reversed (see Fig. 11).
To reduce the wear of the ice surface, we have cut off the edges of
the rectangular SG, PE, and rubber blocks at 45° angle, as indicated
in Fig. 14.

For PE or SG, unless the ice surface is very smooth, we observe
large fluctuations in the friction with the position x on the slid-
ing track and the sliding direction. This is illustrated in Fig. 15,

1
silica glass - ice
p =0.2 MPa 0-39
08 1 -30
m-20
" 10
06| . 5.6 1
B\\\& 26
~ -1.8
0.4 | C
027 1
0 1 1 1 1
-6 -5 -4 -3 -2 -1
log;, v (m/s)

FIG. 18. Experimental SG-ice friction coefficient as a function of the logarithm of
the sliding speed for several temperatures indicated on a new very smooth ice
surface. The friction coefficient is averaged over the forward and backward sliding
direction. The nominal contact pressure p ~ 0.2 MPa.
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which shows the measured SG-ice friction coefficient as a function
of the position of the slider for T = -15°C and the sliding speed
v=0.1 mm s~'. Figure 16 shows the ice surface after sliding in
Fig. 15. Note the ice wear particles (white powder).

We have found that strong wear and high friction obviously
occur when the sliding block hits into bumps on the ice surface.
However, if the bumps would all have equal heights and could be
densely enough distributed, the sliding friction would be reduced at
least at high sliding speeds where a thin melt-water film would have
formed. This effect is well known in curling.”" "

In curling, fine water droplets are sprayed onto the flat ice sur-
face. These droplets freeze into small bumps or “pebbles,” which
are “shaved” to form flat upper surfaces of nearly equal height.
The curling stones, which have curved surfaces (i.e., have no sharp
edges), “ride” on the pebbles as they slide down the ice. The peb-
bles reduce friction and enable the stones to travel farther than if the
ice is not pebbled. The reason for this is that the pebbles concen-
trate the weight of the stone (about 200 N) onto a smaller ice area
than if there was only flat (pebble-less) ice. The resulting frictional
heating can melt the thin surface layers of the pebbles, resulting in
very small friction coefficients, typically y ~ 0.01 at sliding speeds of
order ~1 m/s.

In curling, the granite cylinder is initially given both a rota-
tion (angular momentum) and a forward momentum. On a perfectly
smooth ice surface, the cylinder would move on a straight path in
spite of the imposed rotation. Thus, pebbling is essential as without
it a curling stone would not curl. Curling stones sliding on scraped
ice surfaces, which show roughness with large fluctuations in the
heights of the bumps, exhibit even larger curl distances than with
a surface covered by pebbles.”” The curl is most likely related to the
large increase in the friction observed above when a sliding block
hits into an ice bump: the pebbles are not all of exactly equal height
and the curling block will experience a rapidly fluctuating (in time
and space) friction force that will make the curling stone curl. This
can be understood in the limiting case where the friction becomes
infinitely large in one small area. In this case, the curling block will
rotate around the pinning point as indicated in Fig. 18. This could
move the curling block either to the right or the left (depending on
the position of the pinning point), but a small initial rotation of the
block will break the symmetry (exactly how is not known) and the
block will move in the direction of rotation."” ** It is remarkable that
the curl distance is nearly independent of the rotation speed initially
imposed on the curling stone.

To obtain results for SG (and PE) not dominated by the ice
wear process illustrated earlier, it is necessary to use very smooth
ice surfaces. However, even in these cases, we cannot exclude some
influence by ice wear processes. In Fig. 17, we show the measured
silica glass—ice friction coefficient on a very smooth ice surface, as
a function of the logarithm of the sliding speed for several tem-
peratures indicated in the figure. The friction coefficient is again
averaged over the forward and backward sliding directions. Note
that for the temperatures T =-39°C and T =-30°C, the fric-
tion coefficient is very large (~0.3 — 0.8 depending on the sliding
speed), but for T ~ —2°C, it is only ~0.05 and only weakly velocity
dependent.

Silica glass is hydrophilic, and after cleaning with isopropanol,
in normal atmosphere it will quickly be covered by a thin film
consisting of water and some organic contamination. When cooled
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to low enough temperature, this film may freeze forming a thin
ice-like film (with organic contamination) on the glass surface.
Thus, the silica glass—ice system may exhibit a sliding friction of
similar magnitude as for the ice-ice interface. For the two lowest
temperatures (T = —38 °C and T = —30 °C), this is indeed the case,
but for T > —10°C, for sliding speeds <1 mm s\, the friction for
the ice—glass interface is much smaller than for the ice-ice interface.

