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Abstract

This work deals with the investigation and modelling of rubber stationary sliding friction on
rough surfaces. Through a novel physically motivated approach of dynamic contact problems,
new insights in the understanding of rubber friction are achieved. This is of high interest for
materials developers and road constructors regarding the prediction of wet grip performance

of tyres on road tracks.

Improvements of contact mechanics are proposed within the frame of a generalized
Greenwood-Williamson theory for rigid/soft frictional pairings. The self-affine character of
rough surfaces leads to a multi-scale excitation of rubber during sliding process and the
resulting hysteresis friction arises from material losses integrated over a range of frequencies.
Beside a complete analytical formulation of contact parameters, the morphology of
macrotexture is considered via the introduction of a second scaling range at large length
scales, leading to a finer description of length scales that mostly contribute to hysteresis
friction. On the other side, adhesion friction is related to the real area of contact and the
interfacial shear strength which illustrates the kinetics of peeling effects distributed within the
contact area at small length scales. This confirms well-known viscoelastic features exhibited
by hysteresis and adhesion friction of elastomers on rough surfaces. The high frequency
viscoelastic properties of filed elastomers are estimated by combining relaxation
spectroscopy methods. As a result, a generalized master procedure is proposed for filled
composites based on thermally activated processes of the bound rubber at the vicinity of filler

particles above the glass transition temperature.

Friction investigations carried out under defined conditions show the relevance of hysteresis
and adhesion concepts on rough surfaces. In particular, the use of a tenside as lubricant
allows a quantitative measurement of both components. The model leads to satisfying
correlations with friction results within the range of low sliding velocities with a significant
improvement through the introduction of a second scaling range. In particular, the influence of
polymer and filler type can be fairly well understood. Finally, the dynamic indentation
behaviour of elastomers appears to be a promising route for further improvements in the

modelling of rubber sliding friction.

Keywords: Rubber friction, self-affine surfaces, contact mechanics



Kurzfassung

Im Rahmen dieser Arbeit werden die Reibeigenschaften von Elastomeren auf rauen
Oberflachen auf Basis einer physikalisch motivierten Modellierung der Hysterese- und
Adhasionsanteile untersucht. Dabei wurde die Bedeutung der mikro- und makroskopischen
Rauigkeiten der Reibflachen fur den Reibkontakt und damit zusammenhangende Adhasions-
und Reibungsphdnomene auf makroskopischer Langenskala aufgeklart. Dies soll die

Entwicklung neuer Materialien mit optimierten Reibeigenschaften unterstiitzen.

Experimentell wurden die Reibwerte bei unterschiedlichen Kontaktbedingungen im Bereich
kleiner Geschwindigkeiten charakterisiert. Die Untersuchungen an den Modellsystemen
haben gezeigt, dass die entwickelten Modelle zur Hysterese- und Adhasionsreibung von
Elastomeren auf rauen, selbst-affinen Oberflaichen eine gute Beschreibung der
experimentellen Reibdaten erlauben. Die Hysteresereibung spiegelt die Reibexperimente mit
Seifenwasser als Lubrikant gut wider, da hier die Adhasion durch einen tensid-stabilisierten
Wasserfilm eliminiert wird. Die Trockenreibung lasst sich gut als Summe von Hysterese- und
Adhasionsreibung beschreiben, wobei der Adhasionsanteil aus der wahren Kontaktflache
kombiniert mit der Grenzflachenspannung resultiert. Dadurch kénnen typische Polymer- und
Fullstoffeffekte auf die Reibeigenschaften vorhergesagt und physikalisch verstanden werden.
Fur weitere Entwicklungen des Modells stellt das dynamische Indentationsverhalten von

Elastomeren einen interessanten Weg dar.

Stichworte: Gummireibung, selbst-affine Oberflache, Kontaktmechanik
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1. Introduction and motivation

Friction is a fundamental physical phenomenon of high technological importance for a wide
range of applications. Since friction arises from the relative motion of two bodies put in
contact with one another, the effect is inherent to all mechanical systems involved in the
transmission of forces or torques. Consequently, friction takes place in almost all
components of power machines subjected to dynamic stresses, be it engine gears or during
the contact wheel/rail or tyre/road. Thereby, the nature of frictional pairings is crucial for the

description of dynamic contact problems.

Whereas the basic principle of friction was already used in the Antiquity, first concepts of
friction are attributed to Leonardo da Vinci whose sketches have initiated the work of
Amonton and the corresponding Laws of Friction. Later, exhaustive friction investigations
carried out by Coulomb led to a mathematical formulation of the friction coefficient defined as

the ratio between friction and normal force.

A wide variety of physical processes are associated with friction, for instance heat generation
and abrasion. The transmission of accelerating or braking moments originates contact shear
stresses with a subsequent increase of contact temperature that is directly related to the
velocity gradient (slip), load and thermal conductivity of both materials, e.g. the ability to
conduct heat away from the contact region. In addition, sufficiently high local contact
stresses can lead to wear problems with a transport of material particles within contact
region. Therefore, the investigation of mere friction problems requires the definition of
confined experimental conditions which minimize the occurrence of the above mentioned

unwished side effects.

Rubber sliding friction on rough surfaces

The particular case of rubber friction on rough surfaces displays a complex physical process
but creates new challenges from the modelling point of view. This is due to the versatile
thermo-mechanical behaviour of elastomers combined with the distribution of surface
roughness over many length scales. As a result, the prediction of traction properties of tyres

under wet conditions based on laboratory data stills remains an extremely difficult task. One
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reason is the insufficient analytical description of dynamic contact problems and the resulting

friction phenomenon between elastomers and rough, rigid substrates.

Elastomers belong to the family of polymer materials, e.g. their microstructure basically relies
on the entanglements of long macromolecular chains. They mainly differ from their glass
transition temperature which is located below room temperature, indicating that elastomers
exhibit a soft state at moderate temperatures under static conditions. One of the main
advantages of rubber is that a wide range of target physical properties can be tailored by the
addition of chemical components: a small amount of sulphur combined with high
temperatures leads to the formation of a three-dimensional network with chemical bonds
between polymer chains, e.g. significantly improves the elasticity. If fillers (carbon black,
silica) are incorporated into the polymer matrix, dynamic mechanical and thermal properties
are dramatically modified due to the occurrence of physical interactions associated with the
filler network [6][7]. Hence the non-linear viscoelastic behaviour observed for filled

elastomers under dynamic conditions.

When a rubber block slides on a rough substrate, the indentation process originating from
surface asperities causes a periodical deformation of the elastomer related to internal losses.
This energy dissipation mechanism induced during dynamic contact is denoted as hysteresis
friction in the literature and found to be meaningful with increasing roughness amplitude. At
the same time, the intimate contact down to small length scales suggests the occurrence of
adhesive bonds. Thus, sliding friction can be seen as the successive formation and breakage
of contact patches distributed over the nominal contact area which gives an additional
contribution on the friction coefficient, namely adhesion friction. Since both components are
associated with dynamic mechanical properties of elastomers, rubber friction on rough
surfaces was found to exhibit typical viscoelastic features [13]. Consequently, rubber friction
is expected to vary with sliding velocity, load, temperature, surface morphology and
elastomer formulation. Moreover, the presence of lubricant at the interface has strong
implications on the adhesion and prevents optimal contact at high sliding velocities through

the occurrence of hydrodynamic effects.

Novel modelling of hysteresis and adhesion friction consider self-affine properties of
surfaces, e.g. morphological invariance under anisotropic dilations, which means that surface
roughness is considered over many length scales. The applicability of fractal concepts has
been demonstrated for road surfaces leading to the establishment of empirical correlations
between surface descriptors and traction properties of tyres during ABS-braking phases [63].

The consideration of self-affinity led to the recent development of hysteresis friction models
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in which energy losses generated by the roughness spectrum during dynamic contact are
expressed as a friction integral over a range of excitating frequencies [59][60][61][48][49].
The evaluation of frequency interval is crucial for the simulated friction level and directly

depends on the formulation of contact conditions.

A recent modelling of the contact between elastomers and rough surfaces has been
presented by Heinrich and Kluppel [59][60][63]. Based on basic assumptions of Hertz and
Greenwood-Williamson theories, rough surfaces are macroscopically approximated by
spheres which are statistically distributed over a mean plane. The calculation of length scale
dependent contact parameters like the real area of contact relies on scaling properties of
rough surfaces down to the micrometer range. As a result, simulations of hysteresis friction
could be achieved for filled elastomer on a silicium carbide surface and showed a qualitative

good agreement with friction data obtained under lubricated conditions [71] (Figure 1.1).

ssss
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Figure 1.1: Friction results on lubricated silicon carbide surface for a filled S-SBR and

associated simulations of hysteresis friction (from [71])

Objectives and outline of the thesis

The aim of this thesis is the modelling and analysis of microscopic influencing factors
regarding stationary sliding friction and dynamic contact problems between elastomers and

rough substrates. The description of sliding process on various length scales is of major
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concern for the comprehension of friction contact and therefore has to be clarified with
respect to hysteresis and adhesion friction components. For this purpose, underlying
concepts of contact mechanics and rubber friction are presented in Chapter 2. Beside basic
considerations and an overview of existing approaches on rubber friction, the specific high-
frequency behaviour of elastomers and its relationship to wet grip performance of tyres is

pointed out.

Since a main focus of this work concerns the modelling of rubber friction, the entire Chapter
3 is dedicated to the presentation of a physically motivated theoretical approach for the
description of hysteresis and adhesion friction during dynamic contact problems. This
includes an extended formulation of contact mechanics determining the upper fraction of
rough surfaces where contact actually occurs. This is of considerable importance for the
calculation of contact parameters which are governed by the largest length scales of profile.
Furthermore, the decomposition of roughness into two texture regimes leads to an extended
formulation of the hysteresis friction with a quantitative estimation of both micro- and
macrotexture during sliding process. In addition, adhesion friction is expressed as the real
area of contact combined with a velocity dependent interfacial shear strength arising from the

kinetics of peeling effects on small length scales.

Therefore, model elastomer formulations are prepared with a systematic variation of filler and
polymer type (Chapter 4). They are based on different SBR grades mixed with modern filler
systems like high dispersible silica incorporated with coupling agent. Next, experimental
methods are presented in details regarding relaxation spectroscopy and friction

measurements.

Chapter 5 presents a wide range of results, from the dielectric and dynamic mechanical
analysis to friction data and the corresponding predictions of simulated friction. A novel
master procedure is introduced for estimating the high-frequency behaviour of filled
elastomers and further discussed on the basis of material microstructure. The impact of
material and roughness parameters on simulated friction is exhaustively presented and
furthermore compared to experimental investigations carried out under stationary contact
conditions. The applicability of theoretical concepts is largely discussed in Chapter 6 and
gives a deeper insight into length scale dependent physical mechanisms involved during

rubber sliding friction on rough surfaces.



2.Background of rubber friction

This chapter gives an overview on pioneering contributions that led to the establishment of a
consistent physical description of rubber friction processes. First, the specific nature of
elastomers is presented regarding dynamic mechanical properties and more generally the
material behaviour within the high frequency region. The underlying concepts of linear
viscoelasticity are reviewed in order to describe the temperature and frequency dependent
relaxation behaviour of elastomers. This is followed by a detailed review of major scientific
contributions dealing with rubber friction problems: the decomposition of the friction
coefficient, the viscoelastic nature of rubber friction, as well as the impact of lubricant and
roughness, are presented. Finally, the relevance of rubber friction properties is highlighted

with respect to wet grip performance of tyres.

2.1 General properties of elastomers

In the last century, elastomers have been successfully used in a broad range of technological
applications. Through the development of new generations of basis polymers and additives,
the versatile behaviour of rubber could be extended in order to meet more demanding
technological requirements. This section gives a deeper insight into the specific nature of

elastomers with respect to relaxation properties.

2.1.1 Introduction

Elastomers are a specific type of polymer materials which differentiate through their ability to
undergo large elastic deformations. Through polymerisation, long-chains flexible chainlike
molecules can be assembled along a “backbone” constituted by covalent bonds around
which short range motions are possible through thermal agitation [2][3]. Such molecules
change their conformations continuously at normal temperatures and tend to adopt random-
coils rearrangement which corresponds to the most energetically favourable configurations
(amorphous state). Under an external applied mechanical force, the amount of conformations

is reduced and polymer chains are oriented in the direction of deformation.
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Each polymer chain is composed by a repetition of single units, the so-called monomers. The
molecular structure of a monomer is of considerable importance as it determines the basic
properties of rubber (processing, chemical stability, dynamic mechanical). Behind the Natural
Rubber produced from the Hevea Brasiliensis and characterised by remarkable mechanical
properties, general purpose synthetic elastomers have been discovered and then widely
used for different applications within the last 100 years. They include styrene-butadiene
rubber (SBR), butadiene rubber (BR) and synthetic polyisopren rubber (IR). These “diene”
contain substantial chemical unsaturation in their backbones which make them susceptible to
attack from oxygen and ozone. The molecular structure of a styrene-butadiene rubber is
shown in Figure 2.1. SBR denotes a widely used copolymer of styrene and butadiene which
is commercialized with different styrene grades. It can be synthesized via emulsion or
solution polymerization, leading to a further differentiation between Emulsion SBR (E-SBR)
and Solution SBR (S-SBR). The content of vinyl butadiene is directly related with the glass

transition of the material.

—{ CH2 —CH =CH —CH2 ) CH2— CH-)—
|
C6H5

Figure 2.1: Monomer units of a styrene-butadiene elastomer

As a raw material, elastomer exhibits poor mechanical properties. The reason is that
microscopic slippage of polymers chains occurs under deformation and leads to a
macroscopic plastic behaviour (irreversible state). Consequently, various ingredients are
added to practical systems in order to achieve a satisfying combination of physical
properties. In particular, by mixing a raw elastomer with sulphur and bringing sufficient
thermal energy, a crosslinking of the polymer matrix can occur (Figure 2.2). This process
known as vulcanisation was discovered by Goodyear and results in the formation of chemical
bonds networking the polymer chains. Thus, rubber becomes high elastic after crosslinking,

e.g. they can undergo deformation and go back to their initial position if the force is removed.
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Figure 2.2: Elastomer network constituted by free chain ends entangled or not (a, b),
physical entanglements (c) and crosslinks elastically effective or not (d, e)

Because the polymer chains are long and flexible, they take up random configurations due to
Brownian thermal motion. If a force is being applied, polymer chains tend to be orientated in
the stretching direction but directly return to their random state when the load is released. For
such materials, the elasticity is said to be entropy-based compared to enthalpy elasticity
found in the case of crystalline structure observed in metals for instance. The flexible
character of polymer chains can be seen on a static stress strain curve. A vulcanized rubber
has the ability to undergo large deformation up to a few hundred percents while recovering

its original state during unloading.

Also fillers are incorporated during the mixing process in order to enhance the mechanical
properties of vulcanizates. The effect of the filler on mechanical properties can be clearly
seen in Figure 2.3. At a given level of deformation, the associated stress is significantly
higher for filled compounds. However, the different path for loading and unloading phase
indicates that part of the mechanical energy has been dissipated. It is known as hysteresis

and results from dissipative mechanisms at the interface filler/polymer matrix.
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Figure 2.3: Quasi-static stress/strain curves for an unfilled (black) and filled elastomer

(bright) at various strain amplitudes

2.1.2 Linear Viscoelascity

When a sinusoidal shear stress is imposed on a linear viscoelastic rubber, the strain will also
alternate sinusoidally but will be out of phase, the strain lagging the stress. Strain ¢ and

stress ¢ can be written as

(o, t)=¢,sin(wt) (2.1)

and
o(w,t) =0, sin(ot+0) (2.2)

Where ¢, and ¢, are the maximum amplitude of strain and stress, respectively; t is time, and
6 is the phase angle between strain and stress (Figure 2.4). At any instant in time, it is then

possible to define the complex shear modulus

* _0'(50)_& is(w)
G (a))_g(a))_g ©

(2.3)

[}

This quantity can be resolved into real (G’) and imaginary (G”) components such that
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G*=G' + iG" (2.4)

and

G':&cos& G'=Zosins (2.5)
& &

o o

G’ is termed the storage modulus and is proportional to the maximum energy stored per

cycle of deformation. G” is the loss modulus. The loss factor tané is defined by the ratio

tano = G— (2.6)
G

A\
\V/AR\V/,

Time ——>

/K\ / Stress out of phase
\3</ \_\gsmess in phase

Figure 2.4: Shear deformation and dynamic response of a linear viscoelastic material

Using the general concepts of linear viscoelasticity, it is possible to investigate the
temperature and frequency dependent properties of elastomers. A temperature sweep of an
unfilled S-SBR is shown in Figure 2.5. The dynamic properties were measured using a
Rheometrics Dynamic Spectrometer Ares operated in a torsion mode on a strip specimen

(equivalent to shear) at 1 Hz with a strain amplitude & = 0.5%.

At sufficient low temperatures, the free volume in the polymer is so small that the movements
of polymer segments and adjustments to their relative position can hardly take place within
the time-scale involved in the dynamic experiment, resulting in low energy dissipation (loss

factor). Under this condition, the polymer is in a glassy state with a very high elastic modulus.
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With increasing temperature molecular motions of polymer chains are energetically
promoted. It follows a regime characterised by a decrease of the viscosity and high energy
dissipation related to molecular adjustments scaling with the dynamic excitation of the
system. In this regime, the temperature associated with the maximum of the loss modulus G”
is known as dynamic glass transition temperature. Elastomers basically differ from polymers

in which their glass transition temperature is located below room temperature.

Above glass transition, molecular segment can rearrange so rapidly and the viscosity is so
low that the polymer solid is able to follow the imposed dynamic deformation. The material

falls in the so-called rubbery region characterised by a low elastic modulus and low energy

dissipation.
1E+10 €
1E+09 4
©
a,
Gy TE¥O07 £
R
1E+04 ;
-60 -40 -20 0 20 40 60
T [°C]
Figure 2.5: Temperature sweep for an unfilled S-SBR 5025. ¢ = 0.5%, f=1 Hz

2.1.3 Influence of filler

The introduction of filler in polymer systems leads to a considerable change in dynamic
properties. This affects both storage and loss moduli in a different way, implying a strong
variation of the energy dissipation during dynamic deformation (loss factor). The influence of
dynamic strain amplitude on the mechanical modulus has been investigated by Payne [6][7].
From his results, it could be seen that the reinforcement is only marked at low strain
amplitudes. A further increase of the deformation leads to a typical non-linear behaviour

generally termed as “Payne effect” and characterised by a strong decrease of the storage
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modulus G’ over the strain amplitude (Figure 2.6). In contrast to G’, the loss modulus G” and
a fortiori the loss factor tand go through a maximum at a moderate strain amplitude (5-10%)
[61[7].

