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Abstract
Ice friction p lays a ce nt ral role in ve hicle and a human motion during w int e r, in sp ort e ng ine e ring
or in geological processes. Although various in their area, all of these topics require similar
understanding, namely understanding of how the ice surface behaves when it gets into contact with
an external body. The aim of the work undertaken in the frame of this thesis was to propose a
methodology chain which can help to investigate the frictional and contact mechanical processes
especially active during rubber – ice interaction; and to use this chain in broadening our
understanding in the physics of tire-ice contact.
Spe ciﬁ cally, during t he doctoral w ork re p ort e d he re laborat ory scale rubbe r-ice friction te st s w e re
carried out and studied in details using various microscopy and surface topography techniques
under the most severe conditions, on medium warm and on warm ice. The result of the study using
different microscopy techniques allowed to conﬁrm the presence of several frictional mechanisms.
Their relevance was found to be dependent not only on the ice surface but also on the slider
material. Signiﬁ cantly different mechanisms were activated for soft and for hard rubber
compounds. For soft compounds, the governing frictional mechanisms were the removal of surface
frost via cutting and/or frictional heating, scratching of the softening ice by hard ﬁller particles and
shearing of a quasi-liquid layer by capillary drag. For stiffer compounds, the contact proved to be
m o re l o c a l i z e d , r e s u l t i n g i n h i g h l o c a l p re s s u r e s , c a u s i n g p l a s t i c d e f o rm a t i o n a n d l a r g e r s c a l e l o c a l
melting. Additional multiscale surface analysis was also performed by White Light Interferometry,
w h i c h i s b as e d o n t o p o g rap h y me as u re me nt . It s h o w e d t h e e arl y ap p e aranc e i n al l t e s t s o f c i rc u l ar
liquid like features on ice. They were interpreted as quasi liquid droplets, indicating the generic
importance of thermally activated processes with their presence. Modiﬁcation of the rubber surface
roughness using different silica types also proved to impact the tribological performance, mostly
by modifying the e xte nt of ice scrat ching . Furthe r e xp lanat ion of the contact p roce sse s w as g aine d
f ro m qu ant i t at i ve anal y s is o f t h e Re al A re a o f C o nt ac t . M i c ro - C o mp u t e d To mo g ra p h y ( mi c ro - C T) ,
coupled with speciﬁ c image analysis algorithms was introduced for ﬁ rst time in rubber contact
mechanical analysis. It allowed to directly visualize and quantify the contact state on micro scale
without disturbing the tribo system. Different contact pairs were investigated, allowing to compare
the rubber-ice contact to the better understood rubber-dry rough surface contact. The results
highlighted the importance of the rubber roughness and surface quality.
The better understanding of the governing tribological processes of the rubber – ice interaction
helps to open new research directions and thus to improve the rubber compounds and tire tread
patterns.
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1. Introduction

1.1

Background

Among the conventional road surfaces, the friction is the lowest on icy roads
[1][2][3]. The reduction of friction on road pavement during winter increases
the chance for traffic accidents [2][4]. Under such slippery conditions the
pneumatic tires, which are the only contact between a vehicle and the road
surface where force can be transmitted, need to satisfy challenging requirements. There are also other situations when low grip on ice poses safety concerns. Accidental fall caused by slipping shoe soles represents the third most
common cause of disability and the second of fatal accidents [5]. The wintery
road conditions, which can be described by different type of slipperiness [6],
are posing important challenges for the road maintenance authorities, as well
as for the tire and rubber manufactures.
In order to meet these challenges, the tire industry invests significant resources in material and product development. Prior releasing a new tire on the
market, extensive research ensures that it achieves the required performance.
Developing new compounds, designing new tread patterns, performing simulations and conducting extensive in- and outdoor product testing are important tasks of the research and development process. The objective is to generate the highest friction forces possible under the braking tire, thus reducing
the braking distance and avoiding challenging traffic situations, lowering the
risk for injuries [7].
In addition to the full scale tire testing, laboratory scale research is also conducted, focusing on the better understanding of the fundamental mechanisms
governing the contact. For these tests, small rubber blocks are manufactured,
tested on different counter surfaces and the coefficient of friction evaluated.
The results are then used to extrapolate to larger scales and to predict the performance of given tread geometries or compounds [8][9][10]. These types of
measurements help to reduce the test variability, since the environmental and
loading conditions are easier to control in a laboratory.
Although numerous rubber-ice friction experiments have already been performed under various conditions, the comprehensive description of all fundamental frictional mechanisms is still missing. Such complete summary would
not only be useful for compound and tire development, but also necessary to
better plan road surface maintenance activities, such as de-icing or cleaning.
Besides the automotive industry and the road maintenance, other fields like
the sport industry [11][12][13] or research groups conducting fundamental
13

nano- and microscopic scale studies [14][15] can also benefit from a broader
understanding of ice friction. The ongoing Arctic boom also emphasizes the
importance of sea ice friction in many applications, from ship motion to improved work safety and machines reliability [16][17].

1.2

Aims and scope

The principal focus of this thesis was to gain a more complete knowledge of the
contact processes active when rubber is squeezed against an ice surface and is
sliding over it. Since the complete description of the complete physics is outside of the realistic scope of a single work, emphasize was also put on identification and possibly definition of future research directions.
This dissertation covers several subjects, including the quantification of the
surface characteristics of rubber and ice; as well as the description of the contact mechanics and frictional mechanisms governing the interaction. To tackle
these areas, specific tools were introduced during the research work and a
methodology chain for their most efficient application developed.
Traditionally, linear friction testing is used for quantitative characterisation
of the contact on laboratory scale. It can furnish a generally accepted measure,
the coefficient of friction, and in this work the rubber-ice coefficient of friction
was determined for many conditions. An inconvenience of this measure, however, is that it is influenced by many design and nuisance factors, such as the
rubber compound properties, the surface characteristics of both rubber and
ice, or the loading conditions. The results are also sensitive on change of environment, like variation of temperature and humidity. Additional efforts were
therefore taken to efficiently reduce the impact of these parameters and to
gather independent process characteristics.
The first method which allows to draw more general conclusions is based on
simple observation. Looking at the ice surfaces using different microscopy and
surface topography techniques in-situ or post testing helps to get visual insight
into the tribological processes. The aim of the surface analysis steps introduced in this work is to describe the different wear and contact features that
can be observed on ice surface after the passage of a rubber block. The classification of the different types of contact features helps to provide a better understanding of the principal mechanisms, taking also into account many influencing factors, such as the surface and compound properties. The determination
of the length scales on which these features are present also answered interesting questions, like at which scale ice does melt in reality.
Revealing the frictional mechanisms is one important point, but since practically all tribological phenomena occur where the tribo-pairs are truly in contact, there is a need for knowing more about the Real Area of Contact (RAC)
and contact mechanisms. This area is generally only a fraction of the nominal
contact area and its quantification is essential for the correct understanding of
the contact physics. To perform contact area analysis, a novel methodology
based on micro-CT measurement coupled with image analysis is introduced.
The task was to further advance the use of micro-CT and to introduce a new
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technique in contact mechanics with application examples of the determination of the RAC and analysis of the contact mechanics between rubber materials and different counter-surfaces.
Once the frictional mechanisms are identified, and broader knowledge is
gained about surface characteristics and contact mechanics of the rubber and
ice, one can perform numerical calculations to answer some questions which
cannot be seen solely from microscopic or topography images. An example
research question was related to the impact of macro and micro dispersion
reinforcing filler on the tribological performance of rubber compounds on ice.