Experiments have shown that a pre-melted water film exists at
the interface between silica and ice for T > —20 °C (see Ref. 22). In
one experiment, where an ice slab was produced by freezing water
in contact with a silica surface (i.e., the ice is in full contact with
the silica surface), a lateral force resulted in ice block sliding (adhe-
sive failure) on a silica surface for T > —20 °C, while cohesive failure
occurs for T < —25 °C. However, sliding (adhesive failure) was only
observed on very smooth silica surfaces (R, < 0.4 nm), while cohe-
sive failure was observed for all temperatures T < 0°C on a silica
surface with bigger roughness (R, ~ 6 nm). In Ref. 23, one of us has
explained the different behavior as due to ice-silica adhesion and the
elastic energy stored at the interface when sliding the ice block away
from its initial position.

0.2 T T
(@  polyethylene average forward 0 -38
p = 0.2 MPa and backward -30
u
01t
0
0.2
(b)
[ = -10
m-55
25
-1.8
01 °C
0 1
-6 -5 -4 -3 -2 -1

log,q v (m/s)

FIG. 19. Experimental polyethylene-ice friction coefficients as a function of the
logarithm of the sliding speed for (a) T < =10°C and (b) T > —10°C on a very
smooth ice surface. The friction coefficient is averaged over the forward and
backward sliding direction. The nominal contact pressure p ~ 0.2 MPa.
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V. POLYETHYLENE (PE)-ICE FRICTION

As for SG, unless the ice surface is very smooth, for polyethy-
lene (PE), we observe similarly strong fluctuations in the friction
force with the position x along the ice track. This is again caused
by the slider hitting ice bumps, resulting in a plowing-type of
PE-ice interactions and to the formation of ice wear particles.
To avoid (or reduce) this, we prepared ice surfaces as smooth as
possible.

Figure 19 shows the measured polyethylene-ice friction
coefficients as a function of the logarithm of the sliding speed for
several temperatures on such a very smooth ice surface. The fric-
tion coefficient is averaged over the forward and backward sliding
direction. There appears to be a qualitative difference in the fric-
tional behavior for temperatures above and below —10 °C. Thus,
for T < —10 °C, the friction increases slightly with increasing sliding
velocity, while for T > —10 °C, the opposite occurs. For T < =10 °C,
the friction coefficient is much smaller than observed for silica glass
and the rubber slider. For temperatures between —10 and -2 °C and
sliding speeds ~1 cm s™", the PE and silica glass exhibit very similar
friction coefficients of order ~0.04.

Figure 19 shows that the ice-PE interface exhibits low fric-
tion for all temperatures and sliding speeds studied. It is remark-
able that, for temperatures close to the ice melting temperature
(T =-2.6°C and -1.8°C), the friction coefficient increases with
decreasing sliding speed for v < 0.1 mm s™". This could be attributed
to a creep-enhancement of the contact area, but then one would
expect it to occur also for the ice-SG interface, which is not the case.
However, the friction also depends on the shear stress acting on the
area of real contact that could have different velocity dependencies
for the SG-ice and PE-ice interfaces.

VI. DISCUSSION

In the study above, we have discussed the dependency of the
sliding friction coefficient on the sliding speed for many tempera-
tures. Here, we plot the same numerical data as a function of the
temperature for the highest and the lowest sliding speed considered
earlier.

Figure 20 shows the measured friction for the ice-rubber,
ice-PE, and ice-SG systems as a function of the temperature for (a)
the velocity v = 1 cm s~ and (b) v = 3 ym/s. In all cases, except PE,
the friction decreases on approaching the ice bulk melting temper-
ature. We interpret this as due to increased thickness and mobility
of the water molecules of the pre-melted liquid-like film expected
at the interface when the ice temperature approaches the ice bulk
melting temperature. For PE at the lowest sliding speed v = 3 yum/s,
the friction coefficient increases on approaching the ice bulk melting
temperature.

Polyethylene is used for winter sport equipment, e.g., for skis.
The small sliding speeds considered above may be relevant for up-
hill movement in skiing with PE skis, where no or negligible slip
is wanted, but most experimental studies have focused on much
higher sliding speeds where frictional heating produces a melt-water
film.

Detailed studies of the friction between polyethylene and ice
have been presented by Biurle et al.”” and Stamboulides.® These
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FIG. 20. The measured friction for the ice-rubber, ice-PE, and ice-SG systems as
afunction of the temperature for (a) the velocity v = 1 cm s=" and (b) v = 3 um/s.
The friction coefficient is averaged over the forward and backward sliding direction.
The nominal contact pressure p ~ 0.2 MPa.

studies are for different conditions than in our study, but are con-
sistent with our results. Thus, in Fig. 21, we show the measured
PE-ice friction coefficient from Fig. 19(b) (squares) and Ref. 8
(stars). The measurements are performed at very different nomi-
nal contact pressures (0.2 and 0.005 MPa, respectively) and slightly
different temperatures (the dashed lines connect data obtained for
similar temperatures), but the two datasets can be joined smoothly
by interpolation (dashed lines).