It has been widely accepted that the Payne effect is mainly, if not only, related to the filler
network formed in the polymer matrix. Payne believed that the dissipative phenomenon
experimentally observed were due to a cyclic breakdown a reaggregation of the filler network
[6][7]. Following his assumption, semi-microscopical models have been derived in order to

predict the non-linear dynamic behaviour of filled elastomers [62].
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Figure 2.6: Storage modulus as a function of the dynamic strain amplitude. Numbers

denote filler content in phr (from [6]).

2.1.4 Time temperature superposition principle

While the measurement of dynamic modulus at a given frequency can be realised
over a broad range of temperatures, the same mechanical characterisation carried out at a
fixed temperature by varying the frequency can applied only up to about 10® Hz. The
estimation of high frequency moduli is however accessible via the time-temperature
superposition principle proposed by Williams, Landel and Ferry in 1955 [8]. It states that the
effect of changing the temperature is equivalent to the application of a multiplication factor ar
on the time scale. Reducing the relaxation data to the reference temperature T, leads to the

following expression:
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— C1 (T_ Tref)
C, +T-T,

ref

log a; = (2.7)

where C; and C, are numerical parameters depending on the reference temperature T
They were first thought to be universal constants for all polymers where T.; was set at
T4+50°C, with T4 the glass-transition temperature of polymer. However, later studies showed
that the values vary from one polymer to another [9]. Also, the WLF equation is only valid

within the range of temperatures [Ty ... Tg+100°C].

The applicability of the WLF equation is illustrated in Figure 2.7 for the case of an
unfilled S-SBR. Since the systems must be in the thermodynamic equilibrium to be describe
with the WLF formulation, sufficiently high chain mobility is required. In practice, experimental
shift factors deviate from the WLF equation when the glass transition temperature of the

polymer is approached.
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Figure 2.7: Isothermal loss factors at different temperatures (left) and horizontally shifted

values (right) for an unfilled S-SBR (T = 20°C, € = 0.5%)

A strictly equivalent form of the WLF equation has been originally proposed by Vogel,
Fulcher and Tammann to describe the temperature dependent relaxation behaviour of glass
forming liquids when approaching the glass transition regime [10][11][12]. The temperature
dependent dynamic modulus E(T) and typical relaxation time t(T) are expected to follow a
semi-empirical function, denoted as Vogel-Fulcher-Tamann equation (VFT), which is valid

between the T4 and T4+100°C and given by:
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E(T)=E, exp(T ?T ] (2.8)
0

or

(T) =1, exp(T —BT ] (2.9)
0

where B, Eg, 19 and T, are adjustable parameters. Similarly to the so-called universality of
WLF parameters, Ty, known as Vogel-Fulcher temperature, is found to be Ty ~ Tg — 50°C in

limited cases. As a result, the WLF and VFT parameters are related by:

C2 = Tref _TO (210)

2.303C,C, =B (2.11)

WLF/VFT semi-empirical approaches are physically associated with cooperative molecular
motions corresponding to the main relaxation process of polymer chains located above the

glass transition region where thermal energy allows sufficiently high chain mobility.

The validity of WLF equation can be directly checked through dielectric spectroscopy
measurements. This experimental technique is closely related to dynamic mechanical
spectroscopy since some of the detected polarization mechanisms, namely those due to
orientation of permanent dipoles, are in most cases related to molecular motions of
molecules or segments of molecules observed under mechanical excitation. In this case, the
force field is applied via the interaction between a sinusoidal electric field and bound or free
charges present in the material. The nature of physical mechanisms involved during
dielectric spectroscopy results in a higher sensitivity and therefore provides additional
indications on local relaxation processes occurring at small length scales.

Broad-band dielectric spectroscopy covers a frequency range up to 15 decades within a wide
interval of temperatures [-100...+100°C] and fully characterises relaxation processes at
different frequency and temperature without applying additional physical principles like the
time-temperature equivalency. A comparison of both methods and the introduction of a
generalized master procedure are presented in Chapter 5.

Dielectric spectroscopy consists in applying a harmonic voltage U at a given amplitude and
angular frequency o. The formalism derived for mechanical excitation can be applied to

dielectric. It yields:

U(w) = U, sin(at) (2.12)
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The phase angle 5 and the amplitude of current I, are measured on the polarised material.

They can be expressed as:

(o) =1, sin(ot +5) (2.13)

It is then possible to define the transfer function as:

2.14
o) 1 v+ witn C*=e*(w)€oé 219
TORE d

where R* is the complex resistivity, C* is the complex capacitance, ¢* is the complex relative
dielectric constant, A is the specimen area and d denotes the thickness of the sample.

The polarizability of the material is expressed in terms of its relative dielectric constant ¢*
which depends on both the angular frequency o and the temperature T. In the same way as

the dynamic modulus G*, it is decomposed into a real and imaginary part according to:

e (w)=¢&"(w)-ic" (w) (2.15)

In which ¢'(w) is the real part of the complex dielectric constant associated with the
polarizability of the material (storage effects). The imaginary part £"(®) is the dielectric loss
index, a measure of dissipative mechanisms occurring during periodical excitation.

Through a wide experimental frequency window, the position and the shift of the dielectric
loss maximum ¢"(o,T) can be assessed at different frequency allowing a direct
characterisation of the glass transition within a broad time scale range of measurement. The
temperature and frequency dependent dielectric loss of an unfilled S-SBR with 50% vinyl
content is shown in Figure 2.8. The glass transition temperature, defined as the temperature

at which the dielectric loss maximum ¢” .« (f) occurs, is seen to increase with increasing
excitation frequency which confirms the dynamic character of the glass transition process. As
a result, a relaxation time © = 1 / f,na can be identified for each temperature sweep at a given
frequency and leads to the construction of so called retardation maps, whereby the relaxation
time is plotted as a function of the inverse temperature. Accordingly, the temperature
dependent relaxation behaviour is well described by a VFT semi-empirical approach (Figure

2.8 right diagram).
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Figure 2.8: Temperature and frequency dependent dielectric loss ¢”(f,T) (left) and
corresponding retardation map (right) for an unfilled S-SBR with 50 % vinyl

content.

2.2 Friction properties of elastomers

Friction properties of elastomers have been extensively studied for decades
[11[4][13][24][48]. This section sums up the knowledge gained through pioneering
experimental works combined with theoretical physical concepts. The relevance of rubber

friction properties for the grip performance of tyres is finally highlighted.

2.2.1 Physical mechanisms contributing to rubber friction

Let us consider a rubber block sliding over a rigid substrate with a sliding velocity v (Figure

2.9). The friction coefficient p between the two solids is defined as

Fr

“E (2.16)

where Fr denotes the friction force (tangential force) and Fy is the normal force (load).

According to this definition, the friction coefficient is expected to be independent of the
specimen size. This is based on the assumption that both forces increase at the same rate,
e.g. the friction coefficient is independent of the load. First experimental studies carried out

by Leonardo da Vinci and Charles Augustin Coulomb on former bearing materials showed



16 2. Background of rubber friction

that the friction force is proportional to the load by a factor one quarter, which is still a
realistic value for metal / metal frictional pairings.

Also, the experimental work of Coulomb showed that the friction coefficient p is nearly
independent of the sliding velocity (within a moderate range of velocity), contact area and

surface roughness [1][4].

Figure 2.9: Schematic representation of sliding process

Due to the soft nature of rubber, the conclusions formulated above can not be applied for
rubber sliding friction properties. The amount of contact patches is in this case strongly
affected by the operating conditions and reflects the viscoelastic behaviour of rubber-like
materials. As a result, the friction coefficient y of rubbery materials depends on load, sliding
velocity, temperature, surface roughness and the rubber itself.

Four physical mechanisms are usually known to contribute to rubber friction, so that the

rubber friction coefficient is generally given by

M=y + fp t fhe + iy (2.17)

Ma denotes the adhesion component and arises from molecular interactions between rubber
and substrate (Figure 2.10): during the sliding process, the distribution of contact patches is
constantly renewed within the contact area, inducing a cyclic formation and breakage of
molecular bonds between polymer chains and surface asperities associated with dissipative
effects. The adhesion component dominates under dry conditions and can be strongly
reduced by lubricating the interface with specific liquids, for instance tensides.

My is the hysteresis component and originates from macroscopic dynamic deformation of the
elastomer induced by surface roughness (Figure 2.10). Since hysteresis friction is closely
related to the viscoelastic spectrum of elastomers, it is expected to be influenced by a broad
range of experimental parameters (sliding velocity, temperature, load, roughness) but also by
the material itself. The level of hysteresis friction is promoted with increasing surface
roughness and appears to be a determining factor for tyre grip performance under wet

conditions.
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Mc is the so-called cohesion component that describes wear processes at the interface. It is
expected to occur when using substrates with sharp asperities, like corundum surfaces.

Finally py is denoted as viscous component. The presence of lubricant at the interface gives
an additional contribution on the resulting friction force whose amplitude depends on the
viscosity of the fluid and the nature of contact. Practically, for short contact times, e.g. high
sliding velocities, the viscosity behaviour of water requires high shearing forces to be drained
out of the contact area so that a fluid thickness may subsist at the interface and thereby limit

the generation of contact stresses (elasto-hydrodynamic) [5].

FHYST.

DEFORMATION
OR
HYSTERESIS
ADHESION
Figure 2.10: Schematic representation of the main mechanisms contributing to rubber

friction (from [1])

The experimental conditions under which the existence of each component is promoted have
been widely discussed in the literature [1][17][32]. The deformation component mainly plays
a role on rough surfaces where the size of the asperities is sufficiently large to locally deform
the rubber. On dry and smooth surfaces, the friction coefficient is mainly due to the adhesion
component. The contribution of abrasion should be considered on rough surfaces with sharp
asperities, for instance silicon carbide paper, and under severe experimental conditions (high
sliding velocity combined with high load). In the next section, pioneering experimental studies
give a deeper insight on the physical mechanisms involved during rubber friction on different

surfaces as well as their relation to viscoelastic properties.

2.2.2 Rubber friction on smooth surfaces

The effect of temperature and sliding velocity on dry friction between a roughened rubber

pad and a wavy glass surface has been investigated by Grosch [13]. He showed that the
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measured friction coefficient could be shifted along the velocity axis for a given reference
temperature in the same way as viscoelastic moduli. The temperature dependence of the
obtained shift factors was found to follow the WLF equation gained from relaxation spec-
troscopy. As a result, the isothermal friction coefficient could be assembled in a unique
master curve covering a wide range of sliding velocity (Figure 2.11). It has to be noted that
the measuring range of sliding velocity was chosen up to maximum 1 cm/s in order to avoid

thermal effects occurring within the contact area.
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Figure 2.11: Isothermal friction curve (left) and master curve (right) of a NBR compound on

dry wavy glass (from [13])

The applicability of WLF equation was a strong evidence for the viscoelastic nature of dry
friction processes of rubber on smooth surfaces. Further experiments carried out for other
polymers showed a similar bell-shaped friction curve going through an adhesion peak. The
velocity at which the friction maximum occurs could be related with the maximum of the loss
modulus E” found in mechanical spectroscopy (Figure 2.12). These two quantities could be

related to one another by a molecular length scale as following:

Vimax (1) = A Fra (E'") (2.18)

where A = 6 nm.

This was a milestone for the development of analytical models describing the rubber friction
on smooth surfaces. Physically, adhesion friction is considered as a stationary stochastic
process consisting in the formation and breakage of linking chains which bind the polymer

body to the surface [28][29]. The molecular mechanism of breaking off is assumed to be
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either due to thermal excitation or the stress reached at maximal elongation. Consideration of
detailed molecular aspects leads to an extended formulation of the adhesive friction on
smooth surfaces [33][34].

log a,*frequency(s’)

L L
o 2 4 L) L L4 ”

Figure 2.12: Correlation between dry friction master curves (NBR on Glass) and loss
modulus (from [13])

Friction measurements carried out on individual glass lenses and a smooth rubber surface
differ from the Grosch results and exhibit a slight variation of the friction coefficient over the
whole range of velocity [20]. By increasing the roughness of the rubber surface, the friction
coefficient appeared to be more rate-sensitive and followed a similar path as the classical
Grosch data. This makes clear that an additional factor hinders the increase of friction for
smooth surfaces.

Optical observations of the contact between a rubber sphere and a plate glass during sliding
friction revealed the existence of wrinkles (Figure 2.13). They have been described by
Schallamach as wave of detachment and travel in the direction in which the rubber moves
relative to the glass [32]. In this case, no true sliding occurs in the contact area, but the
friction originates from the peeling and unpeeling phenomenon on both sides of the fold. As a
result, the increase of friction coefficient is limited within the range of occurrence of
Schallamach waves (Figure 2.13). A roughening of the rubber surface hinders the
appearance of waves of detachment and suggests that they are driven by a stress-relieving

mechanism that limits the build-up of friction with increasing sliding velocity.
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Figure 2.13: Friction coefficient as a function of the speed for a smooth and roughened
rubber against glass and PTFE. The insert shows the appearance of : (a)
bursts of wavelets at 0.4um/s, (b) regular Schallamach waves at 0.4 mm/s, (c)
ridges at 6 mm/s (from [24])

2.2.3 Rubber friction on rough surfaces

A surface associated with a roughness parameter R, — corresponding to the statistical
standard deviation of profile — higher than a few micrometers is generally said to be rough. It
includes a wide range of surfaces used in industrial applications, from sandblasted steel
surfaces until road tracks (asphalt, concrete). Roughness has two opposite effects on rubber
friction: first, through the micro-indentation of surfaces asperities into the elastomer, a part of
the mechanical energy is dissipated through viscoelastic losses (hysteresis friction). On the
other side, the reduction of the contact area with increasing roughness should decrease the

level of adhesion.

Based on the same experimental principle presented in the former section, velocity
dependent friction curves were measured at different temperatures within the range of low

sliding velocity on a dry silicon carbide surface [13]. Results show that the friction values can
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be assembled according to a master curve technique, which underlines the viscoelastic
nature of rubber friction on rough surfaces (Figure 2.14). Compared to results on smooth
surface, the main friction peak is located at higher sliding speeds and correlates with the
position of the loss factor maximum. By using Equation (2.18), a length scale can be
calculated and is found to be nearly equal to the average separation of surface grains. This

clearly reflects the influence of the roughness and the nature of hysteresis friction.

Beside the friction maximum associated with the hysteresis component, a second peak is
found at a sliding speed roughly equal to the one found on glass and therefore interpreted as
adhesion peak (v ~ 102 cm/s). Indeed, if the silicon carbide substrate is dusted with
magnesium powder, the contact rubber/silicon carbide is replaced by the adhesion to
magnesia while the low sliding velocity peak is found to vanish (Figure 2.14). This
demonstrates the existence of both mechanisms on rough surfaces, whereby the level of

adhesion appears to strongly depend on the contact conditions.
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Figure 2.14: Friction master curves for a NBR compound on wavy glass (left), silicon
carbide dusted with magnesium powder (middle), clean silicon carbide (right)
with different filler content: 0 phr (top), 30 phr (middle) and 50 phr (bottom)
(from [13])

The incorporation of filler has two effects on the friction properties: first, the maximum in
friction is strongly decreased, independently of the roughness amplitude. Also, the friction

coefficient tends to reach a saturation regime with increasing filler content and exhibits a
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plateau value over many decades (Figure 2.14). This is mainly due to a pronounced
decrease of the hysteresis friction maximum at high sliding velocity. It is interesting to note
that a similar decrease occurs for the frequency dependent loss factor tan 6 determined by
relaxation spectroscopy measurements. The saturation of dry friction feature has been
confirmed later by Rieger for carbon black filled compounds measured on emery paper [16].
In addition, the velocity at which the dry friction is saturating appears to be directly connected

with the glass transition temperature of the elastomer.

2.2.4 Effects of lubricants

The presence of lubricant at the interface can prevent the rubber from coming into intimate
contact with the counter surface. This is especially true if the sliding velocity is very low or if
the viscosity of the lubricant is very high. The conditions of appearance of such films have
been expressed in the frame of the theory of hydrodynamic lubrication [48]. If the load is
increased, the lubricant film, through enhanced viscosity, is even less likely to be drained out
of the contact area and the related theory is known as elastohydrodynamic lubrication (EHL).
By using optical interferometry, the thickness of the lubricant film has been measured during
dynamic contact between a rubber hemisphere and a glass plate [26]. Also, in presence of
water, the high level of the friction coefficient at very low sliding speeds indicates a film
breakdown. There is a general tendency towards film breakdown at low sliding velocity, but a
notable exception occurs if water contains a small amount of soap. In this case, the friction
values are found to be very low which suggests that the soap film is stabilized and intimate

contact is hindered at the interface [26].

An experimental procedure has been proposed to separate the adhesion and the hysteresis
component [17]. By using a modified British Pendulum Tester, rubber tread compounds were
tested against steel sliders with various radii at a sliding speed v ~ 3 m/s at different
temperatures. The rubber plate was wetted with water and then covered with a thin oil coated
polyethylene foil (Figure 2.15). In this way, the deformation process was not affected at all
while the low viscosity oil film was assumed to completely eliminate the adhesion
component.

The results show that adhesion mainly contributes to the frictional process over the whole
range of temperatures. As expected, both components exhibit an opposite dependence with
respect to the temperature: indeed, at high temperatures, the rubber becomes softer and
generates a higher contact area, e.g. more potential adhesion. At the same time, the

decrease of the loss modulus leads to lower energy dissipation, e.g. less hysteresis friction.
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Figure 2.15: Separation of adhesion and hysteresis friction component by lubricated foil

technique (from [17])

The nature of contact on rough surfaces makes the evaluation of the lubricant thickness
more complicated. Indeed, contact patches are statistically distributed over the interface and
the roughness induces a highly heterogeneous pressure field within the contact area with a
constantly renewed population of contact patches during the sliding process. However, as
observed on smooth surfaces, the presence of a water film decreases the level of friction.
The efficiency of surface wetting strongly partially depends on the surface topography, e.g.
the asperity sharpness. Silicon carbide surfaces show a minor difference between dry and
wet friction which indicates that local pressures are high enough to break the water film at the
interface and form dry islands within the contact area. Also, the addition of detergent appears
to stabilize the lubricant film since a decrease of the wet friction coefficient is observed over
the whole range of sliding speeds [14][70]. Furthermore, the hump - interpreted as adhesion
peak — experimentally found on silicon carbide wetted with distilled water around v ~ 1 cm/s
simply vanishes if a low amount of detergent is added to the water solution (Figure 2.16).
This confirms the assumption that the adhesion component can be significant on rough sharp
surfaces even if the surface is fully wetted. Detergents are known to stabilize the interfacial
layer between elastomers and rough substrates, thus hindering the occurrence of adhesion
effects. Consequently, if abrasion can be neglected and the soap concentration does not
significantly increase the viscosity of lubricant, friction results under moderate wet contact

conditions with detergent can be solely identified with hysteresis friction. This remark has
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strong implications on the experimental procedure used to separate adhesion from

hysteresis friction of elastomers on rough surfaces.
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Figure 2.16: Friction master curve for a filled NBR on silicon carbide wetted with distilled

water (upper curve), distilled water + 2% detergent (lower curve) (from [14])

2.3 Relation to tyre performance

The comprehension of physical mechanisms involved during rubber friction on rough
surfaces is a decisive step for the prediction and the improvement of tyre wet grip
performance. Combined with abrasion and rolling resistance, the evaluation of key-properties
is generally represented in the so-called “magic triangle” of tyre performance. Thereby, the
impact of tread formulation on tyre performance can be easily estimated compared to a
reference compound. The simultaneous improvement of tyre key-properties still remains a
challenging task for material developers. A global increase of material performance can be
achieved by a fine tuning of components, as illustrated by the introduction of “green tyres” in
the 90s based on the replacement of carbon black by highly dispersible precipitated silica

fillers which led to optimized wet grip and rolling resistance properties [5].