1.3

Scientific contributions

The research presented in this thesis contributes to the better understanding
of the tribological processes which occur when tire tread rubber contact to ice,
furthermore bring new knowledge about the contact mechanics analysis of
rubber on different type of counter surfaces.
Using ex-situ surface characterization techniques, different wear features of ice
surface generated during linear friction testing with rubber compounds having
different bulk stiffness levels were observed. The type of the wear features were
linked to the rubber stiffness indicating differences in the nature of frictional
mechanism. 3-D characterization were also presented on ice surface features i.e.
deposited frost, crystalline grain boundaries. As a major result, intra-granular
deposited contact features were observed at some condition in parallel to the
sliding direction which are proposed as sheared quasi liquid layer (QLL) indicating surface premelting. The parallel aligned QLL ridges show that rubber surface roughness might induce capillary shearing. (Article I)
To visualize and precisely quantify the contact area between rubber samples and
various road surfaces, a novel analysis method was developed using microcomputed-tomography coupled with custom developed image analysis algorithms. The contact area was determined in the function of normal load for the
different contact pairs. Different contact mechanisms were observed by analysing the deformation of the rubbing-surfaces. Rubber-rough rigid contact is governed by rubber bulk deformation, rubber-smooth rigid contact is governed by
rubber asperity deformation, and lastly, rubber-rough deformable contact is
governed by both the rubber bulk and counter surface deformation. The study
further advanced the use of micro-CT in the field of contact mechanics. (Article
II)
White Light Interferometry measurements were performed first time on real ice
surfaces during linear friction testing to track the surface evolution at different
length scales. A contribution was made by showing the feasibility of the nondestructive in-situ method which allowed 3D surface characterization on real ice
surface. Droplet like features were observed on the ice surface already after one
sweep which emphasizes the importance of the thermally activated processes
during rubber-ice contact showing that the surface is probably always lubricated
by quasi liquid layer. Observations showed that the droplets remain on the
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peaks and valleys as well indicating that they do not flow due the rapid freezing
or due to the high viscous state. (Article III)
The effect of rubber surface roughness was investigated on warmer and colder
smooth ice surfaces for rubber samples having different stiffness levels. The friction testing, post –sliding ice surface characterization and finite element simulations showed that the silica type has an indirect impact on ice performance by
altering the contact mechanism. On warmer ice, regardless of rubber compound
stiffness the increased rubber roughness led to higher friction, while on colder
ice the stiffer rubber compound performed better with smoother surface. This is
explained by the scratching ability of the hard filler particles influencing the additional ploughing force. (Article IV)

16

2. Theoretical Background

A considerable number of research works focusing on ice friction were published in the last decades. The aim of the following section is to give a short
review of these past efforts, especially highlighting results about rubber-ice
contact systems. The ultimate goal is to define the boundaries within which
the doctoral work should proceed. Transferring the already existing knowledge
related to the physics behind the low – or sometimes high – friction on icy
surfaces will prove to be essential when defining methods to study the rubberice friction process.

2.1

The mysterious surface of ice

While researchers have long attempted to unveil the predominant friction
mechanisms on ice, a common consensus is still missing regarding the very
nature of its surface structure.
In 1860 Faraday published his theory about the presence of liquid layer on
the surface of ice, which he used to explains its slipperiness and regelation
[18]. Notoriously difficult to prove, his concept was replaced by other theories,
like the well-known theory of pressure melting. Recently, with the improvement of observational techniques, the “liquid layer theory” was resurrected.
Many researchers studied the surface of ice during the last decades using various techniques. Some important milestones were achieved using dynamical
low-energy electron diffraction [19], sum-frequency generation vibrational
spectroscopy[20], photoelectron spectroscopy[21], spectroscopic probes using
Raman scattering [22], x-ray reflection[23], atomic force microscopy[24][25],
laser confocal microscopy combined with differential interference contrast
microscopy [26]. Most of them confirmed the presence of a layer with properties different from those of the bulk ice and also of water. Nowadays, this
phase is called “Quasi-Liquid Layer” (QLL), since according to the measurement results its structure is disordered, and its density is higher than the density of the ice. The appearance of such a liquid layer on the surface close to the
melting point is linked to the local interfacial energy state. In order to decrease
the interfacial energy between the solid, crystalline ice and the vaporous (air)
phase, pre-melting occurs on the surface of the solid. The new phase – following the requirements linked to the equilibrium of the Gibbs free energy should be liquid like. Furthermore, interfacial melting occurs as well if a (nonice) solid makes contact with ice, due to the surfaces forces [27][28].
17

It is interesting to note, that the surface of the water (and generally the liquids) has also different structure compared to the bulk. Due to the “unequilibrated” cohesion forces between vapor and liquid, the surface molecules
tends to move closer to the bulk making the surface layer tougher, which then
behaves on an elastic way [29]. The elastic type membrane on the water surface enables very interesting phenomena, such like making the walking of water lily beetle on the water surface possible, or the low wettability of salvinia
leafs. [30].
An alternative theory, trying to challenge the presence of the quasi liquid
layer appeared in the work of Sun et al. [31]. The authors focused on the cooperative relaxation of the hydrogen and covalent bonds in and between the water molecules, and proposed that both water and ice is covered with a supersolid skin [32]. Due to the molecular under-coordination, the H-O covalent
bond shortens while the O:H hydrogen non-bond lengthens causing change in
the density (decrease), melting point (increase), viscosity (decrease) and
makes the layer hydrophobic and polar. The less dense, elastic, thermally stable super-solid phase on the surface of the water and ice could also induce the
so called Coulomb levitation force. This levitation is then potentially responsible for the slipperiness of the ice [33]34].
Beside its slipperiness, ice inherently possesses with a particular, rapidly
changing surface [35][8][36][37]. It is therefore a rather challenging, if not
impossible task to keep its surface "stable" for any type of testing procedure.
The fast sublimation rate leads to a surface with continuously evolving microscopic roughness and crystalline microstructure. This fact will be discussed in
details in subsequent sections of this thesis.

2.2

Frictional mechanisms

Different kind of frictional mechanisms, listed in the following section, were
discovered using various measurement techniques. Over the past decades researchers gained a good insight through friction testing, microscopy analysis,
and modelling. As discussed in the introduction, the ice is a challenging surface and interacting with different materials the list of frictional mechanisms
can be very long. There is no study which could cover the whole range of temperature and roughness scales that is why the research of ice friction is so
complicated.
First of all, it is important to note that the relevance of any postulated friction mechanism will strongly depend on the application area and corresponding operating conditions and slider parameters.
Plastic deformation of ice
In the case of speed skating, researchers found that friction coefficient during cornering is significantly higher than in straight skating [11][38]. Bearing
in mind that speed skating is usually practiced in an indoor facility with ambient temperatures above the equilibrium melting temperature of ice (resulting
in close-to-melting conditions on the ice), this observation can be explained by
significant plastic deformation of ice induced by the edge of the skate. Similar18

