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Thermal Effects versus Viscoelasticity in Ice-Rubber Friction
Mechanisms

S. Hemette?, J. Cayer-Barrioz®!, D. Mazuyer?®

®Laboratoire de Tribologie et Dynamique des Systémes, CNRS UMR5513, Ecole Centrale de Lyon, 36
avenue Guy de Collongue, 69130 Ecully, France

Abstract

This work presents an experimental analysis of the friction response of an ice-rubber inter-
face over five decades of sliding velocity and temperature down to -20°C, combining in-situ
contact visualisation and simultaneous force measurements. Viscoelastic properties of the
rubber were varied in terms of glassy temperature transition and elastic modulus. Based
on the in-situ contact area measurements, the adhesive and viscoelastic contributions were
identified. Even though a bell-shape friction-velocity curve was observed, the classical WLF
transform did not allow a description of the friction behaviour. A simple analytical model
accounting for the thermal dissipation induced by friction was thus proposed and a dimen-
sionless master curve was obtained with the sliding velocity, regardless of the temperature
and the material properties. From this master curve, a predictive friction model was pro-
posed, in which both friction contributions, adhesion-viscoelasticity and thermal dissipation,
were multiplicative rather than simply additive.

Keywords:  Adhesion, Cold environment, Elastomer, JKR, Modelling, Sliding friction.

1. Introduction

From road safety when driving on icy roads to public health when walking on icy pavement
with rubber sole shoes, ice-rubber contacts occur everywhere and are part of our every day

life. However, the nature of the contact itself and the mechanisms of frictional dissipation
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remain largely unknown. This has led to increasing interest in the tribology community, to
unveil ice-rubber friction mechanisms.

On the one hand, ice is very complex. It is usually a polycrystalline material whose crys-
tals are randomly oriented due to temperature, pressure conditions or nucleation seeds. Ice
solid phases exist in different forms. However, under the pressure and temperature conditions
present on Earth, typically up to 30 MPa and above 200 K, the hexagonal Th phase is stable
[1]. The slipperiness of ice is often attributed to the existence of a ’quasi-liquid’ layer below
the melting point of ice. Even though still under debate, the mechanisms that extend the
equilibrium domain of a liquid phase into a solid domain range from incomplete integration
of H,O molecules at the surface into the ice crystalline structure, to thermodynamic consid-
erations of the ice-air interface and the persistence of a melted layer over a finite temperature
range [2].

On the other hand, rubber is a composite material made of a crosslinked elastomer ma-
trix with various additives, such as fillers (silica and carbon black particles) to improve its
mechanical properties, plasticizers to facilitate its mixing during processing, and vulcaniza-
tion agents. This structural complexity results in non-linear viscoelasticity and adhesion.
Rubber tribology was thus extensively investigated during the 20th century in response to
the massive development and use of elastomeric products. Once in a sliding contact, rubbers
behave very differently from metals. In dry contacts, rubber friction results from three main
contributions [3]: hysteresis, adhesion and wear. The hysteresis friction can be related to lo-
cal rubber deformation due to the counter-surface and to viscoelastic bulk deformation. The
number of asperities in contact, their geometry as well as the viscoelasticity of the rubber
itself drive the hysteresis friction within certain limits. Grosch amongst others, investigated
rubber hysteretic friction against smooth and rough surfaces [4]. A bell-shape friction curve
was observed as a function of the sliding velocity exhibiting more or less asymmetry and
primary and secondary peaks depending on the degree of roughness. A friction master-curve
was built thanks to the William-Landel-Ferry (WLF) transform, demonstrating the major
role of rubber viscoelasticity in the friction response. The primary friction peak was quanti-
tatively related to the maximum in dissipative modulus due to the passage of the asperities,

while the secondary peak was attributed to the interfacial bonding, that is to say, adhe-