Let us consider a tyre submitted to a load Fy and a tangential force Fy in the sliding direction.
During acceleration and braking phases, the velocity of the wheel differs from the vehicle

speed and one can define a slip as following:
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vV, =V
s =—"—2 (%] (2.19)

Vo

Where v, is the rotational velocity of the wheel and v, is the rotational velocity without braking
or accelerating torque (vehicle). For instance, during braking, s = 1 means that the vehicle
wheels are completely blocked. From these considerations, the level of longitudinal
performance characterised by the friction coefficient u(s)) = Fx / Fy can be represented on a
unique curve (Figure 2.17). The level and the position of the p(s;) maximum depend on the
type of rubber, road texture, and operating conditions (temperature, vehicle velocity). Under
given conditions, the friction maximum pax corresponds to the optimum that can be achieved
during braking process. The following decrease at high slip rates displays the negative
impact of temperature on wet grip performance since this effect is amplified at higher starting
vehicle velocity.

In a similar way, a side-force coefficient can be defined when the tyre makes an angle with
the trajectory of the vehicle. A p-slip curve can be assessed for an estimation of the tyre

performance during cornering.
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Figure 2.17: Typical p-slip curves for longitudinal accelerating and braking phases. The

ABS range is indicated in the braking region

With the introduction of ABS-Braking system, locked wheel becomes impossible. The braking
torque is constantly adjusted in the range of slip associated with the maximal adherence
(si ~ 10%). The work of Roth gave some precisions on the mechanisms involved during ABS
braking phases [81]: in the entrance zone of the contact, the rubber is first compressed and
then brought into shear through the velocity of the vehicle (deformation regime). If the
potential of adherence of the rubber is reached, the tread element starts to slide and friction

takes place at the interface until the exit region (slip regime). The deformation regime is
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associated with sliding velocities around v ~ 1 cm/s which gradually increase in the slip

regime up tov ~ 1-3 m/s.

The level of skid resistance is determined via the ability of the material to generate tangential
stresses in the contact area. On dry rough surfaces, the energy dissipation arising from local
deformation of the rubber and interfacial effects within the area of contact mainly contribute
to the friction coefficient. With the presence of lubricants, adhesion might be affected under
certain conditions but local contact pressures are generally high enough to break the water

film and build dry contact islands at moderate sliding speeds [5][80].

The granularity of road surfaces plays a major role on rubber deformation during sliding
processes. As shown in Figure 2.18, the level of macrotexture — from fine to coarse - controls
the rate at which friction decreases at high sliding velocities under wet conditions by
promoting the drainage ability of the surface and therefore reducing the risk of aquaplaning.

On the other side, the type of microtexture — polished, rough — appears to control the level of
friction, e.g. asperities at small length scales offer additional contact possibilities during
dynamic contact. Physically, local high pressures due to micro-roughness are likely to cause
the breakage of the interfacial water film and the formation of dry contact islands which finally
increases the level of friction. Hence, while the influence of micro-asperities is marginal

under dry conditions, it considerably improves the skid resistance under wet conditions.
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Figure 2.18: Schematic p(v) curve under wet conditions with coarse (full) and fine (dashed)

macrotexture, rough (grey) and polished (black) microtexture (left diagram).
Right diagram: Asperities with and without microtexture (from [5])

Since the sliding process can be seen as a multi-scale problem with a dynamic deformation
of rubber by surface asperities, the level of friction is subsequently controlled by the

viscoelastic response of the material within a defined range of excitation frequencies. In the
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high frequency region, rubber undergoes a dynamic glass transition characterised by
maximal internal losses and therefore the highest dissipative potential for friction properties.
This is why the wet skid behaviour is often correlated with the glass transition temperature or
viscoelastic quantities in the high frequency region [57][58][82]. Wet grip predictors might
lead to satisfying correlation but they principally do not reflect the complexity of dynamic

contact between rubbery materials and rough substrates.

A decisive step for the modelling of rubber friction was achieved through the introduction of
fractal concepts for the description of roughness. Self-affinity describes a statistical
invariance of the surface morphology under anisotropic spatial dilations and was shown to
encompass a wide variety of natural and manufactured surfaces, including rough and road
surfaces [46]. The associated mathematical treatment of self-affinity is presented in the next
section. The fractal character of rough surfaces allows a length-scale dependent
characterisation of morphology and implies a multi-frequency excitation of elastomers during
the sliding process (Figure 2.19).

Based on this fact, models have been derived to predict rubber sliding friction on rough
surfaces arising from the hysteretically lost energy during dynamic contact, namely
hysteresis friction [59][60][63][48][49]. The friction coefficient is expressed in terms of a
friction integral reflecting the spectrum of roughness involved during the deformation
process. A recent work showed a good agreement between predictions of hysteresis friction

and measurements performed on a rough lubricated surface [71].
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Figure 2.19: Schematic representation of excitation frequencies during sliding process

with separate contributions of micro- and macrotexture



28

3. Modelling of rubber friction on rough surfaces

This chapter presents a novel theoretical approach for the prediction of rubber friction on
rough surfaces. After a brief introduction of the Hertz theory, simplifications are derived in the
case of the contact between rubber and a rigid asperity. The modelling of contact is treated
within the frame of an extended Greenwood-Williamson theory allowing an analytical
formulation of contact parameters as a function of material quantities and operating
conditions. Compared to earlier friction theories, a major step is achieved by considering the
self-affinity of rough surfaces, whereby roughness is characterised through its morphological
invariance over many length scales. As a result, based on a multi-scale description of

contact, hysteresis and adhesion friction are derived for elastomers on rough substrates.

3.1 Modelling of non-sliding contact

When two solids are brought into contact, the area over which they touch determines the
ability to generate shear stresses during the sliding process. Basic concepts of the Hertz
theory are detailed in this section for the contact of two elastic solids. Moreover, rubber
specific effects are presented regarding the formation and breakage of contact patches on

rough substrates in the non-sliding mode.

3.1.1 Theory of Hertz

An analytical formulation of stresses at the contact point of two elastic solids was already
derived by Hertz [38]. Let us consider two solids with respective radii R and Ry, filled with
uniform isotropic linearly elastic media characterised by Young’s moduli E4, E; and Poisson
ratios vy, vo. Suppose that the solids are compressed with a normal force Fy, the contact will
then change from a point into a finite area characterised by a contact radius while the

deformed solids approaches each other from a distance h given by (Figure 3.1):

1/3
b FN2/3D2/3{RL+RLJ (3.1)

1 2
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By introducing an effective Young modulus as following:

3(1-vi 1-v;
D=~ Ly —2 2

The contact radius for two spherical elastic solids brought into contact is given by:

1/3
a= FN’”D’”[iJ (3.3)
R, +R,

In this particular case, the solids penetration h displays the difference between the sum

R1+R; and the spheres center-to-center distance which is given by:

h=(F,D)?*°R"? (3.4)
and
a=(F,DR,)"? (3.5)
It can be deduced that:
a? = hR, (3.6)

The contact area is then given by:

A=’ = n(F,DR,)?’* = 2R,h (3.7)

vew

Al
e

Figure 3.1: Contact between two spheres with radii R, und R,
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Following the Hertz theory and by assuming that the tangential friction force is proportional to

the contact area derived in Equation (3.7), the friction coefficient is found to vary with

u~F,"? e.g. the friction coefficient decreases with increasing load.

3.1.2 Consideration of interfacial effects

Let us consider the contact between a blunt asperity and a smooth rubber surface. Through
its low modulus, the rubber is able to locally highly deform so that intimate contact is formed
between both solids and molecular attractions (Van der Waals) are likely to take place at the
interface. As a consequence, this effect modifies the apparent load in the contact area and
one should expect an increase of the contact radius.

In spite of earlier works in this field of research [39][40], the solution of the adhesive contact
between rigid sphere and rubber-like materials has been completely formulated by Johnson,
Kendall and Roberts [35]. Based on an energy balance theory, a generalized expression of

the contact radius a is derived and given by

a® = %(FN +3mR + (6mRF, +(3mR)?)"?) (3.8)

where Fy is the applied load, R the radius of the rigid sphere, E is the Young elastic modulus

of the rubber, vy is the thermodynamic work of adhesion given by the Dupré equation:
V=Vt V2712 (3.9)

With vy, and y, the respective surface energies and ys, an interaction term. If no attraction
occurs between the two solids (y = 0), the classical Hertz contact formulation is found again.

Also, if the load vanishes, the contact area tends to a finite value due to the interfacial term.

3.1.3 Kinetics of adherence

It has been seen that the adhesion is responsible for an increase of the contact radius when
a blunt asperity is brought into contact with a smooth rubber surface. Also, molecular
attractions give an additional contribution on the pull-off force during the separation of both
solids. The amplitude of the adhesion force is in this case strongly dependent on the rate of

separation, e.g. the peeling velocity. Indeed, as the load is removed, a peeling mechanism of
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the rubber is observed at the contact periphery which suggests that the pull-off force is driven
by the local viscoelastic behaviour of rubber associated with high strains. Peeling-off
energies might vary with a factor hundred when the rate of separation is increased.
Investigations of the peeling energy showed that it depends on the equilibrium value, the
rubber type and the peeling rate [19].

Finally, drop tests of a steel ball on a rubber plate confirmed the viscoelastic character of
adhesion that was found to strongly depend on the impact velocity, e.g. the rate of separation

or breakage of contact patches [25].

3.1.4 Impact of roughness

Increasing the surface roughness leads to a reduction of the contact area with an elastomer
specimen. In this case, the contact can be decomposed in distinct islands and represents
only a small fraction of the nominal contact area. Consequently, the strength of the adhesion
is expected to decrease. Previous experimental investigations have been carried out at low
rates of separation (v < 1 mm/s) and showed that a roughness in the order of 1 um was
sufficient to reduce the adhesion to a low level [27]. This effect was furthermore amplified by
increasing the rubber stiffness.

However, recent works focused on the adherence force between rubber and road surfaces
during hastily separation [36][37]. It could be seen that the recorded pull-off force runs
through a negative value during the separation process, suggesting the existence of
attraction forces, namely adhesion. The rate dependence was also found to partially fulfil

formulated assumptions considering the kinetics of adherence [21].

3.2 Contact mechanics on rough surfaces

The frictionless contact between rough elastic solids is described next based on the
pioneering contribution of Greenwood and Williamson. Following this, an extended modelling
of the dynamic contact between rubber and rough surfaces during sliding friction can be
derived, whereby an analytical approach is proposed for the evaluation of the summit height

distribution required to determine contact parameters.

3.2.1 Theory of Greenwood-Williamson

A formulation of the elastic contact between rough and smooth surfaces has been proposed

by Greenwood and Williamson [41]. Following the views from Hertz, the rough surface is



32 3. Modelling of rubber friction on rough surfaces

approximated by spheres having the same radius R. However, the spheres are randomly
distributed over a mean plane and exhibit a Gaussian height distribution ¢(z) (Figure 3.2).
Then, the probability to find an asperity between the interval [z, z+dZz] is given by ¢(z)dz. If
one denotes as d the distance between the mean plane of the rough substrate and the

smooth surface, the number of summits in contact can be calculated as following:

n=N|4,(2)dz (3.10)

d

where N is the total number of summits.
The resulting total force is then the sum of all contact forces acting on single asperities and is

given by:

Fy =2 F, =ND'R"? T(Z—d)3/2¢s(2)dz (3.11)
! d

The contact area is found to be the sum of individual contact patches na’:

A=r) & =N7zRT(z—d)¢s(z)dz (3.12)
i d

A general form of the contact integrals can be derived and generally denoted as Greenwood-

Williamson function:

F, =]C(Z—d)”¢s(2)d2 (3.13)

Accordingly, the true contact stress ¢ = Fy / A can be expressed with the Greenwood-
Williamson functions and one obtains o ~ F; / F3». If the friction force is assumed to be
proportional to the real area of contact, it follows that the load dependence is given by the
ratio F; / F3,. However, this is valid for spherical asperities randomly distributed over a mean
plane. For a real surface, the height distribution of contact patches determines the increase

of friction force with increasing load.
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(c) Randomly rough

Ww

Figure 3.2: Schematic representation of the Hertz assumption (a), Greenwood-Williamson
model (b) and a rough surface (c) ([49])

3.2.2 Extension of the Greenwood-Williamson formulation

A simple extension of the elastic contact derived by Greenwood and Williamson to rubber
friction problems can be achieved by introducing the dynamic complex modulus E*(w)
describing the frequency dependent behaviour of viscoelastic materials. In a first
approximation, rubber can be assumed to be incompressible (v4 = 0.5). Also the Young
modulus of rubber E, is smaller than the one from the rigid substrate by several orders of
magnitude (E4 << E;). Since one considers a rubber block sliding on rough surface, the
radius of curvature of rubber is infinitely larger than the one from surface asperities, e.g.
R >> R,. This leads to a simplification of the expression of contact parameters derived in the
frame of the Hertz theory. Consequently, the normal force Fy expressed in Equation (3.11)

can be written as:

N 0
Fu=2Fni= % NIE* ()R [(z-d)"'* ¢,(2)dz (3.14)

i=1 d

The decomposition of normal force has to be carefully treated for multiple-scale contact
problems. Indeed, the theory of Greenwood and Williamson is based on the assumption that
two neighbouring asperities act independently on the counter solid. For rough surfaces, this
condition is clearly not satisfied at a certain length scale below which local deformation fields

tend to overlap. Thus, statistically averaged and length scale dependent quantities like the
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mean asperity curvature or the real area of contact can not be evaluated within the frame of
the Greenwood-Williamson theory in its basic form.

Nevertheless, a more detailed view of the sliding process shows that only the upper fraction
of profile may actually deform the rubber during dynamic contact, so that macro-asperities
appear in this case to act independently. Consequently, the applicability of the G-W
approximation yields only for contact parameters governed by the largest roughness scales
of the profile, for example the mean penetration depth <z,> and the corresponding normal

stress op. For these quantities, the surface can reasonably be approximated by spheres

corresponding to the largest asperity, e.g. with a diameter £, and separated by a distance

&, (Figure 3.3).

o g-o—g Now

—

&

Figure 3.3: Approximation of a profile by spheres for the application of Hertz theory

The evaluation of contact forces requires the determination of the summit height distribution
ds(z) characterising the fraction of profile contacting with the rubber. Based on an analytical
formulation combined with a numerical procedure, a method has been proposed for the
estimation of the summit height distribution ¢s(z). An affine transformation associated with an
affine parameter s is introduced to describe the shift of the original height distribution ¢(z)
towards higher region of the profile. Be the upper boundary z,.x fixed, each point of the

profile with a height z will be transformed according to the following relationship:

_(Z2-Zpa) (3.15)

max
S

V4

S

where z; is the transformed height. The new standard deviation is given by:

SH
I

(3.16)

» |

and the new mean value <z> follows:
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[
<zZ,>=Z,,|1-— (3.17)
S

On the other side, a numerical procedure calculates the local maxima distribution of a profile
with various interval lengths. The principle is depicted in Figure 3.4. For small length intervals
in the range of the measurement resolution, the maxima distribution tends to the original
height distribution ¢(z). By increasing the interval length, the procedure eliminates the valleys
where no contact occurs and only retains the highest region of profile. In particular, the

maxima distribution associated with an interval length &, corresponds to the approximation

of Greenwood-Williamson where maxima are replaced by spheres.
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Figure 3.4: Original rough profile (left) and magnified region (right)

An example of the maxima distribution is shown in Figure 3.5 for a corundum surface with an
interval length corresponding to the horizontal cut-off length &, of the surface. As expected,

a shift of the mean value is observed which indicates that only the upper part of the profile is
considered. Also, the shape of the distribution is narrower compared to the original
distribution. As a comparison, the analytical affine transformed distribution is shown with an
affine parameter found to be s = 1.20. A fairly good agreement can be seen between both
methods which allows an analytical formulation of the summit height distribution

ds(z) = f(d(z2)), with the affine parameter as a characteristic of each surface.



36 3. Modelling of rubber friction on rough surfaces

8 T T T T T T
7 = = - heigth distr. -
1 —— summit distr.
— 679 | affine transf. 7
O\O 4
R 5_ 4
>
2 44 -
g |
o 34 i
o |
Y 2_ |
1_ .
O =2 T T \I
-0,4 -0,2 0,0 0,2 0,4
z[mm]

Figure 3.5: Comparison between the numerical maxima distribution and the analytical

affine distribution for a corundum surface.

The numerical deviation between mean value and standard deviation for the maxima and
affine distribution at different interval lengths is shown in Figure 3.6. The difference becomes
higher with increasing interval length. However, in the range of the cut-off length &, where
the profile is approximated by spheres, a maximum deviation of 5% is observed. This
confirms the applicability of the proposed method for the determination of the summit height

distribution and the estimation of contact parameters governed by the largest asperities of

the surface.
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Figure 3.6: Deviation between the maxima and affine distribution
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3.3 Self-affinity of rough surfaces

Scaling properties of roughness are investigated in the next section in terms of self-affine
behaviour. This feature is crucial for a multi-scale analysis of the contact between elastomers
and rough surfaces and further the modelling of hysteresis and adhesion friction. In
particular, a general formalism is derived for surfaces exhibiting at least one scaling regime
which appears to be highly relevant for a fine characterisation of roughness and realistic

predictions of sliding friction.