ly, Ducret et al. showed the importance of attack angle i.e. the angle between
ice asperity and slider on the friction coefficient using a model equation based
on plastic deformation of materials [39]. The motion of a curling stone is described to be driven by ploughing caused by surface asperities of the stone as
shown by Nyberg et al.[12]. Fülöp and Tuononen [8] used the observation of
contact features on the ice surface after rubber sliding to show that rubber-ice
friction is also strongly influenced by elasto-plastic-viscous deformation of ice.
Klein-Paste and Sinha [40] have investigated the friction mechanisms of icy
runway pavement covered by sand and observed dislocation generation and
multiplication on the ice surface where rubber-ice contact occurred while
scratches and re-crystallization were observed where sand was present on the
surface.
Rubber hysteresis
Another, currently hotly debated topic is the heat generation resulting of rubber hysteresis and its contribution to rubber-ice ice friction. One of the first
studies about rubber hysteretic contribution to ice friction was performed by
Walker and Southern [41] where rubber viscoelasticity could fully explain ice
friction at a very low sliding speed. Another study by Roberts and Richardson
demonstrated that friction coefficient of rubber on dry glass at -20°C is roughly the same as on polished ice at a similar temperature[42]. However, while
the friction coefficient on ice shows a continuous drop as the temperature approaches its melting point, the friction on dry glass remains invariant of the
temperature.
Adhesion
The adhesion between rubber and ice has been studied using Hertz elastic contact theory [42]. The results showed that the pull of force needed to separate
the two surfaces decreased drastically above about -10°C, which might be explained by the presence of a lubricating layer and mechanical softening of the
sintered ice which bonds the rubber surface to the ice block. Maeno and Arakawa [43] further considered ice sintering mechanisms and showed that its
effect becomes significant at lower velocities and higher temperatures. Szabo
and Schneebeli have published a theory of sub-second sintering of ice [44]
showing that the sintering of ice is due to freezing of the superficial liquid-like
layer. The work of Blackford [45] also reinforced the possibility of liquid-phase
sintering during rubber-ice friction tests. Petrenko also briefly reviewed the
different type of adhesion of ice, like covalent bonding, Lifshitz-van der Waals
forces and electrostatic interaction [46].
Melt water or liquid like layer and levitating super-solid skin
The presence of melt water layer on the ice surface causing low friction has
long been a commonly accepted understanding [47][36][37]. Oksanen [48]
showed that friction is governed either by the conduction of heat or shearing of
water layer depending on the temperature difference of the contacting bodies,
considering the fact that a thin layer of water is always present in the contact
process. Dash[49] also indicated that the frictional resistance is coming from
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the viscous shearing of the meltwater film. Kietzig [50] explained the contribution of the drag force arising from the shearing of water capillary bridges
formed between contacting bodies. According to the study [33] and [34] the
strong Coulomb repulsion between the under-coordinated molecules and bulk
molecules makes the ice slippery. The change in the length of the bonds results
high elasticity, self-lubrication and low friction of the ice [32].

2.3

Representative ice friction models

Many theory have been developed during the past few decades to describe the
friction mechanisms on ice using mathematical models. Researchers have
been accounting for the thermal and mechanical properties of the contributing
materials and the test parameters like sliding velocity, normal load and contact
surface conditions. The models presented below uses different assumptions for
the governing friction mechanisms on ice. Their common characteristic, however, is that they all introduce a set of theoretical parameters to match the experimental data. Although many of these parameters are physically inspired,
they are difficult, sometimes even impossible to access experimentally, thus in
reality they act as fitting parameter(s). Thus these models could only be efficiently used to predict the friction for a larger systems like tires, if first a preliminary study is performed to find the fitting parameters.
Oksanen and Keikonen [48] derived the equation of friction of ice assuming the
shearing of the water layer as the main mechanism generating the friction force.
Two frictional regimes are distinguished; 1) when the temperature difference is
large the heat conduction dominates, 2) when the temperature difference is
small, the viscous shearing part plays a bigger role.
Akkok et all. [51] were considering of ice softening, where the ice is wearing so
fast that the original layer is no longer in contact. In this case the heat which
would be needed to melt the ice goes always away.
In the model developed by Colbeck [52] for slider on snow, the different mechanisms of friction are distinguished; 1) friction coming from the shearing of the
capillary bridges; 2) dry friction, when asperities are in contact and 3) friction
due to the shearing of the water film.
Makkonen and Tikanmaki [53] gave a thermodynamic approach to determine
the kinetic friction of ice. The model is partially based on the work of Oksanen
and Keikonen including new features such like squeeze-out and effect of contact
pressure.
Persson [54] used a phenomenological description for the change of the shear
stress of the surface, which indeed, cause a changing friction coefficient below
the melting point of the ice. He claimed that the exponentially changing shear
stress is caused by the softening of the ice which is resulted by the presence of
quasi liquid layer.
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Klapproth et al. [55] developed a viscous model to study rubber-ice friction and
used it for compound ranking. Their model based on thermodynamic and hydrodynamic aspects and studies the squeeze-out and saturation effect at different operating conditions. Combining with macroscopic effects, the model could
describe more realistically the effect of liquid lubrication on rubber-ice friction.
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3. Methodology

The devices, measurement, analysis and modelling techniques presented briefly in this chapter were all applied to perform the studies within this dissertation. Although sometimes it might seem that the research fields involved are
far from each other, this multi-disciplinary approach was proved to be necessary to find the answers for the raised scientific questions, since they were allowing to analyze the problems from different perspectives.

3.1

Linear friction testing

For ice friction related researches different type of friction tester are used depending on the aim of the investigation. The frequently used machines are
rotational [56][51] or linear [57][58]. During this study the measurements
were performed using a linear friction tester, which operates in the cold chamber at the Aalto University [8][10]. The schematic drawing of the use of this
friction tester is shown on Figure 1. The measurement protocol consists of
four steps: load, sweep, unload and back to the starting point. During the
sweeps, the normal and the friction forces, as well as the sliding speed were
measured and saved.
In the course of the measurements a wide range of normal load and speed
values were applied. The normal load acting on the rubber samples was between 1 and 5 bar; and the sliding speed was between 0.5 m/s and 1 m/s. The
ambient temperature during the measurements were set to -50C or -100C. The
rubber samples were made from winter tire compound with low glass temperature (TG) value, cured in a rectangular mold with a dimension of 25x25
mm and p
provided byy the Goodyear
Rubber & Tire Co.
y

Figure 1. Schematic drawing of the friction tester

23

The traditional, Coulomb friction was calculated using the formula μ = F longituF vertical. Discrete friction values were obtained by averaging the measured
values within a section of the dynamic sliding regime, as shown on Figure 2.
The length of the section was adapted to fit the particular goal of the measurements. The repetition of the friction tests multiple times on the same sliding track allowed to record the evolution of friction coefficient in the function
of the sweep number. An example for such dataset is shown on Figure 3.
dinal /

Figure 2. Calculation of dynamic friction coefficient

Figure 3. Example friction evolution in the function of sweep number measured by linear
friction tester.

In the Article I, Article III and Article IV linear friction testing was performed to study the tribological behaviour of rubber compound samples and
wear features of the ice surface. During the test session presented in the Article I, the aim was to see the different type of contact and wear features after
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the passage of rubber blocks of different stiffness. In the Article III, the surface evolution was tracked on the same ice surface during continuous testing.
The friction testing presented in the Article IV aimed to study the effect of
rubber surface roughness.