sion loss [5]. This dissipative process involved the attachment, straining and detachment
of rubber segments [5|. Several adhesive theories were reviewed in [5]. They all included a
viscoelastic loss factor and they were proposed to explain this adhesion contribution, either
at the macroscopic [6] or molecular scale [7] [8] [9]. Savkoor’s model [6] was based on the
formation and breaking of bonding domains between the rubber and the counter-surface.
An energy criterion was considered as being the breaking of the bonds that occurred when
the elastic energy stored in the sheared bond equalled the adhesion energy—originating from
van der Waals forces [6]. At the molecular scale, the central idea was that surface atoms of
both surfaces interacted locally during sliding. These bonds were formed, strained and then
broken according to a thermally activated process [7] [8] [9] and their kinetics depended on
several characteristic times—dependent on the dynamics and lifetime of the bonds [8].

Friction on ice strongly depends on the composition of the sliding partner: sliding against
granite resulted in a bell-shape friction curve while sliding on steel led to the lowest friction
value, independent of the sliding velocity, despite the two materials having similar roughness
[10]. This discrepancy of behaviour was attributed to a combination of adhesion, ice creep
and frictional heating or melting [10] [11] [12]. Against rubber, the mechanisms are even more
complex since there is an interplay between temperature, sliding velocity, contact pressure,
surface roughness and variability in the ice. Various authors [13] [14] [15] have investigated the
friction response of ice-rubber as a function of velocity and temperature: they obtained a bell-
shape curve and were able to build a master curve from a WLF transform. Nevertheless, an
increase in temperature always resulted in a drop in friction: close to the melting temperature,
the change in behaviour was interpreted as being the formation of a 'quasi-liquid’ layer or a
melt ice layer [13] [14] [15] [16] [17].

To sum up, the temperature strongly affects the friction response by modifying the ice
surface enhancing adhesion and promoting the presence of a 'quasi-liquid’ or melted viscous
layer and by inducing a variation in rubber viscoelasticity. The sliding velocity can be
related to the temperature increase in the contact but can also influence the frequency of
stress imposed on the rubber surface and thus its viscoelastic deformation. The commonly
accepted view is that viscoelasticity dominates at low sliding velocity, while thermal effects

govern the dissipation at high velocity. Figure 1 summarizes the mechanisms responsible for
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Figure 1: Schematic mapping of the expected friction mechanisms as a function of the temperature and the

sliding velocity. From [12]

friction dissipation between ice and rubber, identified from the literature.
Against this background, the goal of this paper is to address the challenge of the ori-
gin of frictional dissipation at an ice-rubber sliding interface, and to elucidate the relative

contributions of thermal and viscoelasticity-adhesion effects.

2. Materials and Methods

An ice disc, 90 mm in diameter and 500 pm thick, was prepared from distilled water
according to the protocol described in [18]. Deposited on a 90 mm diameter silica disc, it
had the advantages of being homogeneous and transparent, while exhibiting a flat surface
after tooling.

The three tested elastomer materials were composed of a styrene-butadiene matrix vul-
canized with commercial-grade sulfur-donor and accelerators. Plasticizers, as well as silica
and carbon fillers, were added. The viscoelastic properties were varied by changing the
concentrations of the plasticizers. The detailed description of the composition, including
providers, chemical nature of each component and concentrations, can be found in [19]. The
bulk mechanical properties were analyzed by means of Dynamic Mechanical Analysis (DMA)
(Metravib VA4000 at Nihon Michelin) at different frequencies, for deformation strains of 0.2%

and 10% from -80 to +80°C at a rate of 2°C/min. In this paper, three rubbers, representative
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Table 1: Mechanical properties and surface morphologies of the investigated rubbers. The shear modulus
plateau G* and glass temperature T, were measured by Dynamic Mechanical Analysis (DMA) for a frequency

of 30 Hz and a deformation strain of 10%.