3.3.1 Analytical formulation

The fractal nature of many surfaces has been studied within the last twenty years
[43][44][45][46]. It appears that most of engineered surfaces of practical importance exhibit a
self-affine behaviour. The term self-affinity yields for objects which show an invariance of the
morphology and statistical properties under anisotropic dilations [42]. For such surfaces, a
vertical cross-section magnified by a scaling factor o in the xy plane and by a factor o
(where 0 < H < 1) in the perpendicular direction remains statistically invariant. H is denoted
as the Hurst exponent and describes the degree of the surface irregularity. It is related to the

local fractal dimension D by the equation D = 3 — H.

Figure 3.7: 3D-measurement of a smooth steel surface with Atomic Force Microscopy
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Many engineered surfaces show a self-affine behaviour within a defined wave length interval.
The upper cut-off length is identified with the largest surface corrugations: for road surfaces,
this corresponds to the limit of macrotexture, e.g. the aggregate size. On the other side, the
lower cut-off length is fundamentally limited by the spatial resolution of the measuring
equipment. The main experimental difficulty arises from the necessity to achieve a proper
characterisation of the microtexture (micrometer range) while encompassing the largest
asperities of the profile in the height up to a few millimetres. Consequently, the
characterisation of self-affine properties is fundamentally limited by both the investigated
surface and the measuring equipment. The length scale dependence of roughness is
illustrated by a 3D reconstruction of a macroscopically smooth steel surface experimentally
obtained by means of atomic force microscopy (Figure 3.7). A wavy structure of roughness
can clearly be identified within the micrometer range and a self-affine behaviour is found for

length scales down to 100 nm.

Figure 3.8: Rough profile with associated height distribution ¢(z) and summit distribution
¢s(z) (from [71])

The scaling properties of engineered surfaces imply a distribution of roughness over many
length scales. Figure 3.8 clearly shows macroscopic asperities but a magnification of a
profile region illustrates the existence of roughness at small length scales. Macroscopically
rough surfaces like roads exhibit fractal dimensions comprised between D = 2 and D = 2.5.
The value strongly depends on the type of roughness analysis performed [71]: needle
measurements were found to provide a complete description of the roughness up to the
microscale range but remain insufficient to fully characterise the largest asperities of road
surfaces. On the contrary, laser measurements based on double triangulation allow

measuring lengths up to 200 mm but are spatially limited by a horizontal resolution of 25 pm.
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The self-affine character of a surface is described by correlation functions, for instance the
height-difference correlation function. It calculates the mean square height fluctuations of the

surface with respect to the horizontal length scale A and is given by:

C,(1)=<(z(x+1)-2(x))? > (3.18)

For self-affine surfaces, C,()) follows a power law with exponent 2H = 6 — 2D on small length

scales and reaches a plateau value &, corresponding to the vertical cut-off length of the

profile. This value can be expressed as a function of the profile variance (o =¢&,2/2) and is
thus directly related to the mean amplitude of roughness. The associated horizontal cut-off
length is denoted as &, and physically interpreted as the size of the largest asperity of the

profile. Therefore, it yields:

6-2D
C,(1)=¢&2 [?j for A<¢, (3.19)
1/

The path of the height difference correlation function is schematically shown in Figure 3.9.
From this function, a set of three descriptors completely characterises the surface. As
previously mentioned, the self-affinity is fulfilled for real surfaces below both cut-off lengths
generally over several orders of magnitude.

log C, (A)

A

S

>
>

&u log A

Figure 3.9: Height difference correlation function C,(A) for a self-affine surface with
corresponding set of descriptors
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A second approach consists in investigating statistical properties of a rough surface in the
frequency space. For self-affine surfaces, the power spectrum density can be expressed as a

function of the spatial frequency as following:
p -8
S(f)= k(—] (3.20)

where fyi, is the minimum frequency that corresponds to the inverse correlation length &,
and represents the maximum wave length of surface modulations.

The prefactor k is termed topothesy and relates the surface descriptors by k = HS 2 &,. The

exponent B is given by: p = 2H + 1 =7 — 2D. In other terms, both sets of descriptors are
equivalent from a theoretical point of view. A numerical study of correlation functions based

on a roughness analysis performed on real rough surfaces is presented in Chapter 5.

3.3.2 Extension to two scaling ranges

Previous investigations showed that rough surfaces and in particular roads can be
characterised by a fractal approach. The example of an asphalt surface shown in Figure 3.10
is based on a roughness analysis performed by means of laser measurements. A scaling

behaviour is observed within the interval [25 ym — 800 pm], giving access to a fractal

dimension D = 2.3 [63]. By extending the self-affine line up to the vertical cut-off length &,

the horizontal cut-off length &, can be easily determined. However, a gradual discrepancy

between the self-affine assumption and the statistical height difference correlation function
can be clearly identified for length scales above 800 um. This suggests that large length
scales are likely to exhibit different morphological properties than the one characterising the
range of microtexture. Recent investigations of tyre grip performance on a road surface
(asphalt) confirm the deviation of statistical functions from a description based on a single

scaling regime for large length scales [73].
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Figure 3.10: Height difference correlation function for an asphalt surface based on laser

measurements and corresponding descriptors ([63])

This remark has practical implications on the modelling of roughness: indeed, road surfaces
are known to be dominated by two main scaling regimes interpreted in terms of texture. The
macrotexture is related to the roughness of the largest asperities — depending on granulate
or aggregate size — while the microtexture rather describes their surface state (grain process,
polishing, abrasion). Moreover, as presented in the former chapter, micro- and macrotexture
are both associated with determining — but distinct — physical mechanisms regarding the

dynamic contact tyre/road during friction processes under dry and wet conditions [5].

Consequently, a second scaling regime is introduced in order to obtain a precise description
of scaling properties for large length scales. The path of the resulting height difference

correlation function C,(1) is schematically shown in Figure 3.11. It yields:

2H,
C,(1)=¢° (iJ for A, <A <&, (3.21)

Where A, is the boundary length corresponding to the cross-over of both scaling ranges
(Figure 3.11). For the second scaling range, the height difference correlation function C,(1) is

given by:

2H, 2H,
C,(1)=¢? [ﬂi] [QJ for A< A, (3.22)
2
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Figure 3.11: Schematic representation of the height difference correlation function C,()
and power spectrum density S(w) with a two scaling ranges approach

A similar approach can be applied to the power spectrum density S(») in the frequency

space (Figure 3.11). For the largest length scales, one obtains:

~(7-2Dy)
[
sior-s.(2 ]

9

min

_ (3 — D1)§L2

o 2rv e,

for wmin < ® < @w» (3.23)

where omin = 21V / &, @2 = 21v [ Ap.

For the second scaling range, it yields:

for , < @ (3.24)

2rv e, 1)

c

(7-2D;)
So , = (3 — D1)§L2 [a)minj

where S, is found to be directly related to the plateau value S, ;.
A general formulation of the height-difference correlation function and power spectrum

density for n-scaling ranges is presented in Appendix A.
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3.3.3 Real area of contact

The fractal nature of rough surfaces has a strong impact on the level of contact area
available during sliding friction. Indeed, since the roughness is distributed over many length
scales, the amount of contact patches depends on the magnification at which the surface is
observed (Figure 3.12). As a result, macroscopic observable contact patches can be
decomposed into microscopic smaller ones and that the real area of contact only represents
a small fraction of the apparent contact area. This is of considerable importance for rubber
friction properties on rough surfaces which are basically determined by the ability to generate

contact stresses within the contact region.

Real area of contact A,

Figure 3.12: Schematic representation of contact patches distributed within the contact
area during sliding process

The particular behaviour of the contact area as length scale dependent quantity can be
highlighted by the yardstick method: it consists in covering the surface by gauges from
various sizes and counting the number required for the formation of a packed monolayer.
Figure 3.13 shows the principle of the yardstick method for two different gauge sizes. With
decreasing radius, it can be seen that smaller cavities can be explored which leads to a
higher observed contact area. This makes clear that the characterisation of a fractal object

depends on the length scale at which it is measured.

The yardstick method can also be experimentally applied to smaller objects like carbon black
aggregates: monolayer of different molecules (representing the gauges) can be isothermally
absorbed on the filler surface and reveal the fractal nature of such nano-objects [47]. Such
studies are from practical importance as the available area on a filler surface influences the
wetting process with polymer chains during the mixing procedure and promotes the

dispersion of filler particles within the polymer matrix.
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Figure 3.13: Measurement of profile length with different yardsticks (from [47])

For self-affine surfaces and below the cut-off length &,, the number of gauges N(1) of size A

obtained for a monolayer at a length scale A is directly related to the fractal dimension

(N~ 1P). Thus, the real area of contact increases with decreasing gauge size as following:

A (1) =A, (ﬂ*/é://)z_D forA <& (3.25)

For example, a brownian surface with D = 2.5 observed at a length scale three decades

below &, exhibits a contact area A(L) ~ 32 Aq.

3.4 Modelling of hysteresis friction

Based on the formulated multi-scale contact analysis, generated hysteresis friction is
analytically derived for elastomers sliding on rough surfaces. Contact parameters and the

transition from a one to two-scaling-regimes approach are shown in details.

3.4.1 One scaling range

Hysteresis friction arises from the energy dissipation caused by the local deformation of
rubber by surface asperities during sliding process. The dissipated energy can be generally

written in the following form:
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~ v o
AE giss :j o-cdtd’x (3.26)
0

St

where V is the excitated volume of the solid, T is the sliding time, o and ¢ the tensors of
strain and gradient of deformation respectively. In the case of uniaxial deformation, the

Fourier transform of ¢ and ¢ gives:

o(t)= [ o(w)edo (3.27)

g(t) = I e*(w)e™dw (3.28)
By introducing the Fourier representation of Dirac’s 8-function

1 Lo
S(w-a')= —— [ at (3.29)
2r
and the complex modulus

E*(0)=E'(0)+iE" ()= o () (3.30)
e (w)

the dissipated energy can be written as

= <AEgs > = %T ]-” ® E"'(w) S(w) do (3.31)

DOmin

AE

diss

where S(w) is the power spectrum density given by the Fourier transform of the auto-

correlation of the roughness induced strain:

<s(w)e* (o) > = %S(a) )5(w-o') (3.32)

By identifying the dissipated energy per time unit with the power generated by the hysteresis
friction force (AEqiss / T = Fy V), one obtains the following expression for the hysteresis friction
coefficient [63]:

F <o> ",
Uy = ﬁ = 5oy J.a)E (0) S(w) do (3.33)

(o]

DOmin
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where o¢ is the nominal load, v is the sliding velocity, <6> is the excitated layer of rubber
resulting from the dynamic contact with surface asperities, further assumed to be
proportional to the mean penetration depth <z,> of the rough substrate into the rubber. The

lower boundary frequency is associated to the largest length scale of surface and is given by

omin = 21Vl &, . Note that the front factor in Equation (3.33) differs from the one derived in [60]

due to a different normalization of the Fourier transform in Equations (3.27) and (3.28).

The estimation of the minimal length scale A, contributing to hysteresis friction (and the
corresponding upper boundary frequency @max = 2nv/Amin) is of considerable importance.
Indeed, as presented in this section, the evaluation of the smallest cavity filled by rubber
during dynamic contact leads to the determination of the contact area, e.g. the fraction of the
rubber effectively involved in the frictional process. The situation is illustrated on Figure 3.14
for a rubber block pressed against a sinusoidal profile with a wave length A.

The estimation of A, is based on an energy condition of elastic contact, stating that the sum
of the elastic deformation work and adhesion energy upon contact should be larger that the

elastically stored energy in the stress field of rubber [63]:

(A1) 2 h(A) + Ay Ah(A) = E*(1) h*(4) (3.34)

Here, | EX(4)| is the norm of the complex dynamic modulus at a frequency = 2zV/, v
being the sliding velocity and h(A) the deformation of rubber while filling up a cavity of
horizontal size A, Ay is the change of surface energy per area unit of frictional pairing during

sliding process.

Figure 3.14: Deformation of the rubber on a sinusoidal profile

If the normal force is dominant, i.e. o(A) A >> Ay, the length scale interval [Amin, &,] can be

determined from Equation (3.34). In particular, the minimal length scale A, is given by [63]:
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(3.35)

where Fy and F3, denote the Greenwood-Williamson functions; also E(Amin) = E(wmax) and s
is the affine parameter characterising the summit height distribution at macroscopic length
scales earlier presented in this chapter.

Using the scaling behaviour exhibited by the real area of contact in Equation (3.25), the

calculation of the real area of contact A; leads to [63]:

3

(2D-4) 5..F02(?)F32(5]E : (Z’WJ
Ac (ﬂ“min ) = AO 8018 ? s 5” (336)
T 33/2(2D_2)2§LE*(E7WJ

3.4.2 Two scaling ranges

It has been seen that the introduction of multi-fractality concepts implies a generalized
formulation for both the height difference correlation function C,(A) and the power spectrum
density S(w). Consequently, the hysteresis friction integral is decomposed into several terms
corresponding to each scaling regime. Contact parameters like the mean penetration depth
<z,> calculated in the frame of the extended Greenwood-Williamson theory are not affected
by the number a scaling regimes (no length scale dependence). In case of a two scaling

ranges approach, the hysteresis friction coefficient yy is given by:

g, = 120> { fdw wE"(0)-S,(w)+ jda) wE"(w)- Sz(a))} (3.37)

Dmin w2

where w, = 22v / A, is determined via the cross-over of the two scaling regimes. S;(w) and
So(w) are the power spectrum density of macro- and microtexture, respectively, previously
determined in Equations (3.23) and (3.24). A generalized formulation of the hysteresis friction
coefficient and corresponding contact parameters for n-scaling ranges is presented in

Appendix A.
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The amount of contact patches strongly depends on the magnification at which the contact is
considered. This can be evidenced by the yardstick method which consists in counting the
number of gauges N(1A) of length scale A required to cover the surface. As a result, the
contact area of self-affine surfaces increases with decreasing length scale according to a
specific power law [63]. The introduction of a second scaling regime leads to an extension of

the formulation for the contact area, and one obtains at a length scale Amin:

1 2-D;, 1 2-D,
Ac (ﬂ’min) = Ac,o [_Zj (ﬂ] (338)
é:II 2’2

where A is the external contact area, &, accounts for the horizontal cut-off length, A, is the
cross-over length scale between macro- and microtexture, Dy and D, correspond to the
fractal dimension of macro- and microtexture, respectively.

In particular, the external contact area is defined as by the product of the weighed summit

contact and the number of summits nAq [63]:

T .2 . m
A,==A"n A F(t) with n,=—-"—=~— _
0% o Fo(t) 6743, (3.39)

where Aq is the nominal contact area, Fy(t) is the Greenwood-Williamson function determined
according to Equation (3.13), ns denotes the summit density and A, accounts for the lowest
cut-off length of surfaces, typically A ~ 107'° m, where a cross-over from the fractal disorder
to the atomic ordered structure appears. m, and m, are the second and fourth momenta of
roughness spectra, respectively. For self-affine surfaces with a power spectrum density S(f)

characterised by two scaling ranges, a general form of the momenta is given by:
f2 n fmax n
m, =ij f s,(f)df+jf f"S,(f)df (3.40)

where fonin = 1/&,, f2 = 1/h2 and foax = 1/Amin. Si(f) and Sy(f) corresponds to the power

spectrum density of macro- and microtexture, respectively.

According to Equation (3.23) and (3.24), the calculation of m, and m, leads to the following

expression for the summit density ng:
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(3.41)

where B4 =7 — 2D, and B, = 7 — 2D,, with D1 and D, accounting for the fractal dimension of

macro- and microtexture, respectively.

Accordingly, the real area of contact Ac(Amin) associated with the contact interval [Amin, &;]

2-D, 2-D,
BRCI
§II ﬂ“Z .

By assuming that the elastic deformation work due to the normal force is predominant over

can be rewritten as:

1 T
+
_AoFo(t) 5_181( 2J 5_132[
Ac(ﬁ“min)_ 12\/5 1 [

the adhesion energy, the minimal length scale of the contact interval [Amin, &,] is given by

[63]:

(3.43)

o ol Ol

= O-(ﬂ“min )

where E(Amin) is the dynamic modulus at a frequency ® = 2nv / Amin, vV being the sliding
velocity. C,(Amin) accounts for the height difference correlation function at a length scale Anin,

o(Amin) is the true mean contact stress defined by:

__ R oA
)= A = A ) (3.44)

'min 'min

By combining Equations (3.42), (3.43) and (3.44), the smallest length scale A, contributing

to hysteresis friction with a two-scaling-ranges approach is found as

1

Amin = [( Ay T(DZ_D” 0.097s™" S, |E(ﬂ“m/n)| F, (t) ﬁs e (3.45)
- )

& & |EE)] Fy2 @,
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with 7, = 67/3 2,°n,

If Equation (3.45) is inserted into Equation (3.42), the corresponding real area of contact

Ac(Amin) is given by:

1

~ 2 o
A (i) = Ao| Bl BRG) 2 (3.46)
8087 s¥% & |E(An)

where a short analysis shows that n, ~ (3 - ,)/(5- ,), e.g. the correction term is solely

influenced by the fractal dimension of microtexture.

3.5 Modelling of adhesion friction

Beside hysteresis friction, a modelling of adhesion friction is presented in the next section. It
relies on the calculated real area of contact combined with a velocity dependent interfacial
shear strength which reflects the kinetics of peeling effects of rubber on the smallest length

scales during the sliding process.

3.5.1 Role of contact area

As presented in Chapter 2, adhesion can even take place during rubber sliding friction on wet
rough surfaces. The presence of lubricant is a necessary but not sufficient condition for the
suppression of adhesion [17]. The breakage of lubricant film during the sliding process is
activated by the surface microtexture and might lead to the formation of statistically
distributed islands of dry contact under wet conditions [5]. This mechanism appears to be
strongly dependent on the nature of the lubricant, morphology of the roughness and can be
hindered by detergents which are known to prevent intimate contact between rubber and
rough substrate. Under dry conditions, both hysteresis and adhesion components contribute
to the frictional process.

Generally, adhesion plays a role during friction if an intimate contact between two solids
takes place at the interface. The amount, structure and nature of contact patches control the

level of adhesion. A simple formulation of the adhesion friction is given by:



3.5. Modelling of adhesion friction 51

_ Faah _Ts A,
Hagn = F, = o, 'Ao (3.47)

where 7 is the true interfacial shear strength, op is the load, Ay and A. correspond to the
nominal and real contact area, respectively.
Hence, the adhesion appears to be directly proportional to the real area of contact A;. The

true interfacial shear strength z; describes the local force required to break contact junctions.