3.2
3.2.1

Surface characterization
Replication of ice surfaces

Different techniques exist for ex-situ analysis of the ice surface. Within the
frame of this thesis, a dental casting material, vinyl-polysiloxane was used to
replicate the ice surfaces. The methodology followed the protocol introduced
in [56]. The advantage of the casting material, originally used for surgery level
treatments, is its high precision. It also generates only negligible heat during
polymerization, which is very favorable on ice. It can be used at very low temperatures at the expense of long polymerization times (4-5 hours at -10°C instead of 1-2 minutes at +25°C). The casting, contrary to a real ice surface, has a
long term stability and insensitivity to heat input; a definite advantage during
later microscopy analysis.
The casting produces negative replicas of the ice surface. In some applications, it is advantageous to use positive replicas. These can be prepared from
negative replicas with a second casting step, this time using polyurethane as
casting material. Figure 4 shows the process flow and the resulting positive
imprint of the ice surface. Based on previous experience and publications, we
expected the resolution of the silicon and polyurethane castings to be below
one micron, enabling to observe the surface features relevant for this study
[59].
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Figure 4. a) Replication of the ice surface (positive replica); b) negative (left) and d) positive (right) imprints of the surface

3.2.2

Microscopy techniques

The ice surfaces were characterized during the studies presented in the Article I, Article III and Article IV using different microscopy methods.
Figure 5 shows a representative in-situ optical microscopy image of an original, one day old ice surface, as taken by an X-Loupe A-series portable microscope. The method developed and applied during this work allows to capture
the grain structure, small features, like different frosts types (square 1, 2, 3)
and etch-pits. A detailed analysis of the features on the ice surface is discussed
in the Article I.
Although high quality images can be captured using the portable system, this
technique has some disadvantages. The observable surface area is rather
small; and the time available for image recording without damaging the ice
surface is quite limited.
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Figure 5. a) In-situ optical micrograph of an aged ice surface (1 day after preparation); b)
magnified area where the squares show different types of frost features: 1st square – needle type, 2nd square - dentritic and 3rd – plate-like; c) etch pits

To overcome the disadvantages of the in-situ microscopy, ex-situ techniques
were applied on ice surface replicas instead. Figure 6 and Figure 7 show the
images captures with a high resolution optical microscopes, Keyence
VHX1000 and VHX5000 respectively. To gain even deeper insight about the
surface structure of the ice, Scanning Electron Microscope (SEM, Zeiss) was
also used on the replicas.

Figure 6. a) Aged surface; b) Mechanically cleaned, polished surface
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Figure 7. Optical microscopy height profile measurement on the positive ice casting

Optical microscopy measurement was also performed on the rubber surface
to analyse the size and dispersion of the exposed silica agglomerates. Figure 8
shows an optical image and the dispersion diagram of the silica agglomerates
of the tread rubber sample used for the friction testing in Article I.
The full sets of results obtained with the different microscopy techniques are
discussed in the Article I and Article IV.
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Figure 8. Filler dispersion in the soft rubber compound

3.2.3

Topography techniques

The microscopy techniques presented in the previous section made a qualitative description of the ice surface possible. The White Light Interferometry
technique allows to perform quantitative analysis of the surface topography.
An ex-situ measurement was performed on replicas using Polytec TMS600
device (with lateral and vertical resolutions of 12.6 μm and 50 nm) in the study
of the Article I. In a later part of the PhD project, a Bruker Contour GT-K
Automated System (with lateral resolution of 98 nm) was installed in the cold
chamber at the Aalto University. During this thesis, used for the first time on
ice, allowed to characterize the surface roughness before and after friction testing. The related study is presented in Article III.
The in-situ WLI proved to be a valuable addition to the microscopy analysis
and WLI on replicas. Although in-situ WLI is a powerful tool, it has to be noted that replication is reliable at colder temperature where the in-situ used WLI
device might have problems, furthermore replication is also possible on outdoor surfaces and allows of using a larger variety of high resolution microscopy techniques.
The measurements on the replicas (Article I) and on the real ice surface
(Article III) show a good agreement when only considering the height of the
frost peaks. The lateral resolution of the ex-situ WLI used, however, was lower
compared to the in-situ system, not allowing to record the smaller features.
The high lateral resolution of the device located at the Aalto University, which
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was used for the in-situ measurements, made the measurement of the grain
boundary depth possible. Also, it allowed to better quantify the size and shape
of the quasi liquid droplet-like features visible after friction testing. The measured depth of the grain boundaries was found to be similar to the value determined by the optical microscopy (see on Figure 7).
Although quantitative surface roughness analysis was performed by both
WLI devices, the method presented in the Article III has the benefit of scanning the ice surface immediately and always exactly at the same place without
any surface disturbance.
Representative images taken by the in-situ WLI are shown by Figure 9.
Figure (a) shows the surface of the untouched, aged ice surface on a 5x5 mm2
area and Figure (b) depicts a more localized image captured at high resolution
presents the ice surface after one sweep with a rubber sample.

Figure 9. Ice surface topography measured by WLI at different magnification levels (Article
III)

3.3

Micro-computerized-tomography

A method of applying micro-computerized-tomography for studying the RAC
between rubber and various surfaces was developed during this PhD project. A
specific image analysis software was developed to process, analyze and visualize the micro-CT images.
The micro-CT is not yet widely used for contact mechanical analysis, the related applications are mainly connected to the dental implant research. The
goal of the study presented in the Article II was to further advance the possibilities of micro-CT for rubber testing. Its application in contact mechanics has
the advantage of avoiding the introduction of artificial transparent surfaces or
third layers (like painting, or pressure sensitive film) to study the RAC.
Two micro-CT devices were used for the study, a Bruker/Skyscan 1172
equipped with a compression load cell and a custom built device presented in
[60] equipped with a cold chamber operating at -100C. The load range applied
was between 0.5 bar and 4 bar. Softer and harder rubber samples were
squeezed against counter surfaces having different elastic and roughness
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properties. The contact pairs studied in the Article II are presented by Figure 10.

Figure 10. Rubber samples coming into contact with various counter-surfaces: (a) sandpaper; (b) flat plastic; (c) snow and phases in the contact systems of (a”) rubber-hard
rough surface, (b”) rubber-hard smooth surface, (c”) rubber-deformable rough contact
pairs

To get quantitative information about the RAC, image analyses algorithms
were developed to segment the phases of the contact pairs and determine the
contact and non-contact points. The pre-processing of the images was similar
for all types of micro-CT images. As a first step, a Region of Interest (ROI) was
selected in the first image, then it was applied to the images in the sequence.
Noise filtering on the ROI was used in order to appear the phases more homogenous which facilitate the segmentation. The main steps of the process
flow are shown on Figure 11 and the related segmentation steps which had to
be adapted for each individual test case, are detailed below in Table 1:
Table 1. Segmentation steps for the three different contact pairs
Contact pair
(a) Rubber-sandpaper

Challenges in processing
x 4 phases images
x Low contrast between glue and
rubber phases

(b) Rubber – flat plastic

x Weak homogeneity in plastic
phase
x Low contrast between rubber and
plastic phase

Segmentation steps
x Otsu algorithm for sandpaper
particle and background (air)
segmentation
x Boundary detection algorithm
for rubber and sandpaper segmentation (detailed below in
text)
x Otsu algorithm for the background (air) segmentation
x Geometrical segmentation of
plastic phase – manually drawn
line on first image indicates the
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(c) Rubber snow

No particular difficulties, good contrast between phases

boundary coordinates of plastic
phase for the image sequence
Otsu algorithm

The custom developed boundary detection algorithm was not detailed in Article II, thus a description is given below. The custom-built boundary detection
algorithm on the black and white images shown by “Background Segmentation” in the (a) column of the Figure 11 makes the rubber distinguishable from
the sandpaper. The algorithm finds the interface pixels between the two phases starting from the top of the image. When the interface point is found, a
marker is placed at the location and jumps into the next column of pixels.
When all the interface points are found, the next step is to filter the outliers
from the real interfaces points. To eliminate those outliers the mean vertical
position of the interface points is calculated and the points outside the standard deviation are deleted. To avoid the unnecessary deletion resulting from the
tilt of the surface (which can be significant along the whole length of the micro-CT image), the image is divided into two parts which decrease the distance
between the minimum and maximum of the real interface points and the
above mentioned procedure is run. When only the real interface points are on
the image, the neighbour pixels are connected to each other, drawing a continuous boundary along the rubber interface. The white points above this boundary belong to the rubber phase, while the white point below this boundary belong to the sandpaper.
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Figure 11. Main steps in the image-processing algorithms; (a) rubber-rigid rough surface
contact (5.4-μm pixel size), (b) rubber-rigid smooth surface contact (2.04-μm pixel size),
and (c) rubber-rough deformable surface contact (28-μm pixel size).