Sample Rubber 1 Rubber 2 Rubber 3
Shear modulus G* (M Pa) 1.0 1.0 14
Glass Temperature T, (°C) -50 -40 -50

Agglomerate mean diameter (um)  26.3 + 10.8 33.5 £ 16.4 27.0 £ 16.9
Agglomerate mean height (um) 285+ 125 30+1.6 32+ 15
Surface density (agglomerates/mm?) 38.9 38.9 44.5

of real tires, were investigated. Their properties are indicated in table 1. The rubber surface
was analysed by means of optical microscopy. The rubber surfaces contained heterogeneities,
corresponding to agglomerates of filler aggregates. The surface density and the diameter
of these agglomerates were estimated at 40/mm? and 30 um respectively, regardless of the
rubber viscoelastic properties. These surface morphological parameters are also reported in
table 1. However, the visualization of a static contact between these rubbers and a smooth
glass disc under 10 N seemed to indicate that the surfaces could be considered as smooth.

Johnson-Kendall-Roberts (JKR) and friction experiments were performed using the KORI
tribometer. The contact was realized between an ice disc and a rubber barrel under controlled
contact kinematics in a cold, dry environment, with simultaneous in-situ contact visualization
and measurements of contact, normal and frictional forces. The technical details of the KORI
tribometer are presented in detail in [18]. The fixed rubber barrel was formed by compressing
an initial rubber cylinder between two steel plates: the two radii of curvatures (in both
directions) were measured at R, = 32.5 mm and R, = 15.5 mm for a barrel length of 11.9
mm.

Once the ice had been machined to ensure disc flatness (see [18]) and was in thermal
equilibrium with the environment, JKR and friction experiments were carried out for each
rubber.

During JKR experiments, the normal force was applied stepwise, up to 10 N with a

resolution better than 0.1 N. The cold (dry) air temperature of the environment was either



Table 2: Summary of the experimental conditions, with the normal force F, the environmental temperature

Ty and the sliding velocity V'
Experiment F, (N) T, (°C) V (m/s)

JKR experiment 0to 10 -2.5and -10 0
Friction experiment 10 -20to-2.5  50.107% to 1

-10°C or —2.5°C". The apparent static contact area was measured for each loading/unloading
step at two different positions on the ice.

During friction experiments, the applied normal force was set at 10 N. The ice disc
rotational velocity, V', was ranging from 50 um/s to 1 m/s.. A logarithmic velocity-ramp of
14 steps of 30 s each was used. The resulting sliding distance varied between 1.5 mm and 30
m. Each measurement was repeated three times. The air temperature of the environment
ranged between -20 and -2.5°C. 100 images of apparent dynamic contact area were acquired
during each velocity step and post-processed using the 'Phantom imaging’ algorithm, fully
described in [18].

These experimental conditions, reported in table 2, were chosen in order to be represen-
tative of real tire working conditions, in terms of contact pressure, temperature and sliding

velocities.

3. Results and Discussion

3.1. Contact mechanics and adhesion

The three samples exhibited very similar behaviour in terms of variation of the contact
area as a function of the applied normal force: the contact area increased sub-linearly with
normal force, regardless of the temperature (-2.5°C' (close to the melting temperature) and
-10°C"), as shown in figure 2 for rubber 1. Very little or no adhesion could be detected during
loading. However, during unloading, hysteresis appeared and a larger adhesion force was
observed.

Due to the barrel-shaped rubber sample, an elliptical apparent contact was observed.
Assuming no adhesion and according to Hertz’ theory, the semi-major radii, a¢ and b, were

calculated as follows [|21]:
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Figure 2: Variation of the apparent contact area as a function of the normal load for rubber 1 at -10°C
(blue symbols) and -2.5°C' (orange symbols). Loading and unloading steps are presented with full and empty
symbols respectively. The vertical bars represent the standard deviation. When not indicated, it is smaller
than the symbol size. The continuous and dashed lines correspond to Johnson-Kendall-Roberts adhesive
contact models calculated with a shear modulus, G* of 1.2 M Pa and an adhesive force, Fy, of 0.003 N

during loading and 0.07 N during unloading.
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where R’ is the reduced radius of curvature of the two solids (including the ice flat), E*
the equivalent Young modulus using the elastic mechanical properties of ice, F;.. = 9.5 GPa

and v;,=0.33 [20], a; and b, depending on the ellipticity parameter, Keyipticity, defined by:

1/Ra - 1/Rb
ellipticity 1/Ra 1/Rb (3)

This gave Keyipticity = 0.35, resulting in a; = 1.25 and by = 0.8 [21]. The relative difference
in contact area, between the elliptical case and the circular case, was less than 3 %. According
to Johnson and Greenwood [22], this small difference was also confirmed by the ratio R,/ Ry,
of about 2. Therefore, in first approximation, circular contact theories were used with a

reduced radius of curvature R’ = 10.5 mm.



From the micrometer-scale investigation of rubber/ice interactions [12|, as well as the
literature [16], the work of adhesion was estimated at 30 m./m?. This corresponds to an
adhesive pull-off force, Fy, of 0.003 N accounting for the contact geometry. The plot of
Johnson-Kendall-Roberts model for apparent contact area was presented in figure 2 with
this value of Fy and G*=1.2 MPa for rubber 1, with G* = E,ypper/ (24 Viubber) = Erupper/2.5.
This value of shear elastic modulus was consistent with DMA measurements at a frequency
of 0.01 Hz for a large deformation strain (about 10 %). During JKR experiments, the
deformation was static and of the same order of magnitude, ¢ ~ 4.3% with the radius of
contact approximated by 3.9 mm and the equivalent radius of the two solids R = VR, Ry, ~
22.4 mm. As can be seen in figure 2, this approach well predicted the evolution of the contact
area vs the normal force during loading. Similar values, G* = 1.15 M Pa and 2 M Pa, were
obtained for rubbers 2 and 3, respectively, in agreement with DMA measurements for large
deformation strain. During unloading, larger values of pull-off force, Fjy, were required to fit
the experimental data, with Fy = 0.07 N for rubber 1, 0.1 N for rubber 2 and 0.15 N for
rubber 3. This increase in adhesive force was presumably attributed to the transfer of rubber
and oil over the ice surface [12]. These enhanced values corresponded to work of adhesion
values ranging from 700 to 1500 m.J/m? —much higher than the surface energy of rubber,
meaning that the ice-rubber contact was energetically favourable.

After sliding, a similar analysis was carried out, showing that the surface effect was
significant. The work of adhesion was increased by a factor of 10 during loading and by 2
during unloading. This indicates a significant change in the surfaces properties (roughness

and chemistry), most likely due to ice-rubber contact wear.

3.2. In-situ evolution of the contact area during sliding

Similar evolutions of the apparent contact area were observed for the three rubbers ac-

cording to the sliding velocity and are illustrated in figure 3 for rubber 1:

e The values of the contact area clearly depend on the rubber, stiffer rubber leading to a
smaller contact area. The values were around 34 + 1 mm? for rubbers 1 and 2 (G* = 1

MPa) and around 26 + 1 mm? for the stiffer rubber 3 (G* = 1.4 MPa).

e The dynamic contact area was slightly lower than the static one, regardless of the

8
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Figure 3: Evolution of the apparent contact area during sliding for rubber 1 at -10°C' (blue symbols) and
-2.5°C (orange symbols) under an applied normal force of 10 N. The dashed grey line corresponds to the
static contact. The vertical bars represent the standard deviation. When not indicated, it is smaller than the
symbol size. The inset illustrates the in-situ contact visualization. The apparent contact area was obtained,

in this example for a velocity of 0.21 mm/s at -10°C' and 10 N, the size of the image being 11.2 x 9 mm?.