3.5.2 Kinetics of the interfacial shear strength

The formation and breakage of contact patches between rubber-like materials and hard
substrates has been extensively studied for rolling friction, rebound and peel-off experiments.
When the two solids are put into contact, the observed contact radius is higher than the Hertz
which indicates that attractive forces occur and can be considered via the surface energy Ay
of the interface [35]. Also, when the two solids are put apart, the peeling-off process exhibits
a strong dependence on the rubber type, temperature and rate of separation. This is due to
the existence of high strain regions located at the periphery of the contact zone which are
driven by the rubber viscoelastic properties during the breakage of contact junctions [25].
Similarities can be found with rubber sliding friction on rough surfaces. Indeed, both
processes of adhering and peeling-off occur during dynamic contact. Let us consider an
element of a rubber solid sliding over a single asperity: when the element comes into the
entrance zone, an adhering process occurs due to the attractive forces with the spherical
asperity located at the trailing edge of the contact. This is followed by the deformation of the
bulk material associated with the hysteresis friction. Finally, at the leading edge, a breakage
of the contact is observed via a peeling-off process resulting in local energy dissipation. This
mechanism is schematically illustrated in Figure 3.15.

By superposing a second wave length on the asperity, it can be seen that the peeling-off
process occur over the whole contact zone and not only at the leading edge. Since real
surfaces are rough over many length scales, the mechanisms described above are
statistically distributed in the contact area. The formation and breakage of contact patches is
expected to be controlled by the viscoelastic properties of the rubber as it corresponds to a

mechanical stretching and relaxation process of polymer chains.
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Figure 3.15: Schematic view of local peeling effects occurring during dry sliding friction

The rate dependence of peeling-off experiments between rubber-like materials and a blunt
asperity has been taken in account via the introduction of an effective surface energy term
Ayerr describing the viscoelastic nature of such processes [21]. At low rates of separation, the
effective surface energy reaches a constant value corresponding to the static surface energy
Ayp. By increasing the rate of separation, 4y goes through a modulus-like transition and
follows a power law until a critical velocity v, assumed to depend on the nature of the
polymer and the filler content (Figure 3.16). The step height of the transition is given by the
one observed during mechanical spectroscopy, e.g. E./Ey (dynamic modulus in glassy and
rubbery state)

The surface energy Ay is related to the true interfacial shear strength 7, by: 7o = Ay .7,

where [s is a typical length scale at which such processes occur.

3
= 21
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log(v/va)
Figure 3.16: Effective surface energy Ay as a function of the sliding velocity v (from [50])

From these considerations, an empirical formulation for the velocity dependence of the true

interfacial shear strength z; can be derived and is given by:
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r.=1_,|1+ E./E, 3.48
s (1 v, V) (3.48)

where n is a material dependent exponent, ;5 is the interfacial shear strength in the limit of
very low velocities, v, is the critical velocity above which the true interfacial shear strength s

is constant, E./E, is the step height of the dynamic modulus between rubbery and glassy

state.
A numerical application of the true interfacial shear strength z; is schematically presented in

Figure 3.17.
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Figure 3.17: Simulated interfacial shear strength ts according to Equation (3.48) as a function
of the sliding velocity with 5o = 1. Full curve: n = 0.7, v, = 10 m/s, E./E, = 1000.
Dashed curve: n=0.3, v. =1 m/s, E./E; =100
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4. Materials and experimental methods

The applicability of friction modelling has been investigated on model elastomer systems
based on commercial polymers and modern fillers. Experimental methods include relaxation
spectroscopy for the evaluation of mechanical properties in the high frequency region,
roughness analysis required for the length-scale dependent characterisation of surfaces,
photogrammetry related to contact analysis and two test rigs dedicated to friction

measurements.

4.1 Materials

A systematic variation of the formulation was carried out to separate the effect of the polymer
matrix and the filler system and their impact on friction properties. Samples include a
solution-styrene-butadiene rubber S-SBR with 50 wt.% vinyl and 25 wt.% styrene (BUNA
VSL 5025-0 HM) often used for tread compounds, a second solution-styrene-butadiene
rubber S-SBR with 25 wt.% vinyl content and also an emulsion-styrene-butadiene rubber E-
SBR 1500. The polymers were mixed with two different filler systems, namely carbon black
N339 and silica GR7000 with a coupling agent Coupsil 8113. The Coupsil 8113 consists of
silica particles coated with a bifunctional silane, ensuring a reasonable level of dispersability
during mixing and formation of covalent bonds with the polymer during vulcanisation. The
formulation of compounds is completed with anti-aging (1.5 phr IPPD) as well as processing
agents (1 phr Stearic Acid and 3 phr Zinc Oxide). In order to achieve a sufficient level of
elasticity, both polymers were cross-linked in a steam press with 1.7 phr sulphur in
combination with 2.5 phr accelerator (CBS). The full formulations of the materials are listed in
Table 4.1.

The unfilled polymers were mixed on a roller mill for 5 minutes while the filled systems had a
two step mixing stage with first 5 min in an internal mixer followed by 5 minutes on the roller
mill. The curing time was measured on a Monsanto rheometer at a temperature of 160°C and
corresponds to tgs, i. €. the required time to reach 95% of the maximum torque deduced from
the vulcameter curves of each compound. Test samples were finally vulcanised in a heating

press under 200 bars pressure at a curing temperature of 160°C.
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Polymer S-SBR 5025 S-SBR 2525 E-SBR 1500
Content (phr) 100 100 100 100 100 100 100
Filler None N339 GR7000 None N339 GR7000 N339
Content (phr) 0 60 60 0 60 60 60
Silane - - 5 - - 5 -
Zinc Oxyd 3
Stearic Acid 1
IPPD 1.5
CBS 25
S 1.7
Table 4.1: Formulation of rubber compounds

4.2 Roughness analysis

The characterisation of rough surfaces is a determining step for the calculation of fractal
descriptors and the resulting hysteresis friction. Due to spatial limitations, high-resolution
experimental methods like Atomic Force Microscopy (AFM) can not be applied for rough
surfaces. A complete measuring of both micro- and macrotextures requires a sufficient

vertical range of stylus movements combined with a high horizontal resolution.

The Talysurf 100 is a profilometer measuring system which detects and evaluates curvature,
inclination, roughness and waviness of surfaces with a single traverse across the
component. The Talysurf 100 is composed of a probe head equipped with a sapphire ball
stylus. The related arm includes an inductive gauge with a pivoted and balanced beam to
allow measurement in any attitude. It allows a vertical range of movements of +/- 1 mm,
which is optimal for surfaces like rough granite or fine asphalt. The horizontal interval of
sampling data is Ax = 0.5 uym, the vertical resolution is Az = 16 nm. The measured data can
be exported and displayed on a processor control module. The experimental set-up is

schematically presented in Figure 4.1.

Surface measurements were carried out until the maximal length of the traverse, e.g. 50 mm.
In order to ensure a good statistic of the roughness analysis, the measurement was repeated

15 times for each surface in different directions.
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Figure 4.1: Experimental set-up of a profilometry measurement

4.3 Relaxation spectroscopy

Relaxation spectroscopy has been a useful technique over the last decades to investigate
the relationship between the microstructure and some macroscopic properties of polymeric
materials. The dynamic mechanical analysis and the dielectric spectroscopy are probably the
two most used techniques to provide some information on the frequency and temperature
dependent relaxation processes occurring in the rubber matrix. In both cases, specific
fluctuations of the material response are detected using small perturbations of the external

force field.

4.3.1 Dynamic Mechanical Thermal Analysis (DMTA)

The mechanical response of rubber in the high frequency range is strongly related with the
level of hysteresis friction. From the experimental point of view, classical testing equipments
can reasonably generate mechanical excitation up to 1 kHz. For an estimation of the high
frequency dynamic behaviour, the correspondence between time, e.g. frequency, and
temperature is used. This allows the construction of master curves, e.g. the dynamic

mechanical modulus G* as a function of the frequency.

The dynamic mechanical analysis was firstly performed on a dynamic analysator ARES from
the company Rheometrics (Figure 4.2). The principle is based on a clamped strip specimen

sinusoidally stretched under torsion at a constant deformation. The resulting torque is
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measured up to 2.10° Nm as well as the shift angle between imposed strain and
corresponding stress. This allows the calculation of both storage and loss moduli, G’ and G”
respectively. As long as the deformation is small compared to the specimen height, torsion
can be assimilated to shear deformation. The measuring frequency range is comprised
between f = 0.001...80 Hz while the deformation range goes from ¢ = 0.5% up to
e = 3.5%. A static pre-tension of 150 g is applied on the specimen to ensure sufficient
conditioning over the whole range of temperature. The experimental set-up finally involves a
temperature chamber which enables dynamic measurements at temperatures comprised
between T =-100°C and T = 100°C.

For construction of master curves, frequency and temperature dependent sweeps were

applied between f = 0.015 and f = 15 Hz at various strain amplitudes.

Load cell
—
Rub_ber - Clamps
specimen
—
Imposed
\_} displacement
Figure 4.2: Experimental set-up of the Ares mechanical spectrometer

An extension of the experimental conditions was enabled through dynamic measurements
carried out on uniaxial MTS servo-hydraulic testing equipment MTS 831.50 (Figure 4.3). It
allows a temperature and frequency dependent characterisation on various materials up to 1
kHz under load or displacement control. The main advantage of this method is the possibility
to test rubber specimen under realistic conditions: for friction applications, dumbbell
geometry can be pre-compressed at a constant displacement and then harmonically
deformed around this position. Dumbbell specimen allows compression up to 30% without
any significant barrelling compared to other cylindrical test geometry. The evolution of
dynamic properties could be followed with a special elastomer module (TestWare SX) of the

TestStar control software.
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As before, the construction of master curves is based on frequency sweeps between

f=0.02 Hz and f = 10 Hz applied at various temperatures. The level of pre-compression was

fixed at 10% and 20%, the strain amplitude was gradually increased (peak to peak) at € = 2,
6 and 10%.

Figure 4.3: Experimental set-up of MTS servo-hydraulic testing equipment for dynamic
mechanical analysis on dumbbell specimen

4.3.2 Dielectric spectroscopy

A second measurement technique for investigating the relaxation processes of rubber
materials is achieved by dielectric spectroscopy. In this case, the interaction between the
material and a dynamic electric field is measured over a broad range of frequency and
temperature. Two interaction mechanisms can be observed, namely polarization associated
with the orientation of permanent dipoles (reversible storage of field energy), and conduction
related with dissipative effects. As for mechanical spectroscopy, molecular motions of
molecules or segments within the material are detected under external force field. The nature
of the interactions results in a higher sensitivity of dielectric measurements: thus a resolution
of 10°° can be achieved on the dielectric loss factor (DMA: 10°®).

The measurements of dielectric spectroscopy were performed with a broadband dielectric
spectrometer BDS 40 manufactured by the company Novocontrol GmbH. It provides a
bandwidth of eleven decades, from 10* Hz to 10 MHz. The measurement geometry was a

disc shaped plate capacitor of 30 mm diameter where the specimen was placed between two
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gold-plated brace electrodes (Figure 4.4). The thickness of the sample was ca. 2 mm. Thin
gold layers were sputtered onto the flat surfaces of rubber specimen in order to ensure

electrical contact with the electrode plates

Electrode Diameter D—

Electrode Thickness t
Sample Thickness d
A

Electrodes Sample Material

Figure 4.4: Experimental set-up of the broadband dielectric spectrometer

4.4 Photogrammetry analysis

The local deformation of rubber by surface asperities during sliding friction is associated with
bulk deformation and related dissipative effects. In particular, the proposed formulation of the
hysteresis friction assumes that the excited layer and the computed mean penetration depth
vary in a linear way. In order to investigate the validity of this assumption, indentation
experiments were performed with an optical measuring system ARAMIS from the company
Gom. The principle is based on one or more CCD cameras that record the deformation of
structure under different loading conditions (Figure 4.5). By applying a spray pattern on the
surface of the specimen, facets can be detected and tracked at each stage of the loading
process. The initial image processing, requiring image correlation, defines unique correlation
areas known as macro-image facets, typically 5-20 pixels square which can overlap for
higher accuracy across the entire image area [83]. The centre of each facet is a

measurement point which is tracked during the deformation process as long as it remains in



60 4. Materials and experimental methods

the field of view of the cameras. The 3D image correlation system uses ordinary light to
reduce the glare. The minimum sensitivity is 1 / 30 000 of the field of view, e.g. a sensitivity

of 1 micron can be obtained with a 3 cm field of view.

This leads to the reconstruction of the online deformation and stress field. Experimentally, a
10 mm high rubber block was glued on an aluminium plate. Two identical steel cylindrical
indenters with a tip radius of 1 mm were used for the measurements, whereby the

penetration depth was stepwise controlled with the MTS software.

Figure 4.5: Experimental set-up of the Aramis optical measuring system

4.5 Friction measurements

The characterisation of the friction coefficient was performed with two different testing
methods. Firstly, a Zwick universal testing machine was modified and reconfigured for friction
measurements. Thus, tests could be carried out over a range of low sliding velocities (up to
v ~ 10 mm/s) and moderate loads (o, ~ 0.01 MPa). A second possibility consisted of using
an MTS biaxial servo-hydraulic testing facility. This allowed an extended range of sliding

velocities (up to v = 400 mm/s) and loads (o, ~ 0.3 MPa).

4.5.1 Modified Zwick universal testing equipment

Based on a Zwick universal testing facility, stationary friction experiments could be carried

out on rough surfaces under various contact conditions. It allows a characterisation of the
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friction behaviour over three decades of sliding velocity, namely from v = 0.01 mm/s to
10 mm/s. Within this range, it can be reasonably assumed that interfacial thermal effects

related to the local increase of contact temperature are negligible.

The rubber sample dimensions are 50x50 mm? with a thickness of 2 mm. The large surface
area ensures a good statistical distribution of the contact patches with the rubber surface. It
was then glued to an aluminium plate loaded with weights. This ensemble is pulled by a steel
rope with a diameter d = 0.54 mm connected to the traverse by two pulleys. One of them is
fixed to the load cell where the friction force can be then directly measured. The experimental

set-up of friction measurements is presented in Figure 4.6.

Figure 4.6: Experimental set-up for stationary friction measurements

The use of weights leads to a limited range of tested loads: it can be easily calculated that a
weight of 30 N is, in this case, equivalent to a load o, ~ 12 kPa. Consequently, the friction
behaviour could be only investigated within a range of moderate loads. Conversely, as the
amount of abrasion was significantly reduced, unfilled materials with a low hardness could be

measured without a significant modification of surface texture.

Experimentally, the test was performed until the friction force reached a plateau value Fg
characteristic of the stationary regime. The friction coefficient was then calculated as
M = Fs / Fn, where Fy is the normal force. A typical measurement of the friction force is

presented in Figure 4.7 for three different loads.
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Figure 4.7: Friction force as a function of the measuring distance with corresponding

stationary regime

4.5.2 Biaxial hydropulser (MTS)

An alternative method for friction measurements was obtained by modifying a biaxial MTS
servo-hydraulic testing facility. It is equipped with two perpendicular cylinders which can
apply a force up to 20 kN. Thus, classical dynamic measurements can be performed under
uniaxial deformation or under complex situations of loading encountered in tyre tread
elements (combination of compression and shear). The vertical axis can be moved along a
linear bearing with a maximum displacement of 150 mm. A second cylinder positioned
perpendicular to the vertical axis allows horizontal movement over a range of 60 mm.
Consequently, by synchronising the displacement of both axes, a friction process can be
simulated.

The construction is based on two linear bearings fixed to a bar which ensures a sufficient
stiffness in the direction of translation. The rubber sample is glued on an aluminium plate
mounted on the horizontal axis and has a maximal size of 60x60 mm?. The vertical axis
consists of a biaxial load cell rigidly attached to an aluminium bath containing a rough
substrate. The biaxial load cell is based on the DMS measuring principle and measures both
the normal force Fy and the tangential force, e.g. friction force Fg, up to a maximum level of
25 kN. The aluminium form allows the possibility to use a lubricant and then carry out friction
measurements under dry or wet conditions (water detergent). A detailed view of the

experimental construction is shown in Figure 4.8.
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Figure 4.8: Picture of a modified biaxial MTS testing machine for friction tests (left) and
schematic representation (right)

The experimental procedure was programmed on the TestWare SX module, part of the
TestStar control software. Both axes were displacement controlled for friction tests: a
triangular function was generated for the horizontal cylinder, thus allowing a translation of the
horizontal cylinder at constant sliding velocity. The vertical axis was controlled by a
rectangular signal associated with a given penetration depth of the rough substrate in the
rubber material during a defined period of time. A typical example of the recorded signals is
presented in Figure 4.9. It should be noted that real conditions of tread elements during ABS-
Braking phases can be reproduced up to the maximal sliding velocity v = 400 mm/s by
reducing the contact time (pulsed stress simulating short contact with the road) and repeating
the measurement (rolling tyre). The tested sliding speeds range from v = 0.1 mm/s to

v = 300 mm/s, with a maximum friction path of d = 50 mm. The experimental load was fixed

at o, = 0.25 MPa.



64 4. Materials and experimental methods

1200 0,6
| === Normal force
| Friction force
1000 | T B - 0,5
800 | i ; 104
z | | 1
§ 600 - i,,,,,,,,} ffffffffffffffffff --—+03 =
(o] L I |
L ! | |
400 - SRR I i ---—+0,2
200 | i i 10,1
1 RO U 1 N N I
2 3 4 5 6 7
Time (s)
Figure 4.9: Measured normal and friction forces for an S-SBR 2525 filled with 60 phr N339

on a fine asphalt. v=4 mm/s.
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5. Experimental results and model prediction

This chapter first presents a wide range of results required for the simulation of both
hysteresis and adhesion friction. The evaluation of surface statistical functions gives a
deeper insight into the scaling properties of rough substrates and highlights the relevance of
a two-scaling-regimes approach for the description of roughness. The combination of
relaxation spectroscopy data leads to a generalized master procedure for filled elastomers.
Resulting simulations of hysteresis friction underline the influence of temperature, load,
roughness, sliding velocity and rubber formulation (polymer, filler) on contact parameters
during sliding process. Finally, correlations between theoretical predictions and experimental
data are shown: the role of hysteresis and adhesion friction is discussed in details followed

by a consequent argumentation for further improvements of the modelling.

5.1 Roughness analysis

The characterisation of rough surface is an essential step for the prediction of friction
properties. Regarding wet grip performance, a general approach used by road constructors
consists in correlating experimental data with characteristic quantities of road pavements: for
instance, the standard sand height method gives an indication of the roughness amplitude and
is therefore used in empirical friction laws to describe the frictional behaviour of tyres under
wet conditions [80]. On the other side, tyre manufacturers often correlate the dynamic loss
factor of tread compounds measured at low temperature with wet grip properties [57][58]. In
both cases, friction mechanisms are assumed to arise from a characteristic, e.g. single length
scale of rough profiles.