Two recent studies have proposed very different origins of the
friction on ice. Reference 50 showed the importance of the plowing
contribution, while in Ref. 51, it was found that during reciprocated
sliding on ice a lubricating, viscous mixture of liquid water and ice
particles dominates the frictional behavior. For PE and SG sliders,
we have also observed a plowing-like contribution to the friction
where the rectangular blocks wear the ice surface bumps resulting in
ice fragments (white powder). At higher sliding speeds where melt-
water is also produced, the ice wear particles may be suspended in
liquid water giving rise to an ice slurry that could act as a lubricant
during reciprocated sliding as found in Ref. 51. This is similar to
the ice slurry that sometimes occurs on roads in winter and gener-
ates low friction and dangerous driving conditions, as one of us has
experienced.
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FIG. 21. The measured PE-ice friction coefficient from Fig. 19(b) (squares) and
Ref. 8 (stars). The measurements are performed at very different nominal contact
pressures (0.2 and 0.005 MPa, respectively) and slightly different temperatures
(the dashed lines connect data obtained for similar temperatures).

Another recent study addressed high-speed ice skating. In
Ref. 52, it was shown that the friction between the steel skate blade
and the ice stems from boundary friction where the temperature of
the interface is below zero and ice surface molecules exhibit uncon-
ventional mobility 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 between the skate blade and the ice
and gives a negligible contribution to the total friction but dissipates
enough heat to melt the ice allowing the skater to slide smoothly on
a thin layer of melt water.

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 rough-
ness. In this paper, we have focused on low sliding speeds v <
1 cm s~ where the ice does not melt but where ice pre-melting
may result in a thin liquid-like film that strongly reduces the sliding
friction force. We note that the nature of the friction force for low
sliding speeds is very important for tire dynamics as it determines
the effective static friction force and hence the line separating the
region where the tread blocks do not slide (or slide at very low speed,
say v < 1 mm s~ ") from the region where sliding appears (typical slip
velocity ~1 m/s).

Experience have shown that at low sliding speeds the friction
between a ski and snow (ice particles) increases with increasing mag-
nitude of the ski base surface roughness, while at high sliding speeds
it decreases.” The former effect may be due to plowing of the ice
particles by the ski surface asperities. Section I'V (see also Ref. 50)
shows that the plowing contribution to the friction can be very large.
At high sliding speeds, a thin melt-water film occur in the ice-ski
contact regions and the plowing contribution to the friction will be
smaller, in particular, if the water film thickness becomes compa-
rable to the amplitude of the surface roughness at the length scale
where plowing would occur for the dry contact (note: the system
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may deform elastically at large length scales). In this case, increasing
surface roughness may result in a smaller capillary suction effect (the
contribution to the normal force from capillary adhesion depends on
the surface area covered by water and the water film thickness). Hav-
ing a hydrophobic surface of the ski (as is the case for wax coated
skies and uncoated skies made from polyethylene) will also reduce
the capillary suction effect (by increasing the water contact angle) as
discussed in Ref. 1.

VIl. SUMMARY AND CONCLUSION

We have studied the velocity and temperature dependency of
the friction force when the rectangular blocks of compact rubber,
foam rubber, silica glass (SG), and polyethylene (PE) are slid on ice
surfaces. The most important results are as follows:

(1) The compact rubber and the foam rubber exhibit very sim-
ilar frictional properties in the studied velocity (3 ym/s < v
<1cms™) and temperature (—40 °C < T < 0°C) interval.

(2) The viscoelastic contribution dominates the rubber friction
on ice close to the ice bulk melting temperature.

(3) For rubber-ice friction, for low temperatures, an impor-
tant contribution to the friction comes from ice fragments
attached to the rubber surface resulting in ice-ice friction,'
but an additional contribution is derived from the adhe-
sive rubber-ice interaction in contact regions where no ice
fragments are attached to the rubber.”"'

(4) For SG and PE, the friction on ice is very sensitive to ice
bumps that result in ice wear and to a very high friction when
the sliding block hits into the bumps. This is a type of plowing
contribution to the wear and friction. The same effect is not
observed for rubber blocks that can deform elastically and
move on top of the bump with small wear and small change
in the friction force.

(5) PE exhibits low friction (¢ < 0.15) for all studied temper-
atures and sliding speeds, while SG exhibits friction coeffi-
cients of order 1 at low temperatures (T < —30 °C) and low
sliding speeds.