rubbers and of the temperature, especially for sliding velocities ranging from 1 mm/s

to 200 mm/s.
e The elliptical shape was maintained, regardless of the sliding velocity, at -2.5°C".

e By contrast, at -10°C', the shape became semi-elliptical between 1 mm/s and 100
mm/s. This shape modification was presumably due to contact oscillations, observed
on the recorded videos, such as stick-slip phenomena or detachment waves [23] caused
by rubber adhesion on the ice. Another explanation could be an increase in shear stress,
causing a decrease in contact area, as proposed by [24]. This observation for a limited
range of sliding velocities might also indicate a change in the nature of the ice surface,
such as the existence of a 'quasi-liquid’/ice premelting layer [25] and /or melting due to

frictional heating within the contact.

No wear was detected during these sliding experiments.
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Figure 4: Bell-shaped friction force vs sliding velocity curves for rubber 1 at -10°C' (blue symbols) and -2.5°C
(orange symbols) under an applied normal force of 10 N. The vertical bars represent the standard deviation.

When not indicated, it is smaller than the symbol size.

3.3. Friction behaviour and viscoelasticity

For each velocity, after a short transient phase during which the friction force increased lin-
early with sliding time, it reached a stabilized plateau. The normal force remained constant.
In order to investigate the friction mechanisms, the average friction force was calculated be-
tween 85 and 95 % of the step duration, i.e. between 24 and 28 s. An example of the friction
force evolution as a function of the sliding velocity is illustrated in figure 4 for rubber 1 and
two temperatures, -10°C' and -2.5°C.

Both plots (at -10°C' and -2.5°C') show a bell-shaped curve. When the values of friction
increased, those of contact area decreased (see figure 3). The friction maximum occurred at
about 20 mm/s, regardless of the temperature, at 20 N for -10°C' and 3 N for -2.5°C. It
then strongly decreased and all friction values were superimposed above 0.1 m/s. This bell-
shape friction curve has been observed in the classical tribological-contact literature involving
rubbers. This shape was attributed to the viscoelastic properties [4] [26] [13]. Friction values
obtained by [4] [13] were of the same order of magnitude. This general trend was also observed
with all three rubbers and at all the temperatures investigated.

Knowledge of the in-situ contact area allowed the calculation of the interfacial shear
stress, which ranged between 0.1 and 1 MPa. The evolution of the shear stress as a function

of the sliding velocity is presented in figure 5 for the three rubbers at -10°C (a) and -2.5°C
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Figure 5: Shear stress calculated from friction data and in-situ contact area measurement vs sliding velocity
at -10°C (a) and -2.5°C' (b) under an applied normal force of 10 N, for rubber 1 (blue symbols), rubber 2
(grey symbols) and rubber 3 (hollow symbols). The viscoelastic properties varied from G* = 1 and 1.4 MPa
and the glass temperatures were T, = -50 or -40°C'. The position of the maximum of shear stress for rubber
1 was also indicated with a vertical line. The vertical bars represent the standard deviation. When not

indicated, it is smaller than the symbol size.

(b).

The shear stress was lower at -2.5°C' than at -10°C'. This suggested a strong influence of
temperature, regardless of the sliding velocity and of the rubber and its viscoelastic proper-
ties. This is in agreement with the observations of Jellinek [27] and the hypothesis of the
existence/formation of a liquid-like layer on ice at temperatures close to the melting point.

Nevertheless, a maximum in shear stress was detected at both temperatures for all the
rubbers. At -2.5°C', the position of this peak seemed to vary with the viscoelastic properties
of the rubbers and a higher shear stress was measured for rubber 1 compared to rubbers 2 and
3. These results seem to indicate that at -2.5°C, the stiffer the rubber, the lower the shear
stress. At -10°C', the lower the T}, the higher the shear stress for low velocities although the
stiffness influence might become dominant at high velocities. The position of the maximum
shear stress was independent of the rubber.