The self-affine character exhibited by road pavements has opened new perspectives for the
description and comprehension of interfacial phenomena. Thereby, the roughness is
considered through morphological invariance over several length scale regimes which
subsequently relates to a multi-scale description of dynamic contact problems during sliding

friction.

In the following, rough granite and asphalt surfaces are characterised by means of
profilometry measurements. Corresponding height distributions are evaluated with regard to
the Greenwood-Williamson functions required for the estimation of contact parameters. Also,

the calculation of the statistical height difference correlation function C,(A) underlines typical
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scaling behaviour of rough surfaces and leads to the determination of fractal descriptors.
Finally, the influence of spatial resolution during profile measurements is schematically
presented and experimental requirements for a proper characterisation of rough surfaces

down to the micrometer range are pointed out.

As presented in Chapter 4, both surfaces were characterised by means of profilometry with a
horizontal resolution r = 0.5 ym over a maximal measuring range d = 50 mm. A typical
example is shown in Figure 5.1 (left diagram) for a rough granite profile, whereby results are

already averaged (<z(x)> =0) and levelled out (<z(x)> =0). The maximal roughness

amplitude peak-to-peak lies around Az,.x = 1 mm, which is acceptable compared to the
maximum vertical stroke of the needle. The corresponding normalized height distribution ¢(z)
is presented in the right diagram of Figure 5.1 together with the asphalt surface. Rough
granite displays a quasi-symmetrical distribution while asphalt shows a dissymmetrical
behaviour with higher roughness density over the mean value of the profile. Also the broader
feature observed for the latter indicates a higher level of roughness. Both surfaces show
significant advantages compared to silicon carbide based substrates which have been
extensively studied during the past, namely a decrease in asperity sharpness which strongly

limit the occurrence of wear during friction process [13][86].
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Figure 5.1: Profile measurement of rough granite (left) and associated normalized height

distributions (right)

The evaluation of the height difference correlation function C,(1) is presented in Figure 5.2 for
a rough granite surface. It physically corresponds to the average height difference of two
points from a profile with increasing horizontal distance. The reproducibility of numerical
procedure can be seen in the left diagram of Figure 5.2: since profile measurements were

carried out in different spatial directions, the roughness exhibits a quasi-isotropic feature with
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typical scaling behaviour. The averaged height difference correlation function C,(1) is shown

in the right diagram with the associated surface descriptors.
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Figure 5.2: Height difference correlation function C,(A) for five rough granite profiles (left)
and averaged function with fractal descriptors (right)

As shown in Figure 5.2, the slope of the height-difference correlation function C,(1), i.e. the
Hurst exponent H or fractal dimension D, depends on the interval of length scales selected
for fitting procedure. Since the value of D is known to strongly influence the simulated
hysteresis friction, a special attention should be given to the interval chosen for the
calculation of the fractal dimension. In practice, a full treatment of roughness requires a
sufficiently high measurement range up to a few cm for the collection of the largest surface
asperities combined with a spatial resolution down to the micrometer range for the
characterisation of the smallest corrugations involved during sliding friction. For instance,
roughness characterisation carried out with recent laser equipment offers wide measurement
ranges up to A = 40 cm but poorly resolves small asperities with a horizontal resolution
r =25 pum [71][73]. As a result, while large length scales are properly characterised, this type
of measurement only provides limited information regarding the morphology of small length

scales which are crucial for the modelling and occurrence of adhesion processes [66].

Based on results obtained for rough granite, a systematic variation of the interval of
evaluation was carried out in order to quantify the scatter of D values within the micrometer
range. Results show a gradual increase of D when larger length scales are included in the
fitting procedure (Table 5.1). Since the horizontal resolution of the needle measuring
equipment is r = 0.5 ym, the calculation procedure appears to be critical within this range due
to a lack a precision. Therefore, a safety margin should be taken to ensure the validity of the

evaluation. On the other side, the scaling behaviour can be graphically observed up to 200
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pum (Figure 5.2). By restricting the evaluation interval to [25 pm — 200 pym] like it would be the
case for a laser measurement, the fractal dimension is found to be D = 2.23. This confirms
the fact that inherent limitations of profilometry equipments lead to unsatisfying description of

micro-roughness which can in return mislead the prediction of hysteresis and adhesion

friction.
Interval [Ap, Aq] [Um] Fractal Dimension D
[0.5-50] 212
[0.5-200] 2.18
[5-100] 2.14
[5-200] 2.20
[25-200] 2.23
Table 5.1: Fractal dimension D of microtexture calculated within different ranges

[A2, A4] for a rough granite surface

As previously observed, a scaling regime can be identified at length scales comprised
between the interval A = [5 - 100 ym] with a corresponding fractal dimension D, = 2.14. For
length scales larger than A ~ 100 ym, the path of the height difference correlation function
strongly deviates from the formulated assumption which indicates the existence of a second
scaling regime up to the largest length scales. By applying a fitting procedure on the upper
interval A = [200 — 1000 um], a second fractal dimension D; = 2.37 can be determined.
Compared to the former description with one scaling regime, the horizontal cut-off length &, is
shifted towards higher values due to the higher fractal dimension of macro-roughness (from

&, = 1.1 to 2.5 mm). The impact of &, on contact parameters is shown and explained in the

next section. Also, a third cut-off length A, can be defined, corresponding to the intersection
point of scaling ranges, namely the limit between micro- and macrotexture. Up to now, no
precise definition of both micro- and macrotextures in terms of length scales is available in the
literature. Nevertheless, their common limit is generally expected to be located around a few
hundred microns, thus corroborating results found on rough granite [5]. Referring to the
modelling of hysteresis friction, the length scale A, is associated with the boundary frequency

f = v/ Lk, which delimitates both friction integrals in case of a two-scaling-regimes approach.

Similarly to rough granite, asphalt profile measurements have been evaluated on the basis of
statistical correlation functions. The corresponding height difference correlation function C,(1)
and surface descriptors are depicted in Figure 5.3. Fractal analysis reveals the existence of

two scaling regimes associated with distinct fractal dimensions. The microtexture is found to
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be related to a fractal dimension D, = 2.08 within the interval A = [5 — 100 um] and a second
scaling regime can be identified with D4 = 2.44 within the range A = [300 — 1000 pym] which is

associated with a cut-off length A, =280 um.
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Figure 5.3: Height difference correlation function C,(A) for ten asphalt profiles (left) and
averaged function with fractal descriptors (right)

The small interval of the second scaling regime can be traced back to the nature of asphalt
surfaces: indeed, the morphology of macrotexture is mainly determined by the grain size
distribution, which in this case exhibits a narrow feature. Comparatively, the rough granite was
fractured and processed by a manual finishing which leads to a stronger dependence of the

morphology upon length scale.

During the dynamic contact between elastomers and rough surfaces, the normal force is
statistically distributed over the largest asperities of the substrate. The contribution of
roughness at smaller length scales on the mean push-in of the rubber is negligible, e.g. the
load is a quantity which does not depend on the length scale at which the contact is observed.
This is expressed by Equation (3.14), where a summit height distribution of macroscopic
summits ¢s(z) is introduced to describe the upper part of the profile which is actually in contact
with the rubber. In order to fulfil basic assumptions of Hertz theory, a procedure for the
determination of ¢s(z) has been presented in the theoretical section and further on
successfully applied to a silicon carbide surface. The method relies on a numerical algorithm
which seeks local maxima over different interval lengths in combination with an analytical

affine transformation. Since the summit height distribution corresponds to the largest length

scales of profile, the interval length is given by A = £, which corresponds to the diameter of
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spheres the rough profile is approximated with. As a result, a surface specific affine parameter

s is determined and implemented in the hysteresis friction model.

Table 5.2 summarizes surface descriptors with associated affine parameters obtained for
rough granite and asphalt with a one and two-scaling-ranges description of roughness. It
should be noted that the position of the horizontal cut-off length is shifted whether the
roughness is described by one or two scaling regimes — corresponding to a larger interval
length for the distribution of maxima — and therefore affects the affine parameter s. The affine-
like transformed profile was superimposed according to the mean value of the numerical
height distribution, which leads to s = 1.25 for rough granite with a one-scaling-regime
approach. In a similar way, the procedure was applied to asphalt and gives s = 1.23 (one
scaling range). By describing the height difference correlation function with two scaling
ranges, a slight increase of the affine parameter is observed so that one obtains s = 1.27 and

1.24 for the rough granite and asphalt, respectively.

Rough Granite Asphalt
1S.R. 2S.R. 1S.R. 2S.R.
D,[5-100 pym] 214 214 2.08 2.08
D4 [300—-1000 pm ] X 2.37 X 2.44
&, [mm] 0.31 0.31 0.38 0.38
&, [mm] 1.06 2.49 0.90 1.55
A2 [mm] X 0.093 X 0.28
s parameter 1.25 1.27 1.23 1.24
Table 5.2: Surface descriptors and affine parameters for rough granite and asphalt with a

one and two-scaling-ranges approach

From gained height distributions, Greenwood-Williamson functions can be calculated
according to Equation (3.13), which further on gives access to contact parameters like the
mean penetration depth <z,>. In particular, Fy(t) displays the probability that contact occurs
above t=d/ &, where d is the distance rubber - mean value of rough profile. Figure 5.4
shows the Greenwood-Williamson functions for rough granite and asphalt surfaces as a

function of the normalized distance. Contrary to Fq and F4, F3 is related to the summit height
distribution ¢s(z) and its standard deviation &5, whereby the relationship between t and t; is
given by Equation (3.15) and (3.16). Beyond the relevance of Greenwood-Williamson

functions for contact mechanics, their implication on the load dependence of hysteresis friction

coefficient will be shown later in this section.
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Figure 5.4: Greenwood-Williamson functions of rough granite (left) and asphalt (right)

5.2 Contact analysis

Contact parameters play a crucial role during sliding processes on rough surfaces as they
determine the deformation of the bulk rubber, e.g. hysteresis friction, and the amount of
contact patches available to generate shear stresses, namely the adhesion component. In
particular, the modelling of hysteresis friction relies on a proportional relationship between
the excitated layer < 6 > and the mean penetration depth < z, >. In order to investigate this
assumption, indentation experiments have been carried out under static conditions on a thick
rubber pad locally compressed by indenters with a tip radius R = 1 mm. Through the
combination of MTS testing equipment and photogrammetry technique, the strain field could
be measured and characterised at different stages of the indentation process. The
displacement of the indenter, e.g. the maximum penetration depth, was stepwise increased
during the experiment, while a characteristic picture of the deformation state was recorded

and further on analyzed by the photogrammetry software.

As an example, Figure 5.5 shows the spatial reconstruction of strain field at a penetration
depth z, = 0.2 mm for a carbon black filled S-SBR 5025. As expected, the deformation
process is observed in the bulk material with a strongly inhomogeneous ellipsoid-like strain
field going up to a distance d = 10 mm from the reference non deformed surface. Although
the optical resolution limits the quality of results close to the surface, maximum strains of at
least ¢ = 20% are reached at the vicinity of the indenter. The pronounced strain gradient
associated with contact stresses raises the question of the strain amplitude used for the
simulation of hysteresis friction. Due to the well-known strain dependence of dynamic

properties for filled elastomers, one expects different predictions of hysteresis friction
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whether the simulation is performed at low and high strain amplitudes. In addition,
experimental parameters — normal force, sliding velocity, temperature — should influence the
dynamic indentation behaviour of elastomers on rough surfaces. A simplification of
indentation mechanisms for rubbery materials consists in simulating the hysteresis friction at
high strain amplitudes, whereby non-linear effects are considered and averaged over the

excitated volume. The impact of such an approach is highlighted in the next section.
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Figure 5.5: Measurement of strain field by photogrammetry technique under static
conditions. Material: S-SBR 5025 / 60phr N339

Regarding contact parameters and the assumption formulated on the hysteresis friction, the
excitated layer < § > and the mean penetration depth < z, > were calculated at different
stages during the indentation process. While the penetration depth is given by the geometry
and displacement of the indenter, the excitated layer requires the introduction of a criterion to
partition the deformed region. This can be achieved by defining a minimum strain amplitude
emn above which the deformation is considered in the calculation procedure of
< § > (Figure 5.6). Consequently, the excitated layer varies with the inverse of gy;,. Results
show that a linear behaviour is observed between both quantities independently of the
criterion chosen for the strain amplitude. The amplitude of the factor b = <6 >/ <z, >
appears to be strongly influenced by the choice of ¢, and is found to vary between b = 15
and 4.5 for the current experiments. This result confirms the assumption made in Chapter 3
and suggests a strong relationship between the ratio < & > / < z, > which scales the
hysteresis friction and the strain amplitude used in the simulation procedure. Indeed, low

strain amplitudes encompass the quasi-totality of the deformation field and are therefore
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associated with high b values, while the consideration of the high strain region spatially

restricts the deformed region and thus the b factor.
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Figure 5.6: Estimated deformed layer as a function of the mean penetration depth. The

slope displays the ratio b = <&> / <z,> [68]

5.3 Relaxation spectroscopy

In the following, based on a combination of dielectric and dynamic mechanical data, a
generalized master procedure is proposed for filler elastomers. Thermally activated
processes at the vicinity of filler particles above glass transition appear to be determining for
the overlapping of dynamic moduli in the low frequency region. The corresponding activation

energy values are physically discussed on the basis of microstructure.

5.3.1 Dielectric analysis

Dielectric analysis consists in characterising the interaction between a given material and
dynamic electrical fields. When a material is subjected to an electrical field, two mechanisms
can be detected: first a reversible storage of the field energy denoted as polarization
(capacitive effect), and secondly an irreversible dissipation known as conductivity (resistive
effect). For polymer composites, the occurrence of polarization is related to the existence of
dipole moments along polymer chains, whose strength basically depends on molecular

architecture. The orientation of dipole moments involves motions of molecules and segments
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of molecules in the material. Subsequently the spectrum of retardation times arising from
polarization mechanisms at different length scales is distributed over many frequency

decades.

Through novel measuring techniques, a broad range of temperature and frequency is
experimentally accessible during dielectric analysis. This allows a full characterisation of
relaxation processes in the temperature and frequency domain without use of extension
techniques the like time-temperature superposition principle introduced for dynamic
mechanical analysis. The experimental coverage of the high frequency range makes
dielectric analysis a powerful method for the direct detection of short-time relaxation
processes, for instance local chain segment dynamics at the interface polymer-filler which

otherwise can not be observed during dynamic mechanical spectroscopy.

Compared to thermoplastics, rubbery materials exhibit a soft state at room temperature,
which in return means that the glass transition occurs at low temperatures. A 3D plot of the

”

dielectric loss ¢” is shown in Figure 5.7 for an unfilled S-SBR 5025 as a function of
temperature and frequency. Isothermal measurements were carried out within the frequency
range f = [10%-10° Hz] at temperatures comprised between T = -60°C and 100°C. Hereby,
the glass transition process is clearly indicated by the dielectric loss peak occurring over the
whole range of frequency. Since the material is unfilled, no additional relaxation process is
found below the glass transition temperature. On the other side, the sharp increase of the
dielectric loss at high temperatures indicates that the material becomes electrically
conductive in the rubbery state. A typical feature of polymeric material can be seen in Figure
5.7, namely the shift of the glass transition process with increasing frequency. This can be
summarized on a so-called retardation map in which the frequency associated with the
dielectric loss maximum is plotted as a function of the reciprocal temperature (Figure 5.9).
The temperature dependence of the dielectric loss peak is typically described by the VFT
semi-empirical equation — or equivalently the WLF approach — which characterises
cooperative molecular motions within the glass transition regime. The characterisation of
polymer dynamics by means of dielectric spectroscopy is a fundamental tool for questioning

the applicability of master procedure during dynamic mechanical analysis.

The sole addition of filler in a given polymer matrix leads to a significant change of the
dielectric feature. In particular, electrically conducting fillers like carbon black tend to form a
percolating network at sufficiently high volume content, resulting in a high level of dielectric
loss over the whole experimental range. The resolution of polymer dynamic is thus hindered
by this effect.
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Figure 5.7: Measurement of the temperature and frequency dependent dielectric loss
£”’(w,T) for an unfilled S-SBR 5025

However, the incorporation of non-conducting fillers such as silica still allows a full
characterisation of dielectric properties and a priori the detection of relaxation processes. A
dielectric measurement is shown in Figure 5.8 for the same basis polymer previously
characterised in Figure 5.7, namely S-SBR 5025, filled with 60phr silica. It should be kept in
mind that both silica filled S-SBR grades used in this study include a coupling agent which
ensures a high level of dispersion and also chemically bonds filler particles to the polymer
matrix. Previous features observed on the unfilled composite can also be identified in the
presence of silica: the glass transition process can be clearly detected and the material
becomes electrically conductive at high temperatures. Below the glass transition, two effects
are worth being noticed: first, due to the addition of filler, the level of dielectric loss is globally
higher. Secondly, at very low temperatures, a second relaxation peak can be observed,
denoted as silica peak. The silica peak has been found to be directly related to the presence
of filler in the polymer matrix. In particular, the retardation map with different silica content
and furthermore with variable interfaces shows that the low temperature peak can be
described by an Arrhenius relationship [85]. This indicates that the polarization effect arises
from local interfacial mechanisms between silica particles and polymer chains. Thereby, the
nature of the interactions silica/polymer, namely attractive or non-attractive, will result either

in slowed down or paced up local dynamic, respectively.
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Figure 5.8: Measurement of the temperature and frequency dependent dielectric loss

£”’(o,T) for a filled S-SBR 5025 with 60 phr silica

The examination of the Vogel-Fulcher functions gives insight into polymer dynamics for
elastomers. In particular, one question arising from the dielectric analysis regarding dynamic
properties of filled elastomers is: how far does the introduction of filler particles affect the
polymer dynamic? By looking at the retardation maps of silica filled S-SBRs, it is found that
an increasing filler content has a negligible influence on the location of the glass transition

temperature characterised by the dielectric loss peak (Figure 5.9).

In other terms, the polymer dynamics is a characteristic of the bulk material while interfacial
effects at the vicinity of filler particles only occur in the glassy state at very low temperatures
— or high frequencies. A similar analysis was carried out on S-SBR basis polymer with 25%
vinyl content (see Figure 8.1 and Figure 8.2 in Appendix). The lower vinyl content results in a
shift of the glass transition temperature of about AT = 20°C, as shown in Figure 8.4. The
addition of silica has no significant impact on the evaluated retardation maps, and a fortiori
on the WLF semi-empirical functions. This confirms previous observations made on the high-
T4 S-SBR 5025 polymer, whereby the main relaxation process is found to solely display the

contribution of the bulk material, namely the polymer matrix.