3.4

Contact modelling

When rough, inhomogeneous rubber surface is in contact with the flat, deformable ice surface, the study of deformation of rubber and ice around the
hard filler particles is one of the main interest. In the study presented in Article IV, FEA was performed with ABAQUS/Standard using hyper-elastic Ogden strain energy potential [61] for the rubber, linear elastic material model
for the ice and rigid material model for the silica in order to analyse the contact state between rough rubber and smooth ice surfaces as schematically
shown by Figure 12.
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Figure 12. Rubber ice contact on different lenghtscales; a) and b) are the mechanical
meshed models for rough rubber-smooth ice contact demonstrating different rubber
roughness surfaces. The normal pressure is 0.2 MPa, L and l1 (width and height of the
rubber) are equally 0.5 mm, l2 (height of ice) is 0.1 mm, and r and q (radius of the silica
particles) are 30 and 10 micron respectively.

Table 2 contains the parameters of the Ogden model and the resulted stressstretch ratio curves (given by equation below) for two kind of compounds presented in Figure 13. For simplicity, two values (1 GPa and 9 GPa) were taken
for ice elastic modulus that would represent soft and hard ice surfaces
[62][63].
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Where ߣҧ are deviatoric principle stretches, ߣҧ ൌ ିܬయ ߣ ; J is the total volume
ratio and ߣ are the principle stretches. N=3 and ߤ and ߙ are material parameters.
Table 2. Parameters of the Ogden-model for soft and hard compound

soft
hard
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μ1
0.520877
0.697903

μ2
0.008937
0.029962

μ3
0.01
0.01

α1
1.756147
2.158891

α2
1.756032
2.161771

α3
0
0

Figure 13. Stress-strain curves calculated for soft and hard rubber compound using
Ogden-model

3.5

Summary of the methodologies

Figure 14 summarizes the methodologies used by the studies presented in this
thesis. The tribological parameter, like the dynamic friction coefficient determined by the linear friction tester describes the frictional performance of the
rubber by a discrete value. The various microscopy and micro-computed tomography measurements are performed for surface characterization and the
quantification of the contact area which helps to understand the tribological
processes. The numerical investigation by FEA allows to see processes which
cannot be seen and measured solely by experimental means. The main results
of the studies are detailed in the next chapter.
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Figure 14. Overview of the methodologies and results of the study
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4. Results and Discussion

The results of the Articles I-IV made during the doctoral project are summarized in this chapter. The main findings of this thesis broaden the knowledge
about the rubber-ice friction mechanisms and can trigger further work in rubber compound development.
The elementary understanding of the frictional mechanisms through morphological analysis of the ice surfaces, presented in Article I, Article III and
Article IV, led to further research question regarding to the real area of contact between rubber and various surfaces. During the study of RAC it was
found that rubber behaves on a different way when contacting to counter surfaces having different elastic properties and surface topography, see Article
II. It is also essential to consider the length scale of the contact occurring between the surfaces. Since most of the tribological mechanisms happen in the
RAC, it is very important to know the type of the contact before moving to special modeling of the frictional mechanism. Some mechanism could be more
important than the other at certain contact condition, but it is crucial to note
that in the case of friction on ice, always more mechanisms play role together
for the friction. Modeling the contact state based on measured surface properties (as done in Article IV) can advance the understanding of non-observable
phenomena and might refocus the research and development.

4.1

Frictional performance of rubber on ice

Linear friction measurements were performed to see how the different surfaces, compound stiffness and loading conditions modify the coefficient of friction.
4.1.1

Effect of bulk stiffness

The study presented in Article I investigates the effect of the bulk stiffness on
the friction properties of rubber slider and the related frictional mechanisms.
Figure 15 contains dynamic friction coefficients of rubber compounds of
varying stiffness under different load and sliding speed conditions. The dynamic coefficient of friction values are presented as normalized with respect to
the soft compound. It is clear that the dynamic friction coefficient on ice is
defined by the real area of contact which is linked to the stiffness of the contacting rubber [64] [65]. The higher the rubber stiffness, the lower the real
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area of contact and the lower the friction coefficient on ice. Shore A hardness
and storage modulus of the compounds used in the study at -10 0C are:
x 53 and 7.6 MPa for soft compound,
x 65 and 17,2 MPa for medium compound, and
x 71 and 26.2 MPa for hard compound.
The effect of normal load and sliding speed on rubber-ice friction is in fact
relatively well-established in the literature [42][36][57]. With increasing energy input as a result of increasing load and/or speed, the measured friction decreases as shown in Figure 15. The amount of heat generated during contact
influences the relative importance of the properties of two contact pairs on
tribological performance. It can be generalized that at lower testing speed
and/or normal load there is less influence of ice surface related processes
while there is major influence of compound stiffness.

Relative friction coefficient [-]

1.8

Soft compound

1.6

Medium compound

1.4

Hard compound

1.2
1
0.8
0.6
0.4
0.2
0
High Load - High High Load - Low Low Load - High Low Load - Low
Speed
Speed
Speed
Speed

Figure 15. Tribological performance of rubber compounds under various normal load and
sliding speed conditions at -10 0T.

4.1.2

Effect of surface roughness

Additional to the bulk stiffness, the surface characteristics of the rubber has
similar importance on the frictional behaviour. In the study presented in the
Article IV, besides the rubber stiffness the effect of rubber surface roughness
was investigated on the friction between rubber and ice to get insight for possible frictional mechanisms. The soft compounds have a Shore A hardness value of 58, while the hard compound reached a Shore A hardness of 67 at -10 0C.
Each rubber sample (soft and hard) had two type of counterparts; one having
fine silica particles (125 m2/g) while other having coarse silica particles (160
m2/g). The presence of fine silica particles resulted a smooth contact surface
while the coarse silica particles resulted a rough contact surface. Two test se38

ries were performed for both counter surfaces. For the first test series (Test 1)
the waiting time between the sweeps kept short, inducing higher ice temperature, while for the second test series (Test 2) longer waiting time was applied
in order to have lower ice temperature. The resulted average dynamic friction
coefficients are shown by Figure 16.
In general, an increase in the stiffness level of the compound, irrespective of
the slider roughness and test method applied, leads to decreased friction coefficient (similarly to results presented by Figure 15) which is attributed to reduced real area of contact between the contacting bodies. It has to be noted
that compounds with smoother surface in general possess lower friction values
compared to those with rougher surface for Test 1 series. As it can be anticipated, the ice surface is softer and more deformable due to the higher heat
input of Test 1 protocol, thus the undispersed filler asperities of coarse compounds protruding from the rubber surface are able to generate additional
friction forces through higher local contact pressure leading to ploughing on
the ice surface. However, it is interesting to observe for Test 2 series that hard
compound with low surface roughness possess higher friction coefficients
when compared to coarse counterpart. The results also point out that the variation in the friction coefficient for different rubber hardness is larger when the
slider has a rougher surface, i.e. soft and hard samples with smooth surface are
closer performance to each other than samples having rough surface.