Following the successful approach proposed in the literature [14] [13] based on the William-
Landel-Ferry transformation, a tentative velocity shift of the rubber-ice friction curve was

performed assuming;:
e The validity of the time-temperature superposition.
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e The validity of the temperature-sliding velocity range in which the friction was mea-

sured compared to the one where the rubber was in its 'rubbery’ state.

Taking the reference temperature at 0°C’, DMA data were superimposed using C; =
8.86 and Cy = 140 K for the three rubbers, consistently with the classical values found in
the literature for elastomer, that is to say €} = 8.86 and Cy; = 101.5 K. This validated
the assertion that viscoelastic properties obeyed WLF theory for the temperature range
corresponding to the rubbery state above T,. Using these parameters, the shift term ap
= Vies/Vr was calculated with V., being the sliding velocity at temperature T,.r, Vr the
sliding velocity at temperature T'. It gave:

_C1(T=Tyey)
Viep = Vpl0 @247 Tres (4)

The shift of the friction curves provided disappointing results: the friction curve at -
2.5°C' could not be superimposed on any other data; a partial superimposition being observed
between 2 and 40 mm/s at -7 and -15°C’; the position of the friction peak differed for each set
of data; the friction completely differed for high sliding velocities. These statements remained
valid, regardless of the rubber.

To summarize, these in situ friction experiments suggested a coupling between the tem-
perature of the environment, the sliding velocity and the rubber viscoelasticity —far more
complex than the classical view in which viscoelasticity governs friction at low velocities and

thermal effects dominate at high velocities.

3.4. Thermal analysis

In order to further investigate the thermal contribution to friction, a simple thermal
model was proposed. Going back to the pioneering work of Jaeger [28] and partitioning the
friction-induced heat flux between the two semi-infinite solids [29] in a semi-elliptical contact

[30], here the ice and the rubber, without loss, the model also assumed that:

e The transient thermal regime was negligible.

e The heat flux was considered to be established.

12
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Figure 6: Schematic of a rubber sample sliding at velocity V' over an ice substrate under an applied normal
load F,. The friction-induced heat gp.q:+ was partitioned according to the ratio dpeq: in the rubber and

1 — Speqt in the ice. The contact temperature became T.

e There was no thermal power generated in the ice or in the rubber, meaning that no

phase transition took place.

e The temperature at the surface, either T, ppe Or Tjee, was homogeneous over the entire

ice-rubber interface.

e The heat source was considered immobile for the rubber and mobile for the ice.

A schematic of the considered interface is illustrated in figure 6.

Within this framework, the temperatures T, and T;.. could then be calculated using:

3 6 eq eq b
T OheatQheat (5)

TTu er Th= ——— e
“ ‘ 8 krubber V Se

and

1-90 b
Tice —Tp =2.32 ( heat)Qheat
Kicer/T(1.234S, + P.)

with Ty the temperature far from the contact, here the environment temperature, djcq¢

(6)

the partition coefficient expressing the ratio of heat flux entering the rubber and 1 — dpeqr
representative of the corresponding heat flux entering the ice, gneq: the average flux created
within the sliding contact, k;.. and ke being the thermal conductivity of ice and rubber
respectively, S, the function characteristic from elliptical heat sources and P. the Peclet

number.

13
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and,
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Pe B 2aice (8)

with oy the thermal diffusivity of ice.

In the contact, T,upper=Tice=1,. and the partition coefficient dj.,; was calculated from:

18‘56krubbe'r\/§e
18.56kupberv/Se + 3mkicer/T(1.2345, + P.)

The heat only originated from friction dissipation and:

(9)

(Sheat =

F,V

Tab

(10)

Gheat =

Therefore, combining equations 5, 9 and 10, the contact temperature 7, could be deduced
as follows:
3m F,P./(mab)

T, — Ty = 18.56 v
’ 418 56k upperv/Se + 3kicer/7(1.2345, + 1)

(11)

3.5. Ice-rubber friction mechanisms

A striking result emerged from the calculation and the plot of the dimensionless temper-
ature increase, (1. —1y) / (T, — Tp) with T, the melting temperature, here 0°C". Figure 7
presents the evolution of this ratio as a function of the sliding velocity.