This result has strong implications on the master procedure performed during dynamic
mechanical analysis. Indeed, since the WLF semi-empirical functions are not affected by the
addition of filler for a given basis polymer, the same set of horizontal shift factors should be

applied to the dynamic moduli above the glass transition temperature up to maximal
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temperature T = T4+100°C. Further consequences on the master procedure for filled

compounds will be discussed in the following section.
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Figure 5.9: Activation Plots for silica filled S-SBR 5025 (left) and associated WLF

functions (right)

5.3.2 Dynamic mechanical analysis

Beside the dielectric analysis, the relaxation behaviour of elastomers was investigated by
means of dynamic mechanical measurements. In this case, a rubber specimen is subjected
to a shear equivalent deformation within a defined range of angular frequency
o = [0.1 — 100 rad/s] at various temperatures. By referring to the time-temperature
superposition principle introduced in Chapter 2, the high-frequency behaviour of elastomers
can be extrapolated and the so-called master curves are constructed. The concepts of free
volume and chain mobility yield as physical background for the master procedure in which
the emphasis is put on the ability for a polymer chains to rearrange within a shorter time with
increasing temperature [8][9]. In that way, the limited range of frequency experimentally

accessible by mechanical spectroscopy methods can be extended to several decades.

The dynamic mechanical analysis has been primarily performed on unfilled systems which
are suitable for basic investigations due to the negligible dependence of their dynamic
properties with respect to the strain amplitude. Unfilled compounds were systematically
shifted according to the loss factor tan 6 (Figure 2.7). Since this quantity does not depend on
the sample geometry, it solely represents a material characteristic. The resulting frequency
dependent dynamic moduli are shown in Figure 5.10 for an unfilled S-SBR 5025 at a

reference temperature T,s = 20 °C. The curve exhibits typical features of unfilled elastomers,
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namely a low dissipative component at low frequencies (G” << G’), and a pronounced tan &

peak in the glass transition region (tan 3 > 1).
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Figure 5.10: Master curve of dynamic storage (G’) and loss (G’’) moduli for an unfilled S-

SBR 5025 (T, = 20°C, £ = 0.5%)

The corresponding horizontal shift factors are plotted in Figure 5.11 as a function of the
temperature. Comparatively, dielectric results previously determined via Vogel-Fulcher-
Tammann functions in Figure 5.9 are superimposed. A good agreement is observed between
both relaxation spectroscopy methods, which indicate that they succeed in characterising the

polymer dynamics within the glass transition regime.
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Figure 5.11: Comparison between horizontal shift factors obtained via dielectric functions

and manual horizontal shift factors determined by mechanical spectroscopy
for an unfilled S-SBR 5025
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As shown in the previous section, the addition of filler in the polymer matrix has no significant
influence on the main relaxation process detected during relaxation spectroscopy. Therefore,
horizontal shift factors used during dynamic mechanical analysis should not be affected by
the filler content, e.g. the master procedure — through horizontal shift factors — should be
applied in the same way whether the elastomer is filled or not. Figure 5.12 shows the
example of carbon black filed S-SBR 5025 dynamically characterised at a low strain
amplitude ¢ = 0.5% in order to avoid the occurrence of non-linear effects. As a result, the
dynamic glass ftransition — illustrated by the loss modulus peak — can be identified and
located at frequency around f = 100 kHz at a reference temperature T = 20°C. On the other
side, the range of low frequency is characterised by a poor overlapping for both storage and
loss moduli components. This range practically corresponds to the frequency sweeps carried
out at high temperatures, namely T = 20, 40 and 60°C. Also, the discrepancy appears to be
more pronounced for the loss component of dynamic modulus. Consequently, the effect
appears to be directly related to an impact of the filler on dynamic properties above the glass

transition temperature.
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Figure 5.12: Master curve of dynamic moduli for a carbon black filled S-SBR5025 after
horizontal shifting procedure according to Figure 5.11 (T,s = 20°C, € = 0.5%)

The manifestation of this effect can be also detected by analysing temperature sweeps
performed at a fixed frequency, whereby a constant decrease of the elastic modulus is
observed above the glass transition regime for filled compounds. By plotting the elastic
modulus as a function of the inverse temperature, an Arrhenius like process can be followed

and characterised by log (AG’) ~ E./RT, where E, denotes an activation energy (Figure 5.13).
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The evaluated activation energy is physically related to the thermal activation of filler-filler

bonds and will be discussed further on in this section [66].
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Figure 5.13: DMA Activation Plot of the storage modulus over the inverse temperature for a

S-SBR 2525 basis polymer (f = 1 Hz, ¢ = 0.5%). Scheme: Filler particles
surrounded by bound rubber and connected by glassy polymer bridges

From a morphological point of view, the insertion of a filler structure in the polymer matrix
strongly modifies the polymer dynamics in the vicinity of filler particles, where the interaction
with the filler surface hinders the chain mobility. For attractive interactions, the so-called
“bound rubber” layer around filler particles exhibits a slowed-down dynamics, implying that
the local glass transition of the polymer nanolayers close to the surface occurs at significantly
higher temperatures than the one from the bulk polymer matrix. This effect can typically be
observed in polymer thin films and within the confining area between flocculated filler
particles, which are separated by nanoscopic bridges of immobilised polymer [54][55][77]
[78][79]. At moderate temperatures the polymer layers between flocculated filler particles are
considered to be in a glassy state. Since these glassy polymer bridges are well attached to
the filler surface, they can transmit large stresses between adjacent particles, leading to a
high stiffness and strength of filler-filler bonds. In turn, the stiffness and strength of the bonds
and its thermal activation governs that of the filler network and the whole rubber sample
[54][62]. The associated structure of filler networks in elastomers is depicted in Figure 5.13,
where the bound rubber and the glassy polymer bridges are indicated. The mechanism
related to the thermal activation of glassy polymer bridges is associated with an activation
energy which can be directly evaluated via an Arrhenius plot of the temperature dependent

dynamic storage modulus. The Arrhenius-like feature exhibited above the glass transition
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temperature of the bulk polymer indicates the local nature of thermally activated mechanisms

related to the presence of filler.

Since dielectric results indicate that the semi-empirical WLF functions are not influenced by
filler content for silica filled composites, the poor overlapping of dynamic moduli in the low
frequency region can not be simply compensated by an additional horizontal shift. Instead,
vertical shift factors f, are introduced to describe the temperature dependent softening
behaviour of filled elastomers above glass transition. As shown in Figure 5.12, the decrease
of modulus is not identical whether the storage or the loss modulus is considered, which
suggests the occurrence of two distinct thermally activated mechanisms. Consequently,
vertical shift factors are separately applied to each modulus component. An example is
shown in Figure 5.14 for both components of dynamic modulus originally presented in Figure
5.12. The left part of the curve — high temperatures — corresponds to the activation regime
where isothermal segments are vertically shifted with respect to the reference temperature.
Thereby, an Arrhenius dependence of vertical shift factors is found and physically interpreted
as thermally activated processes with a probability of occurrence equal to exp(-E./RT), where
E. is the activation energy and R is the gas constant. When approaching the glass transition,
since the chain mobility is progressively reduced in the bulk material, thermally activated

processes are frozen and vertical shift factors tend to zero.
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Figure 5.14: Vertical shift factors as a function of the inverse temperature for carbon black

filled S-SBR 5025

The corresponding activation energy of the temperature dependent vertical shift factors is

physically interpreted as the activation energy of the glassy polymer bridges in the vicinity of
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nanoscopic gaps between adjacent filler particles. By applying the same procedure to the
dynamic storage modulus, a unique a master curve is constructed over a wide range of
frequency. Figure 5.15 depicts the frequency dependent dynamic moduli for a carbon black
filled S-SBR 5025 characterised at a strain amplitude ¢ = 0.5% and mastered with a
reference temperature T = 20°C. In a similar way, master curves can be obtained for the

other investigated composites and the corresponding results are presented in Figure 8.3

(Appendix).
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Figure 5.15: Final master curve of dynamic moduli for a carbon black filled S-SBR5025 after

application of vertical shift factors (T, = 20°C, ¢ = 0.5%)

The results of the vertical shifting procedure are summarised in Table 5.3. The activation
energy values are depicted for temperature and frequency sweeps with a distinction between
both modulus components for the latter. The values are found to be in the order of 10 kJ/mol,
corresponding to the physical range of Van der Waals interactions and also corroborating
previous values presented in the literature [54][79]. The activation energy E, associated with
the G' component appears to be systematically smaller than the one related to G". By
referring to the dynamic flocculation model of rubber reinforcement, the two activation
processes can be traced back to the thermal activation of two kinds of filler-filler bonds, e. g.
the glassy polymer layers between filler particles, which become softer with rising
temperature [55]. The activation energy associated with G' is related to an Arrhenius
behaviour of the force constant of filler-filler bonds in a virgin state, while the activation

energy of G" corresponds to the force constant of softer filler-filler bonds in a damaged state,
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resulting from stress induced breakdown and re-aggregation of the bonds during cyclic
deformations. With this concept the temperature dependency of the characteristic stress
softening effect as well as filler induced hysteresis up to large strain could be well explained,
whereby the activation energies obtained from the vertical shifting procedure at 3.5% strain
amplitude provided reasonable simulations for the stress-strain cycles between 5% and
100% strain [62]. These results indicate that the larger activation energies found for the very
small strain amplitudes are possibly related to a dispersion effect of bond structures, e. g. a

fraction of weaker filler-filler bonds which break initially at small deformations.

For comparison reasons, the activation energies obtained directly from temperature sweeps
of G' are shown in Table 5.3 as well. They are found to be systematically larger than the one
from the frequency sweeps, because for temperature sweeps the dynamics of the filler-filler
bonds is superimposed with that of the polymer matrix. This is in contrast to the mastering
technique presented in Figure 5.12, where both dynamical processes are separated via the

vertical and horizontal shifting procedure.

S-SBR 5025 S-SBR 2525 E-SBR 1500
N339 Silica N339 Silica N339
G’ vert. Shift 8.81 2.34 3.17 1.27 4.16
G” vert. Shift 15.26 12.22 7.66 3.94 4.90
Temp.Sweep 11.57 7.93 10.55 10.40 10.80
Table 5.3: Activation energy values from temperature and frequency sweeps (¢ = 0.5%)

An analysis of the results shown in Table 5.3 makes clear that two main effects must be
mentioned. On the one side, high vinyl content compounds exhibit higher activation energy
values. On the other side, the samples filled with silica are associated with lower activation
energy values. The concept of filler-filler bonds depicted in Figure 5.15 allows for an
explanation for this trend, because the thermal activation of the glassy polymer bridges is
expected to be affected by the interaction strength between polymer and filler surface. Then
the difference between S-SBR grades can be explained by the higher amount of double
bonds and styrene units contained in the SBR 5025, which promotes the interaction between
polymer and filler particles. The silica particles are in both cases chemically coupled with a
silane agent to achieve a strong bonding between the polymer chains and the filler particle.
This implies that the polymer-filler coupling is constituted with single "contact points",
corresponding to the spatial location of the silane cross-links. On the contrary, the interaction

between carbon black and the bulk polymer is dispersive and therefore materialised by an
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adsorbed layer of polymer chains with a modified dynamics in the vicinity of the filler particle.
The interface is in this case distributed over the carbon black surface, which means that a
large amount of polymer chains is involved in the bonding process. As a consequence, the
required energy to activate thermally the immobilised polymer layers around and between
adjacent filler particles is higher for the carbon black filled composites. This leads to the
conclusion that during dynamic-mechanical deformations, the silica systems are dynamically
softer than the carbon black systems. It can be related to “dynamically softer” hinge-like filler-
filler bonds via the immobilised interfacial layers between neighbouring silica particles within

the filler clusters or the filler network, respectively [54].

Accordingly, master curves of the loss factor are presented in Figure 5.16 for carbon black
and silica filled S-SBR 5025 at a reference temperature T = 20°C and low strain amplitude
¢ = 0.5%. Basic differences in reinforcement between carbon black and silica filler can be
evidenced in the low and high frequency region. The silica loss peak appears to occur at a
lower frequency and confirms results observed on temperature sweeps (Figure 8.4). Also, a
typical crossover is found around f ~ 1 Hz, whereby internal losses are more pronounced for
the silica filled compound in the high frequency region. Therefore, by referring to the
hysteresis friction model, one should expect higher friction values for this silica composite

under wet conditions and at sliding velocities around v ~ 1 m/s.
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Figure 5.16: Master curve of loss factor for silica and carbon black filled S-SBR5025

(Tref = 20°C, e= 05%)

The examination of the low frequency range reveals a completely opposite trend as the
carbon black filled system exhibits a higher level of material losses. Based on a similar

argumentation as for friction, the level of rolling resistance correlated with the loss factor at
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low frequency [57][58]. Consequently, in addition to improved friction properties, the silica
filed system should be associated with a lower rolling resistance as suggested by the
development of green compound for tyre treads [5]. In addition, the corresponding frequency

dependent dynamic moduli are shown in Figure 8.3 (Appendix).

Frequency dependent loss factors are presented in Figure 5.17 for different SBR grades
filled with the same carbon black content, namely 60 phr, whereby master curves were
constructed at the same reference temperature T,s = 20°C and strain amplitude € = 0.5%. As
displayed on temperature sweeps (Figure 8.4), the relative position of the tand peaks is
controlled by the polymer type and can be traced back to the respective transition
temperatures: indeed, the lower the glass transition temperature, the higher the frequency at
which the dynamic glass transition occurs. Also, material losses are found to be more
pronounced for the S-SBR 5025 basis polymer above the glass transition regime. The

corresponding master curves of dynamic moduli are depicted in Figure 8.3 (Appendix).
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Figure 5.17: Master curve of loss factor for carbon black filled composites with different

SBR grades (T, = 20°C, € = 0.5%)

The addition of filler significantly improves rubber mechanical properties via a reinforcement
mechanism but introduces at the same time a non-linear dependency upon dynamic strain
amplitude, generally denoted as Payne effect in the literature [6][7]. Thereby, the loss factor
generally increases with increasing strain amplitude up to 10%. Since high damping

properties are directly connected to the phenomenon of heat generation, their amplitude
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should be confined to an acceptable level in order to avoid an alteration of material
performance under dynamic conditions.

The occurrence of local high strains during the contact between a flat elastomer sample and
a rigid spherical asperity has been highlighted in the former section by means of
photogrammetry experiments. Beyond the investigation of model assumption, the results
obtained raise the question of which strain amplitude should be used for the description of

dynamic contact during rubber sliding friction on rough surfaces.

Experimentally, the feasibility of mechanical measurements at large deformations is
principally limited by the maximum displacement and rubber specimen stiffness in the range
of low temperatures. Thereby, a complete description of the glass transition process of
elastomers is often hindered. This is illustrated by the master curve of a carbon black filled S-
SBR 5025 measured on Ares rheometer and shown in Figure 5.18. Thereby, the highest
strain amplitude experimentally accessible — ¢ = 3.5% — implies a strong increase of the loss
factor over the whole frequency range. Since the frequency dependent loss modulus directly
enters in the formulation of the hysteresis friction coefficient, model predictions should be
strongly affected by the strain amplitude at which dynamic measurement is performed. A

recent work confirms the impact of strain amplitude on hysteresis friction simulations [73][74].
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Figure 5.18: Master curve of loss factor for a carbon black filled S-SBR 5025 at two

different dynamic strain amplitudes (T, = 20°C)
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5.4 Simulations of hysteresis friction

This section exclusively presents simulations performed with the hysteresis friction model in
its simple and extended form (one and two scaling regimes). The influence of various factors
on contact parameters is highlighted: polymer grade, filler, surface, load, sliding velocity and
temperature. In particular, the load dependence is interpreted via the Greenwood-Williamson
functions, underlining the close relationship between load and sliding velocity during dynamic
contact. Finally, a schematic empirical temperature distribution is implemented into the
hysteresis friction model through which a deeper insight on the impact of temperature on

contact parameters at high sliding velocities can be gained.

5.4.1 One scaling regime

When simulating the hysteresis friction coefficient, the simplest situation involves an unfilled
elastomer sliding on a rough surface whose roughness is characterised by a single scaling
regime. As an example, the hysteresis friction coefficient py is depicted in Figure 5.19 for two
unfilled S-SBR composites as a function of the sliding velocity at laboratory temperature
T = 23°C. More generally, the temperature is kept constant at T = 23°C for both simulations
and experimental results except in the sub-section “Load dependence and temperature
effects”. This implies a slight correction for the master curves presented in the previous
section at a reference temperature T, = 20°C. The rough granite surface characterised in
Section 5.1 is used as substrate with a one-scaling-regime approach for the description of
roughness. Dynamic moduli required for the simulations were characterised at low strain
amplitude ¢ = 0.5%. The impact of strain amplitude on the hysteresis friction is only
considered at the end of this section. The load 6, = 12.3 kPa corresponds to the
experimental load used for stationary friction measurements for low sliding velocities
(Chapter 4). By keeping the load at a low level, the interfacial temperature increase is
assumed to be negligible over the experimental range of sliding velocities. However, it should
be noted that the temperature increase at high sliding velocities is first not considered in this

section, so that the emphasis is solely put on viscoelastic features of hysteresis friction.

For comparison purposes, the hysteresis friction coefficient uy is normalized for both S-SBR
grades (Figure 5.19). Viscoelastic features previously observed on dynamic moduli are
clearly reflected by the simulation. Indeed, the position of the hysteresis friction maximum is
shifted towards higher sliding velocities with decreasing vinyl content, e.g. decreasing glass
transition temperature. Knowing that the frequency of excitation during sliding friction on

rough surfaces is proportional to the sliding velocity (see Equation (2.18), the impact of
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polymer architecture experimentally determined by means of relaxation spectroscopy can be
followed by the hysteresis friction. It is interesting to note that the distance between both
friction peaks is identical to the one found for the maxima of loss modulus, which confirms
previous results and illustrates the viscoelatic nature of dynamic contact between elastomers

and rough surfaces [13].
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Figure 5.19: Normalized simulated hysteresis friction coefficient for unfilled S-SBR grades

on rough granite. Load o, = 12.3 kPa

Another aspect of viscoelasticity can be investigated via the temperature dependency of
hysteresis friction curves. Figure 5.20 shows the normalized hysteresis friction coefficient py
simulated for an unfilled S-SBR 5025 under the above described conditions with a variation
of the temperature from T = 0 to T = 60°C. As expected, the position of the friction maximum
is directly related to the temperature with a pronounced shift of the friction peak towards high
sliding velocities when increasing temperature. This behaviour can be directly traced back to
the semi-empirical WLF/VFT functions which govern the temperature and frequency
dependency of viscoelastic quantities: the same effect would be obtained by considering a
higher reference temperature while mastering the dynamic moduli. Beside the shift of the
friction peak, the simulation exhibits identical features with a characteristic increase below —
as well as decrease above — the friction maximum. This is due to the master procedure
applied for unfiled compounds, whereby dynamic moduli curves are solely shifted

horizontally.