Figure 16. Average dynamic ice friction coefficients of studied compounds at -10 0T (error
bars calculated as 2σ of 10 consecutive sliding sweeps of which averages are calculated
from)

4.2

Contact marks

The study about the wear features and frictional mechanisms on ice surfaces
presented in the Article I showed that the stiffness of the rubber influence the
frictional coefficient through activation of different kind of mechanisms. The
previous section showed that the decreased rubber stiffness has a positive ef-
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fect on the frictional properties at any loading conditions at ambient temperatures of -10 0C.
The nature of rubber-ice contact found to be significantly different for soft
and hard rubber compound. For softer compound the friction is driven by the
removal of frost, scratching by the hard filler particles and shearing of quasiliquid layer, while in the case of harder rubber slider severe local contact pressure is assumed based on the observation of developing sub-grain boundaries
and local melting/refreezing features leading to more hydrodynamic friction.
Continuing the surface characterization presented in the Article I, the study
performed in Article III gave a quantitative surface roughness description
using an advanced in-situ WLI measurements. Taking advantage of the nondestructive and in-situ capability of the WLI, the surface of the ice was
scanned immediately and exactly at the same place before and after specific
number of sweeps with rubber sample.
4.2.1

The evolution of ice surface during soft rubber- aged ice contact

As presented by the microscopy images shown by Figure 5, ice surfaces are not
smooth but rather rough at microscopic scale. The size of the features were
measured by 3D optical microscopy, and by ex –situ and in-situ WLI. The
measurement results performed by the different methods were in a good
agreement. The intra and inter- granular features like frosts which are positive
features have a height around 10-15 micron (Article I and Article III), and
grain boundaries which are negative features are 4-6 microns (Article I and
Article III). Additional to the ex-situ WLI (Article I) the in-situ WLI (Article III) showed the low wavelength but bigger positive roughness of the aged
ice surface, which can be as high as 50 micron.
Figure 17 shows the appearance of the ice surface after 25, 50, 75 and 100
sliding sweeps and Table 3 summarizes the observed wear features and the related frictional mechanisms.
Table 3. Wear features and the related frictional mechanisms
Figure
(a)

Features
Rounded frosts

(b)

Heterogeneously distributed fine scratchlike marks within grain interior parallel to
sliding direction
Long continuous intra-granular scratches
with varying depth. Max scratch depth <
grain boundary.

(c)

(d)

All features presented above

Frictional mechanism
Cutting by rubber asperities or melting due
frictional heating
Sheared and channeled pre-melted surface
layer or scratch marks left by the surface of
rubber on higher grains
According to dimensional analysis, the features
are generated by ploughing of hard filler agglomerates exposed to rubber compound. The
mean scratch width is 12.5 μm and the silica
size distribution is shown by Figure 8.
Combined frictional mechanism

During the first few sweeps of the linear friction testing when the ice surface is
still contaminated by deposited frost, the cleaning – cutting by rubber asperities or melting due frictional heating – is the most important mechanism. The
low friction coefficient (shown e.g. by Figure 3), despite the initially cold ice
surface, could be due to the smaller RAC and the bearing effect of the broken
ice asperities. After the surface is getting polished, the RAC increases resulting
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higher coefficient of friction. Due to the larger RAC and decreased separation
height between the contacting surfaces the hard filler particles are getting
more often contact with the ice. These particles generate long, continuous
scratch marks by ploughing.
Although the number of the deeper scratch marks increases with increasing
sweep number, the evolution of the coefficient of friction has a decreasing
trend (shown e.g. by Figure 3) indicating the importance of the thermally
activated processes like higher surface lubrication which decreases surface
adhesion and surface softening.
After 100 sweeps, the density of the contact marks increase, but the different
features are still not homogenously distributed on all grains. There are still
grains which do not have contact marks (Figure (d) arrow 1) contrary to their
neighbors, showing the variation on the grain depth and the limitation of rubber deformability when sliding. Arrow (2) points to the long, deeper scratched
while arrow (3) shows shallow ones. The inhomogeneous pressure distribution
induced by the silica agglomerate is seen on the grain pointed by arrow (4).
One side of the grain has contact marks while the other side does not have.
Arrow (5) points to the fine intra-granular scratch-like features which origin is
discussed later.
Since the surface is being polished during the repeated sweeps, thus its shape
changes rapidly especially at lower sweep numbers, the likelihood of generating identical contact is low. On the other hand, when the friction is stabilized,
and the main frictional mechanisms are the liquid shearing and scratching,
there is more chance to produce identical contact.
The hard filler particles have definite influence on the frictional properties
(see Figure 16). The results will be detailed in the later section.
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Figure 17. Optical micrographs of the ice surface after a) 25, b) 50, c) 75, and d) 100 sliding sweeps using low stiffness compound

Liquid like features
The analysis by SEM showed that the intra-granular features parallel to the
sliding direction are positive shapes and most likely superficially deposited
molten and refrozen liquid residing on top of the ice surface, see Figure 18.
The high magnification image indicates that the liquid flowed and refroze in
the grain boundary as well. The liquid filling-in will be very likely impacted by
the grain-boundary structure, but the orientation of the grain boundary might
not have significant observable effect, since any such effect will be shadowed
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by the impact of the grain orientation dependence of the grain boundary structure. The study of the grain orientation - surface property relation was not in
the scope of this thesis, but it certainly should be considered in any follow-up
study. The size, shape and distribution of such features help to link their origin
to the Quasi-Liquid Layer (QLL), which is shown to reside on the ice surface.
The parallel aligned QLL ridges show that rubber surface roughness might be
responsible
for capillary
p
p
y shearing.
g

Figure 18. SEM image showing fine intra-granular contact features; a) and b) show the
filled grain boundary, c) is a magnified intra-granular region focusing on contact marks,
and d) shows sheared quasi-liquid droplets within the grain interior

In-situ WLI analysis performed during the course of a different linear friction
testing (Article III) investigated the liquid like features more in details, allowing for 3D characterization. The ice surface was measured after specific
number of sweeps during the continuous testing. The highest magnification of
the WLI clearly shows that the droplets appear already after the first sweep,
and most likely they are frozen droplets, as depicted on Figure 19. Their diameter are 5-10 micron and heights are about 10-50 nanometers. The droplets
dimension and shape are in a good agreement with the alfa-phase quasi liquid
layer studied by Sazaki [26]. It is interesting to note that the droplets are
aligned in the sliding direction (similarly to the features observed on Figure
18) and can be found on the tops and in the valleys as well, indicating that they
do not flow which might due to the quick freezing or due to the quasi-liquid
state (viscous, higher density). The number of the droplets does not increase
with increasing sweep number, actually decreases while the size increases indicating that the droplets merge.
It has to be noted that the liquid like features were observed at different ambient temperatures which might be responsible for the different appearance
seen on Figure 18 and Figure 19, and discussed in Article I and Article
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III. While in the first the ambient temperature was -10 0C in the later it was -5
0C which can affect the viscosity of the quasi liquid layer. At lower temperature, the channeled liquid layer might be more viscous; thus breaking them
into smaller droplets is more difficult than at higher temperatures. This might
explain the more circular shape of the liquid like features on Figure 19.
The harder rubber compound could also influence the properties of the QLL
on the same way as the higher ambient temperature does, because the increased rubber stiffness results higher local frictional heat input and thus
higher local QLL formation temperature, up to reaching the local meting temperature.
The high viscosity of the liquid state might be responsible for the continuous
lubrication since the viscous liquid cannot be squeezed out easily from the contact area thus it remains lubricated.