The geometrical contact parameters at 10 N load for each rubber are reported in table 3.
These values were used for the calculations as Figure 3 demonstrated that the contact area
only slightly depended on the velocity. The thermal properties of the ice were: kj.. = 2.21
W/m/K [31], dtice = 1.14 107° m? /s and for the rubber, k.pper = 0.216 W/m/K [32].

For the three rubbers and the four environmental temperatures, that is to say at 12 dif-
ferent experimental conditions, all data collapsed to form a friction/sliding velocity master
curve, regardless of the environmental temperature and regardless of the viscoelastic proper-

ties. In addition, the maximum in the master curve was obtained for a velocity of 100 mm/s
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Table 3: Experimentally measured contact size, a and b, at -10°C' and V' = 0.1 mm/s.

Sample a (mm) b (mm)

Rubber 1 3.88 2.87
Rubber 2 3.47 2.90
Rubber 3 3.40 2.53
a) b)
T 1 T T
~12F . . ~ 12} . J
v | Meltingfrontier ____@® vl __] = | Melting frontier ___ _ f _______
H 0.8} ag|® . = 0.8 % _
= S > * : _f
04} «® o B, ] | 04f R T
8 of | ® 8 S
8 g ' o 8 e '
- OL _opp@odad I - OL npeaod® i
105 103 10-1 10 105 103 10-1 10
Sliding velocity, V (m/s) Sliding velocity, V (m/s)

Figure 7: Dimensionless temperature increase ratio. (a) Influence of the temperature of environment for
rubber 1, with -15°C' (green), -10°C' (orange), -7°C' (blue) and -2.5°C' (grey squares).(b) Effect of the vis-
coelasticity at -10°C, with rubber 1 (orange), rubber 2 (grey) and rubber 3 (blue symbols). The vertical bars

represent the standard deviation. When not indicated, it is smaller than the symbol size.
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in all cases, which differed from the maximum in shear stress (see Figure 5). This collapse of
data indicated that the ice-rubber friction mechanisms were similar over the environmental-
temperature and material-property range investigated here. The existence of this master
curve suggests that these mechanisms could be described using a dimensionless function,
k(V'), only dependent on the velocity and showing a maximum at V' = 100 mm/s.

Then equation 11 can be rewritten to calculate the average interfacial shear stress, o, as

follows:
4 /S, 1 /7(1.234S, + P,)
= PiceCice Tm - T - /\ 4 V 12
7 = ecieeTn = To) G5+ 17 L) k(V) (12
with Mg = Erupber /Kice, pice the ice density and ¢;e. = — M the ice specific heat. In other

PiceNicie
words, the interfacial shear stress only depends on the thermal properties, the environmental

temperature, the sliding velocity, with the viscoelasticity being taken into account via the
contact size in Pe, making the in-situ contact-area measurement highly relevant. According
to equation 12, the interfacial shear stress captures all the physics of the ice-rubber friction
by decoupling the contribution of the thermal effects induced by frictional heating from that

of the viscoelastic properties.

3.6. Towards a friction model?

Chernyak and Leonov’s friction model for rubber vs another smooth solid surface was
considered [8] as a first attempt to understand the physical meaning of (V') and its bell-
shape evolution with velocity. In this model, the rubber friction is assumed to result from the
dissipation due to the elongation, stretching and detachment of sections of macromolecules
from the wall. This stochastic theory introduces times that are characteristic of the creation
and breakage of adhesive linking chains from the surface, in order to calculate the evolution of
the friction stress as a function of the sliding velocity. The friction stress was then normalized
by a scale factor taking into account the elasticity of the rubber. Deriving this model for our
configuration, we were able to predict the evolution of k(V') with the following characteristic

times, in agreement with values obtained for rubbers |[§]:

e The lifetime of an adhesive bond: 50 us.
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e The time to create a bond: 1 ms.
e The critical sliding length: 1 um.

e The molecular relaxation time: 30 ws.