(6) For rubber and SG sliders, the friction forces decreases as
the temperature approaches the ice bulk melting tempera-
ture, which we attribute to the increased mobility of the water
molecules and the increased thickness of the pre-melted film.
For rubber and SG sliders, this effect dominates over the
increased contact area expected as the ice penetration hard-
ness decreases with increasing temperature. For the PE slider,
the friction coefficient instead increases as the temperature
approaches the ice bulk melting temperature, in particular,
at the lowest sliding speed, possibly due to a different veloc-
ity dependency of the shear stress in the area of real contact
compared to rubber and SG.

(7) For sliding speeds 1 cm > v > 1 mm s™' and temperatures
T > —6 °C, the SG and PE blocks give similar almost velocity-
independent friction coefficients y ~ 0.04, while the rubber
friction coefficients are larger (between 0.3 and 0.1) and
decreasing with increasing temperature.

(8) For PE blocks, the measured friction coefficients for tem-
peratures T >-7°C are consistent with measurements
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performed by other groups at higher sliding speeds (up to
2 m/s).
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APPENDIX: ICE ADHESION TO GLASS SURFACES

People living in countries with cold winters know that it is
not easy to remove ice formed on automobile windshields. Window
glass, e.g., windshields, are produced from float glass. Float glass is
a sheet of glass made by floating molten glass on a bed of molten
metal, typically tin. This results in very smooth surfaces, which, in
ideal cases, would have surface roughness resulting only from frozen
capillary waves. Frozen capillary waves have the surface roughness
power spectrum (see, e.g., Ref. 54)

1 kT
(2m)* pg +yq"

C(q)

(A1)

Here, we have assumed that when reaching the temperature T* the
diffusive movement of the atoms in the glass becomes so slow that
the capillary waves that exist at this temperature are frozen. Note
that the gravity term pg becomes important only for very small

/\ — microscope glass slide
| window glass plate
25 \\J\/\A — theory, frozen capillary
waves
E -30
(©]
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53 H=0
rms = 61 nm, rms slope = 0.036
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FIG. 22. The theoretical surface roughness power spectrum of a glass surface

due to frozen capillary waves (blue lines) and the measured power spectrum of a
microscope glass slide (red line) and for a window glass surface (green line).
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wavenumber roughness, namely, for g < (pg/y)"* ~ 300 m™', and
the gravity term can be neglected in most cases giving C(q) ~ q >,
which corresponds to a self-affine fractal surface with the Hurst
exponent H = 0 (and fractal dimension Dy = 3). For such surfaces,
the rms slope is determined mainly by the shortest (nanometer)
wavelength roughness.

The blue line in Fig. 22 shows the theoretical power spectrum
given by (A1) with T* = 600 K, y = 0.3 J/m* and p = 2200 kg/m>.
Including the roughness wavenumber range q, < q < g, indicated in
the figure (q, = 300 m ™' and q, = 2 x 10" m™") gives the rms rough-
ness amplitude Ams = 0.27 nm and the rms slope & = 0.95. Theory”
shows that because of the large rms slope for frozen capillary
waves, displacing ice frozen onto a glass surface result in cohesive
failure rather than adhesive failure. (The theory shows that the elas-
tic energy per unit surface area produced when the ice displaced
away laterally from its original position is Ue/A¢ ~ 0.45 J/m>.) This
explains why it is hard to remove ice from the windshields of cars
even for temperatures (say T = —5 C) where one expects a very thin
water film of pre-melted ice.

The long wavelength roughness on glass surfaces may be much
larger than predicted by the capillary wave theory due to effects such
as the influence of mechanical vibrations during the cooling from the
liquid state, or weathering. To illustrate this, we show in Fig. 22 the
measured (small wavenumber) power spectra of a microscope glass
slide (red line) and a widow glass plate (green line), both of which
was kept for several years uncovered in the normal atmosphere.
The power spectra was calculated from the topography measured
using an engineering stylus instrument (Mitutoyo Portable Sur-
face Roughness Measurement Surftest SJ-410 with a diamond tip
with the radius of curvature R = 1 ym). We used the tip-substrate
repulsive force Fx = 0.75 mN, the scan length L = 25 mm, and the
tip speed v =50 um/s. The glass surfaces was cleaned using iso-
propanol. Including only the wavenumber regions indicated in the
figure, the glass surfaces have the rms roughness 61 and 76 nm, but
the rms slopes are only 0.036 and 0.038 in spite of the fact that the
power spectra are ~10* times bigger (corresponding to ~100 times
bigger roughness amplitude) than for the ideal theory prediction
(blue line). This demonstrates that the rms slope for surfaces with
the Hurst exponent H = 0 is determined by the nanoscale roughness.
Since the rms-slope in practical cases cannot be much larger than 1
(see Ref. 55), it also implies that at a short length scale the roughness
on the two studied glass surfaces are likely to be similar to the theory
prediction (blue line). Thus, the power spectra given by the red and
green lines in Fig. 22 must bend down toward the blue line for larger
wavenumbers.
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