Figure 19. In-situ WLI measurement on ice surface during linear friction testing

4.2.2

The effect of increased bulk rubber stiffness

Figure 20 shows the ice surface appearance after sliding with high stiffness
compound. Severe surface deformation occurred because of the larger contact
pressure and of higher heat input. The large surface where the grains have
etch-pits indicates the reduced contact area, since this region was out of contact for sufficiently long time to sublimate. At this location, only the silica ag-
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glomerate was able to establish contact, which also means that most of the
normal load was supported on this small area. Another, so far not seen feature
is the fine structured surface, which is melted refrozen ice. Its present is indicating that the high local pressure resulted in sufficient frictional heat to reach
the melting point.

Figure 20. Contacted (polished surface) and non-contacted (etched surface) areas on ice
loaded by high stiffness compound after 100 sweeps; Marks of local melting and refreezing on ice loaded by high stiffness compound after 100 sweeps

The importance of the deformation ability of the compounds was highlighted
by this study. The presence of more significant ice surface evolution, manifesting itself as increased dislocation etch pits, large-scale melting and refreezing
can in general be linked to lower rubber–ice dynamic friction coefficient. Depending on the stiffness of the rubber, ice may not necessarily be a slippery
surface provided the fact that melting is confined to a local scale.

4.3

Contact area

Since the contact area driven by the stiffness of the compound showed an importance on the frictional performance, it became necessary to quantify it. The
results of a novel method using of micro-CT in rubber contact mechanics are
presented in this section. The study showed that the micro-CT coupled with
specific image analysis techniques allows not only qualitatively analyze the
contact state but also gives relative quantification about the RAC in the func45

tion of the normal load. The biggest advantage of this technology is that the
contact state can be studied without altering the original contact characteristics.
The measurements were carried out using rubber samples made from different compounds (soft and hard), and counter surfaces having different elastic
and roughness properties (flat plastic, natural snow and commercially available sandpapers) to understand the nature and extent of the contact
The results presented in the sub-section 4.1.2 (effect of rubber roughness)
will be also investigated by the means of FEM.
4.3.1

Rubber-hard, rough surface contact

On rough, hard counter surface the rubbers establish contact first with the
higher peaks then with increasing load the lower valleys get into contact with
the rubber as well, shown by Figure 21. Depending on the rubber hardness
and on the counter surface roughness the distance between the two surfaces,
thus the RAC varies.

Figure 21. a) Measured contact area for the soft compound and P80 grid sandpaper for
different load levels. The color blue marks the points which are in contact at Load Level
#1, red Load Level #2, and green Load Level #3; b) change of contact points around the
sandpaper particles in a representative cross-section

It is shown that the RAC increases almost linearly with the normal load irrespectively to the compound hardness, shown by Figure 22. The linear dependence was also shown in earlier works [66][67][68].
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Figure 22. Measured real area of contact as a function of normal load for soft and hard
rubber on smoother (P120) and rougher (P80) sandpaper. The error bars indicate the doubled standard deviation.

The reduced deformation capability of the harder compound resulted lower
RAC under the same load level, which causes higher contact pressure. The effect of increased rubber stiffness on the dynamic coefficient of friction was
shown in the previous section. The coefficient of friction was lower in the case
of harder compound which is linked to the reduced contact area – it not only
reduces the quantity of the interaction but also the quality. The increase of the
local contact pressure leads to an increased likelihood of local melting.
4.3.2

Rubber – deformable, rough surface contact

Natural snow was selected for counter surface to study the case when both
contacting materials are deformable. Besides studying the rubber-ice contact,
to learn about rubber-snow contact is also important for winter compound
development, which initiates the choice of snow for this type of surface. When
the rubber sample is under normal load, the RAC is driven both the deformation of the rubber and snow, shown by Figure 23.

Figure 23. Deformation of the rubber surface and the snow grains (a) at low load and (b) at
high load.

Two type of snow were studied; coarse and fine grained. It is visible that even
at low load the RACs are higher compared to the previous contact pair due to
the deformability of the snow, shown by Figure 24. At low normal pressure
the structure of snow has an impact on the level of the RAC, but at high load
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the RAC seems to be very similar, probably both type of snow reacted similarly.

Figure 24. Measured real area of contact at different normal loads; soft rubber compound
on coarse-grained and fine-grained snow. The error bars indicate the doubled standard deviation.

4.3.3

Rubber – hard, smooth surface contact

The rubber-hard, smooth plastic surface is particularly interesting for the current thesis work, since the roughness of the counter surface is similar to the
polished ice surface, generally used for tire, and rubber testing [Article I]. In
fact, on the resolution achieved with the micro-CT the polished ice and the flat
plastic are indistinguishable. Figure 25 shows that the deformation mechanisms is different from that of the rubber-sandpaper contact pair. There is no
ice asperity which can cause significant bulk deformation of the rubber. On the
contrary, these are the rubber asperities which deform when the load increases. The RAC gets larger by the new rubber ice contact points, and by the widening of the rubber asperities governed by the rubber incompressibility. Although when compared with the RAC-normal load dependency observed on
sandpaper, on smooth surface the RAC starts at higher levels but instead of
linear increase, it saturates at higher loads, see Figure 26.

Figure 25. Deformation of the rubber asperities on flat counter-surface with increasing
normal load.
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Figure 26. Measured real area of contact as function of normal load on flat countersurface for soft rubber sample. The error bars indicate the doubled standard deviation.

4.3.4

Modelling of rubber-deformable, smooth (ice) surface contact

Figure 27 (a) shows the local contact and non-contact points when rough
rubber block containing silica particles is pressed against a flat ice surface. The
increase in the contact length is driven by two mechanisms; i) new rubber elements establishing contact with the ice and ii) rubber elements already in
contact getting wider due to rubber incompressibility. The effect of friction
between the rubber and ice on the RAC increase is also studied. Friction between surfaces slightly decreases the contact area below the rubber asperity
thus increases the local contact stress compared to the cases when frictionless
contact is assumed. The friction between the surfaces negligibly change the
maximum von-Mises stress developed in the ice due to the silica penetration.
The depth of the silica penetration in the ice is below 1 micron for all rubber
and ice stiffness values which results almost no impact on the contact area
between the rubber and ice.
Figure 27 (b) presents modelling cases when a smoother rubber surface is
generated by good silica dispersion. Having denser, smaller filler agglomerates
on the surface while having the same apparent contact length, the local maximum stress is lower compared to the case when fewer but coarser silica agglomerates lead to a rougher rubber surface.
Table 4 summarizes the maximum von-Mises stresses developed in the materials for the different contact pairs. The results indicate that the elastic modulus of the ice influence significantly the maximum stress when rough rubber
penetrates into the ice, this not being the case for smoother rubber surface.
The rubber stiffness also influences the value of the maximum contact stress
due to the RAC reduction.
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Figure 27. Rubber surface containing silica particles contact with ice; (a) demonstrates
cases with and without friction between surfaces, (b) shows the effect of rubber stiffness on
the length of rubber ice contact
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Table 4. Maximum stress (in MPa) in the ice due to silica penetration
Soft rubber – Soft
ice
24.0
8.97