Figure 8 presents the predicted shear stress calculated using equation 12 with a constant
contact area. These values were compared to the experimental values calculated with a
constant contact area in a first approximation for mathematical convenience. This constant
contact area equalled that measured at 0.1 mm/s, reported in table 3. The experimental in-
situ shear stress, i.e. measured by accounting for the slight variation of the apparent contact
area with the sliding velocity, was also indicated for reference. The predicted friction followed
the experimental trend, meaning that the friction mechanisms were correctly captured in this
first simple approach. It predicts more particularly that the position of the maximum shear
stress differed from that of the occurrence of melting. The multiplicative coupling between
thermal effects and adhesive viscoelasticity thus seems to govern ice-rubber friction behaviour.

The physical meaning of x(V'), as assumed here using Chernyak and Leonov’s model,
would also explain the values of shear stress at high sliding velocities: despite rather low
values, they remained too high to be considered as only to be resulting from the shear of
a hydrodynamic water film. A residual adhesive viscoelastic contribution for this velocity

range could contribute to these levels.

4. Conclusions and outlook

Ice-rubber friction mechanisms were investigated thanks to an experimental approach
using the KORI tribometer, covering five decades of sliding velocities and at temperatures
down to -20°C. The combination of in-situ contact visualization and simultaneous force mea-
surements allowed us to analyse the adhesive behaviour and to get a direct measurement of
the interfacial shear stress as a function of the rubber viscoelasticity, the sliding velocity and

the environmental temperature.

e Direct evidence was presented that little adhesion occurred at the ice-rubber interface,

regardless of the temperature.
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Figure 8: Evolution of shear stress with sliding velocity at -10°C for rubber 1. Experimental shear stress
with S = constant (blue empty squares) and blue line for predicted shear stress with S = constant. The
experimental in-situ shear stress is also reported for reference (blue full diamonds). The vertical bars represent

the standard deviation. When not indicated, it is smaller than the symbol size.

e During sliding, the contact area was also independent of the temperature, being mainly
governed by the mechanical properties of the rubber and only slightly dependent on
the sliding velocity.

e Nevertheless, the interfacial shear-stress evolution with sliding velocity showed a bell-

shape curve with a maximum at intermediate velocity.

e The position of this maximum hardly varied with viscoelasticity.

From these results, a complex picture emerges, in which the rubber viscoelasticity does
not dominate at low velocities, while the thermal effects do not govern the dissipation at
higher velocity. The use of the WLF transform did not lead to a master curve. A simple
analytical thermal model was proposed to calculate the friction-induced heat within the
interface. We thus calculated the average contact temperature and analyzed the ice-rubber
friction in terms of a dimensionless master curve, (1), formed by the collapse of all the data,
irrespective of the temperature and the material properties. The physical meaning of this
master curve was then discussed and correlated with the adhesive-viscoelastic contribution.
Finally, a predictive friction model was proposed and validated experimentally.

Our findings give new insights into how the interplay between adhesion-viscoelasticity

and thermal dissipation affect the frictional response of an ice-rubber interface: friction was
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found to result from a multiplicative coupling between an adhesive-viscoelastic contribution,

modelled here using Chernyak-Leonov description, and a thermal contribution.
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Highlights

- lIce-rubber friction over five decades of sliding speeds and temperature down to -
20°C

- Investigation of the adhesive and viscoelastic contributions

- Analytical modelling of the thermal dissipation

- Friction mastercurve, regardless of viscoelasticity and environmental temperature

- Multiplicative viscoelastic-thermal contributions to friction mechanisms