Rough surface
Smooth surface

Soft rubber – hard
ice
68.7
13.8

Hard rubber- soft
ice
25.9
9.58

Hard rubber- hard
ice
75.3
16.1

It is fair to state that a soft rubber compound essentially establishes a large
real area of contact with ice, and in addition, a rougher surface can induce
ploughing mechanism to generate additional friction force. On the contrary, a
hard rubber compound lacks a sufficient level of real area of contact where the
high surface roughness further amplifies the local stresses. This induces local
pressure/frictional melting at the particle-ice contact which might then reduce
the ploughing friction force generation. This proposed mechanism for different
contact pairs and conditions is illustrated by Figure 28. The numerical analysis and the proposed mechanisms explain the friction test results presented by
Figure 16.
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Soft compound
on soft ice
Rubber-ice
contact

No contact
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Figure 28. Images depicting possible contact conditions with varying slider stiffness
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5. Conclusions and outlook

The mechanisms of rubber-ice friction differ significantly from those of rubber-dry rough surface friction. The principal difference originates from the fact
that the contact physics on ice is primarily driven by the behaviour of the ice
surface itself. In addition, depending on the local contact conditions a large
variety of possible contact mechanisms can play a role. Their continuous shift
makes the understanding of the frictional process inherently difficult. Moreover, additional complexity arises due to the dependence on the slider material.
The goal of the work reported in this thesis was to get a better understanding
of a specific application case, the phenomenon occurring when a rubber tire
tread contacts the ice surface.
Linear friction testing, routinely used in contact mechanics, quantifies the
performance of the rubber samples by allowing the measurement of the coefficient of friction. It leaves, however, the underlying physics obscured. To mitigate this incompleteness, a new observational methodology chain was developed in the frame of this thesis. It uses different measurement techniques and
allows for a complex characterization of the contact process. As first step, an
in-situ, portable optical microscopy technique made the rapid observations of
the ice surface during standard friction testing possible. The drawback of this
approach was its limited observational area; and the fact that it requires a direct contact with the ice, thus it might potentially disturb the surface. To overcome these drawbacks, ice surface castings were prepared and then studied ofline. The castings provided a large, stable study area for optical microscopy at
room temperature. They were used to analyze the wear features of ice, generated during the linear friction testing. In addition to the optical microscopy,
the use of replicas also allowed to perform Scanning Electron Microscopy and
White Light Interferometry measurements. These gave a more detailed overview of the surface structures and made the quantitative measurement of surface roughness possible. A second, important characteristic of the contact is
the Real Area of Contact between tread rubber specimens and the ice surface.
To quantify it, a new, Micro-Computer Tomography (Micro-CT) based technique, combined with image analyses was developed. This method gave quantified values, also allowing to compare the rubber-ice contact with rubber-dry
road contact. This comparison was particularly helpfully in understanding of
how contact mechanisms differ when rubber is squeezed against different,
rough or smooth surfaces. Although very helpful to describe the contact with
high resolution, the Micro-CT technique only gives a “frozen” picture which is
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less representative for the dynamically evolving ice surface. The in-situ White
Light Interferometry was helping to overcome, at least partially, this limitation. It enabled to study the evolution of the ice surface roughness during testing with high resolution (~98 nm). The method allowed to measure the surface
topography reproducibly at the same spots after each testing event, without
disturbing it. Even some fine molten/refrozen features, later interpreted as
disturbance of the quasi liquid layer on the ice surface, were observable and
quantitatively measurable using this method.
The experimental results then helped to build representative finite element
models, giving even more insight to the rough rubber and smooth ice contact
state at micro-scale.
Different friction and contact mechanisms were identified during and after
the friction tests with the application of the metrology chain. The results
showed that highly localized contact was developing, ruled by the roughness
and stiffness of the interacting surfaces. This is finally the localization of the
contact and thus the contact processes which determines the frictional performance. Further insight was gained by using fresh and aged ice surfaces. The
difference caused by aging has not only research, but also practical importance, since similar differences exist between road surfaces with different
traffic loading. When the traffic is low on an icy road, the surface becomes similar to the aged (rough) ice; while high traffic results in smoothened ice surface.
The principal friction mechanisms observed by microscopy and topography
methods were the following:
1. Loosely bonded features are removed through frictional heating or
cutting by the rubber slider. This process is especially important on
aged, rough ice.
2. Ice deformation (scratching) by hard filler particles embedded in the
rubber surface are more relevant when the ice is smooth and relatively warm. As result the ice shows complex scratch structure after friction testing. Long, continuous scratch features run parallel to the
sliding direction across the ice grains. The marks have a width between 5 μm and 20 μm, with a length of several millimeter, and reach
only shallow penetration. In addition to these long scratches, severe
ice deformation is also visible from the presence of increased subgrain boundary and dislocation etch-pitch density, especially after
testing hard rubber compounds.
3. The large scale melting (in the dimension of several grains) is due to
the frictional heating. It is induced by localized contact. The contact
area is mainly driven by the stiffness of the rubber slider and the
roughness of the interacting surfaces. Melting was especially pronounced after testing hard rubber compounds, when the stiffness of
the slider allowed only for a smaller contact area; thus generated
higher local heat input.
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4. Intra-granular “scratch-marks”, which are in fact frozen melt water
droplet like features are interpreted as the results of quasi liquid layer
shearing. The condition dependent variation of the liquid like features can be connected to the changes in viscosity depending on the
local temperature. The features were observed already after one
sweeps and were parallel to the sliding direction. This alignment was
indicating the importance of the thermally activated frictional processes and rubber surface roughness.
Additional studies, completing this doctoral thesis, using Persson’s theory of
contact mechanics showed that the contribution of rubber viscoelasticity to the
total friction force is significant even when considering the smoothness of the
ice. The micro-computed-tomography studies showed the importance of rubber surface roughness when contact with ice-like polished surface. At certain
magnification level the polished ice surface seems flat thus the rubber surface
roughness is more relevant. The contact is driven by the deformation of the
rubber surface asperities without bulk deformation which is mechanistically
different from the rubber-rough road surface contact pair where the hard road
surface particles penetrate into the rubber. While on flat road surface the RAC
is already high and reach a plateau at higher loads, on rough surface the RACnormal load function was almost linear at the studied load range irrespectively
to the rubber hardness and road surface roughness.
The large variety of observed frictional mechanisms indicates that the processes occurring during rubber-ice contact form a complex environment. Since
the activity of these processes is extremely sensitive on the thermomechanical
state of the surfaces, it is not possible to single out one of them as only representative of road conditions. Therefore, all modern tire tread compounds most
be developed to fulfil a multiplicity of requirements. Low dynamic stiffness
enables them to penetrate into the fine macroscopic roughness of the ice without causing large scale melting. A good control over the rubber surface roughness by the use of adequate reinforcing fillers allows to achieve an increased
friction by optimizing the ice deformation by ploughing. Finally, the molecular
level interactions, like adhesion, can be improved by modifying the surface
properties of the rubber.
Since the results presented in this thesis were promising, the further development of micro-CT based contact analysis of rubbing surfaces is necessary.
More research is needed to develop advanced protocols to study rubber contact mechanics which is useful for gaining a better understanding of the tribological behavior of tires, shoes and rubber seals, and also for verifying numerical models in contact physics. The in-situ surface topography measurement on
ice performed by WLI opened new possibilities in ice surface related research
areas. Investing more effort into the application of this technology could be
fruitful for numerous field of engineering. Continuing this work, another possible research direction is to develop a multi-mechanistical friction model
which could combine all relevant frictional mechanisms and could serve information for rubber development or for different type of user related applications.
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