5.4. Simulations of hysteresis friction 89

E
g
I
3
1E-05 1E-03 1E-01 1E+01 1E+03
v [m/s]
Figure 5.20: Normalized simulated hysteresis friction coefficient for unfilled S-SBR 5025 on

rough granite at various temperatures. Load o, = 12.3 kPa

The addition of filler leads to a significant change of dynamic properties: depending on the
filler type and content, defined reinforcing effects can be achieved within a broad range of
frequency. For instance, while the carbon black filled S-SBR 5025 exhibits a high level of
internal losses in the low frequency region, the incorporation of silica with coupling agent
results in a more pronounced loss peak in the dynamic glass transition region (Figure 5.16).
The impact of filler on the simulated hysteresis friction coefficient pyy is shown in Figure 5.21
for a S-SBR 5025 basis polymer. As indicated by the logarithmic vertical scale, the level of
generated hysteresis friction for the unfiled composite at very low sliding velocities is
dramatically low and further on shows a pronounced increase of more than two decades up
to a maximum located at v ~ 3 m/s, as suggested by the frequency dependent loss factor.
The simulated hysteresis friction of filled composites reflects features observed on the loss
factor depicted in Figure 5.16, namely a typical crossover of silica and carbon black filled S-
SBR 5025 at low sliding velocities. However, the path of py curves can not be completely
understood by solely referring to the frequency dependent loss factor tans. The hysteretic
response of elastomers during the sliding process arises from the roughness spectrum of
excitation of the substrate, e.g. the ability of rubber to form intimate contact with asperities

over several length scales.
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Figure 5.21: Simulated hysteresis friction coefficient for filled and unfilled S-SBR5025 on
rough granite. Load c, = 12.3 kPa

Up to here, the rough substrate is viewed as a multi-scale source of excitation which
dynamically acts on the elastomer sliding over it. Accordingly, the viscoelastic response of
rubber leads to the generation of tangential stresses contributing to the friction force. Since
the friction integral includes both surface and material quantities, the role played by different
length scales can be hardly identified. Then, in order to gain a quantitative estimation of the
contribution of roughness during sliding process, the simulated hysteresis friction coefficient

was decomposed into three friction integrals associated with distinct contact intervals: a first

range L = [100 um — &,] which encompasses the largest asperities of the profile, an

intermediate one comprised between A = [10 — 100 ym] and a last interval within the

micrometer range A = [1 — 10 pym].

Results are shown in Figure 5.22 with total and detailed contributions on the simulated
hysteresis friction coefficient. It can be seen that the hysteresis friction mainly arises from the
first range, i.e. the largest asperities of the profile, which contribute at approximately 80% of
the total level. The contribution of the intermediate and smallest intervals is found to lie
around one and two decades below the total generated hysteresis, respectively.
Consequently, the macrotexture almost solely determines the level of hysteresis friction and
the corresponding length scale regime requires therefore a precise description regarding
surface descriptors. By referring to the roughness analysis carried out on the rough granite
surface in Figure 5.2, it becomes clear that a one-scaling-range approach is not satisfying to

describe the morphology of length scales larger than A = 200 ym, which in return may
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completely mislead the prediction of hysteresis friction. In that case, the consideration of a

second scaling regime at larger length scales is crucial for the relevance of simulations.

It is interesting to note in Figure 5.22 that the individual hysteresis friction maxima are shifted
towards lower sliding velocities for smaller length scales. Indeed, since the excitation
frequency is inversely proportional to the length scale, a material in contact with micro-
asperities will reach the dynamic glass transition region — illustrated by the py-peak — at a
lower sliding velocity compared to the one deformed by large asperities. Even if the
contribution of microscopic length scales on hysteresis friction is almost negligible, the multi-

scale nature of contact results in a broadening of the py-peak.
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Figure 5.22: Length scale dependent decomposition of the hysteresis friction coefficient on
rough granite for a carbon black filled S-SBR 5025. Load ¢, = 12.3 kPa

The examination of simulated contact parameters allows a deeper understanding of the
mechanisms involved during rubber sliding friction on rough surfaces. In particular, the real
area of contact should be more closely analysed with respect to dry friction and adhesion
processes. As presented in Chapter 3, the real area of contact basically depends on the
length scale at which the contact is observed. While a magnification of roughness leads to a
significant reduction of the size of contact patches, their number is thereby found to
dramatically increase. The analytical expression of contact area derived in Equation (3.36)
shows that this quantity is governed by characteristics of both contact partners — surface
descriptors and material dynamic properties. In particular, a rough surface associated with a
fractal dimension D = 2.5 displays the high amount of contact patches since fluctuations of

profile height are directly related to the summit density.
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Simulations of the real area of contact are presented in Figure 5.23 for filled and unfilled
S-SBR 5025 on rough granite at moderate load o, = 12.3 kPa. Since the interval of excitation
frequency is shifted towards the dynamic glass transition region with increasing sliding
velocity, the area of contact is found to exhibit a continuous decrease over the range of
simulation. Indeed, due to an increase of the dynamic stiffness, the rubber is not able to fill
the smallest cavities of the profile for sufficiently high sliding velocities. As expected, the
unfilled — and a fortiori softer — S-SBR 5025 exhibits a higher contact area compared to filled
composites. The analysis of AJ/A, values between the carbon black and silica filled S-SBR
5025 gives an indication about the filler efficiency regarding inter-locking properties. The
silica filled system exhibits a significantly higher contact area compared to the carbon black
filled system (about 50% more at v = 10”° m/s), while the difference tends to become smaller
at high sliding velocities (20% at v = 1 m/s). This prediction is in accordance with the
activation energy values determined during dynamic mechanical analysis, namely less
pronounced thermally activated processes for silica filled compounds. This indicates that
silica fillers inserted with silane as coupling agent in the polymer matrix result in dynamically

softer rubber composites, as compared to carbon black.
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Figure 5.23: Simulated ratio between real and nominal contact area on rough granite for

filled and unfilled S-SBR 5025. Load ¢, = 12.3 kPa.

Beside characteristic effects associated with material microstructure or experimental
conditions, it is important, at least for filled systems, to consider the effect of strain amplitude
imposed during mechanical spectroscopy on the simulated hysteresis friction. Since the

presented modelling is derived according to a linear mathematical formalism, dynamic
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contact can be expressed as the sum of elementary excitation processes continuously
distributed over a range of spatial frequencies. In order to take into account the complex
nature of dynamic indentation processes occurring during sliding friction, the input strain at
which the frequency dependent response of elastomers can be set at higher values. In this
way, averaged material non-linearity can be included in a basically linear formulation. Recent
friction investigations of tyre compounds on road pavement showed that the strain amplitude

considerably affects the hysteresis friction feature [73][74].

Accordingly, simulations of hysteresis friction were carried out for a carbon black filled S-SBR
5025 at two different dynamic strain amplitudes ¢ = 0.5% and ¢ = 3.0% (Figure 5.24). For
comparison purposes, the pre-factor of friction integral was kept constant at <6>/ <z,> = 1. It
can be seen that the dynamic strain directly scales up the level of hysteresis friction over the
whole range of sliding velocity, as previously observed on master curves of the loss factor
tané (Figure 5.18). Additionally, the consideration of high dynamic strain amplitudes appears
to flatten the shape of hysteresis friction and leads to a broader bell-shaped curve. Recently,
friction results of filled elastomers on a silicon carbide surface obtained under wet conditions
— with detergent — could be fairly described with hysteresis friction simulations performed at a
strain amplitude € = 3.5% [70]. This highlights the relevance of such an approach in case of a

one-scaling-regime description of the surface morphology.
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Figure 5.24: Influence of the dynamic strain amplitude ¢ on the simulated hysteresis
friction coefficient py for a carbon black filled S-SBR 5025 on rough granite.
Load 0, = 12.3 kPa
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5.4.2 Two scaling regimes

The introduction of a second scaling range enables a finer description of the height
difference correlation function for large length scales which morphologically correspond to
the surface macrotexture. Since surface descriptors are thereby modified, contact
parameters are expected to be strongly influenced by the extended formulation of the
hysteresis friction coefficient. For instance, Equation (3.42) shows that the contact interval is
directly connected to the fractal dimension by a power law relationship. In the following, the
impact of a two-scaling-regimes approach on the simulated hysteresis friction and contact
parameters is systematically investigated. As before, the temperature is fixed at T = 23°C

and the load accounts for oy = 12.3 kPa.

A plot of the hysteresis friction coefficient is shown in Figure 5.25 for silica and carbon black
filled S-SBR 5025 on rough granite, whereby both simulations are adjusted to one another at
very low sliding velocities for comparison purposes. By including a second scaling range, the
amplitude of the py-maximum is significantly reduced of about 40% while its position is
shifted towards lower sliding velocities. The typical crossover between silica and carbon
black filled S-SBR 5025 is confirmed with the extended modelling and located at v ~ 3 cm/s.
Therefore, even if the enhanced description of surface roughness appears to affect the level

of hysteresis friction, material features can nevertheless be evidenced.
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Figure 5.25: Simulated hysteresis friction for silica (left) and carbon black (right) filled
S-SBR5025 on rough granite with a one and two-scaling-regimes approach.
Load o, = 12.3 kPa
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As presented in Equation (3.37), the two-scaling-regimes approach allows a separate
determination of both micro- and macrotextures contributions at various sliding speeds and
loads. A simulation of the unscaled (< 6 >/ <z,> = 1) hysteresis friction coefficient py is shown
in Figure 5.26 for a carbon black filled S-SBR 5025 on rough granite with the decomposition
into micro- and macrotexture according to Equation (3.37). The macrotexture is found to
mainly contribute to the hysteresis friction, confirming predictions of Figure 5.22. This can be
demonstrated by referring to the power spectrum density S(w). Indeed, the level of the friction
integral is mainly controlled by the rate at which the power spectrum density decreases. Due
to the high fractal dimension of large length scales (macro-roughness), e.g. low B-exponent,
the decrease of the power spectrum density with increasing sliding velocity is compensated by
the dynamic loss modulus. This condition is not fulfilled for lowly fractal regimes — micro-
roughness — so that a two-scaling-ranges modelling basically generates more hysteresis

friction than a single scaling behaviour as long as D; > D,.
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Figure 5.26: Contributions of micro- and macrotexture on the simulated hysteresis friction

for a carbon black filled S-SBR 5025 on rough granite at a load o, = 12.3 kPa
(left) and o, = 250 kPa (right)

At a moderate load oy = 12.3 kPa, the microtexture slightly contributes to the simulated p-
values up to v ~ 3 mm/s (Figure 5.26 left diagram). This suggests the existence of a velocity
range where the minimal length scale A, involved in the sliding process is located above the
cross-over length A,. Consequently, the impact of microtexture on the hysteresis friction
coefficient appears to be gradual and only relevant whether the load is high enough or the
sliding velocity is sufficiently low. Indeed, with increasing load, smaller cavities can be
explored by the elastomer which in return widens the contact interval and increases the

contribution of microtexture. The right diagram of Figure 5.26 clearly shows that the level of
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hysteresis friction induced by microasperities is strongly increased at high loads. Furthermore,
the corresponding MPumicro-p€ak already occurs around v ~ 20 cm/s and reflects the rapid
entrance of rubber into the dynamic glass transition regime due to the mechanical excitation
associated with small length scales. This remark confirms experimental observations made on
standard friction apparatus used by road constructors. Indeed, an experimental technique like
the skid resistance tester pendulum (SRT) measuring at a sliding velocity v ~ 3 m/s is known
to be sensitive to both macro- and microtextures, while online measurements performed at
high sliding velocities — for instance with the ADHERA apparatus developed and built by the
CECP in Rouen which allows the characterisation of the longitudinal friction coefficient on a
blocked wheel under wet conditions up to v ~ 30 m/s — are solely influenced by macrotexture.
Accordingly, the increase of material stiffness at high sliding speeds prevents the rubber from
filling microcavities of rough substrates. This is predicted by Figure 5.26 since the contribution

of the microtexture on hysteresis friction appears to be promoted with increasing load.

The examination of contact parameters shows that the modelling of roughness with two
scaling ranges significantly changes the picture obtained with a single scaling regime.
According to Equation (3.42), the contact interval is mainly sensitive to the exponent
a =1/ (3D, — 6). By considering a second scaling range for rough granite, one obtains
o ~ 0.9 compared to a ~ 2.4 originally. Subsequently, the smallest length scale Anin
contributing to hysteresis friction is shifted by about a decade with the two-scaling-regimes
approach, thus resulting in smaller contact interval (Figure 5.27). Basic features of silica and
carbon black filled S-SBR 5025 are conserved through the extended modelling as the silica
filed composite exhibits lower A, values over the whole range of simulation, e.g. a
favourable inter-locking behaviour with the rough substrate. Finally, the predicted intersection
between A.i» and the boundary length scale A, makes clear that the impact of microtexture
during sliding friction is expected to be significant under certain contact conditions, namely

for low sliding velocities and high loads.

The reduction of the contact interval with a two-scaling-regimes approach has a direct
consequence on the frequency range involved in the sliding process. Although the horizontal
cut-off length &, is increased through the extended modelling, the pronounced shift of Amin
leads to a diminution of the frequency interval by about a decade as shown in Figure 5.27.
Consequently, the flattened shape and slight shift of the uy maximum observed in Figure
5.25 appear to be due to the shift and reduction of the frequency interval: while the former

delays the increase of hysteresis friction, the latter confines the friction peak at a lower level.
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Figure 5.27: Simulated minimal length scale Ani, (top) and frequency interval contributing

to hysteresis friction (bottom) for silica (left) and carbon black (right) filled
S-SBR5025 on rough granite. Load o, = 12.3 kPa

The simulated real area of contact is shown in Figure 5.28 for silica and carbon black filled S-
SBR 5025 on rough granite with a one and two-scaling-ranges approach. Material effects
related to the enhanced ability of silica compounds to form larger contact area compared to
carbon black filled composites are thereby confirmed and the two-scaling-regime approach

basically shifts the level of A; towards higher values. This can be understood by referring to

Equations (3.42) and (3.43) where the shift of &, mainly explain the higher A; values

obtained via simulations.
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Figure 5.28: Simulated real area of contact for silica (left) and carbon black (right) filled

S-SBR5025 on rough granite with a one and two-scaling-regimes approach.
Load 6, = 12.3 kPa

Finally, results concerning texture regimes can be summarized in a specific representation.
The microtexture was seen to have a limited influence on the hysteresis friction coefficient.
Indeed, for a sufficient high sliding velocity or low load, the rubber is not able to explore
microcavities of the profile. As a result, one can identify a limit sliding velocity v, above which
the macrotexture solely contributes to hysteresis friction (Figure 5.29). By extending the
simulations to a wide range of loads, one can follow the position of v, for a given frictional
pairing elastomer / rough surface. Figure 5.29 displays the position of a texture boundary for
silica and carbon black filled S-SBR 5025 on rough granite. Below each boundary curve, the
material solely “sees” the largest length scales of the profile while for the upper region of the
graph micro- and macrotexture are involved in the sliding process. The comparison between
silica and carbon black filled composites confirms the existence of two distinct regimes.
However, the curve gives no information on the level of contact parameters like Amin Or A, but
rather an indication on the existence of texture regimes under various contact conditions. For
moderate loads up to oo = 30 kPa, the silica filled S-SBR 5025 shows — as previously seen in
Figure 5.27 — a superior behaviour regarding the contact interval within a larger range of
sliding velocity. When going over the range of high loads, the trend is inversed and the
contribution of microtexture is favourable for the carbon black filled composite up to higher

sliding velocities than the silica filled compound.

As presented in Chapter 2, the sole macrotexture controls the rate at which the friction

coefficient decreases under wet conditions. Consequently, Figure 5.29 might be used as
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predictor and contact feature for specific frictional pairings. Knowing physical effects
associated with both texture regimes and their impact on wet grip properties of tyres, the
proposed representation yields as indicator for material developers to predict whether a
compound is likely to fulfil experimental constraints regarding frictional behaviour under real
conditions. One the other side, road constructors can use this tool in order to rate new

designed pavements with the objective of optimising contact conditions for a given tyre tread

compound.
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Figure 5.29: Boundary diagram with associated texture domains for silica and carbon black

filled S-SBR5025 on rough granite.

5.4.3 Load dependence and temperature effects

Up to here, the hysteresis friction was investigated within the range of low loads and without
considering the increase of contact temperature at high sliding velocities. Load and sliding
velocity are intimately related to one another: the frictional power arising from dynamic contact
is namely proportional to the load. Also, an analytical treatment of contact problems shows
that the increase of the contact temperature is expected to vary linearly with the load [84].
Therefore, simulations performed at typical loads encountered in tyre applications
— oo = 250 kPa — have to include temperature effects for a meaningful description of the
friction process. In the following simulations, the surface roughness — and a fortiori the
hysteresis friction coefficient yy — is systematically modelled with two-scaling-regimes

approach.
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The influence of the normal force on the hysteresis friction is first separately investigated for a
carbon black filled S-SBR 5025 sliding over a rough granite surface at a constant temperature.
By increasing the load, the rubber is able to fill cavities of the rough profile at smaller length
scales. This is illustrated by the right diagram in Figure 5.30 where the minimal length scale
Amin is found to significantly decrease over the whole range of sliding velocity. At the same
time, since the rubber explores a wider contact interval associated with a fractal dimension D
> 2, the contact area is expected to increase. This remark is corroborated by the left diagram

in Figure 5.30 where the amount of contact patches varies with the load.

1E-02 T ‘ ‘ 1E-03 ¢ ‘ ‘
| | r- -~ ~"~"~"~""~""~""~“""~“""~“"“"“"“"™"“3~"“"“~“"“"°v~-~"~—77
L AT T T T T T g T
-
| | | |
| | \‘ |
| I L |
| | - | |
I I 1E-04 + - I ’
| L S e S
1 1 E PP
l ' =
| | £
| | <
| |
I 1E-05 4
& | L L
Fl=- - 12,3kPa ------------ N —— — — 12,3 kPa
L 100kPa |- | b 100 kPa
— 250kP2 | [ TTTTTTTTTTTT —— )50 kPa
TE-04 I i g TE-06 o
1E-05 1E-04 1E-03 1E-02 1E-01 1E+00 1E+01 1E-05 1E-04 1E-03 1E-02 1E-01 1E+00 1E+01
v (m/s) v (m/s)
Figure 5.30: Simulated real area of contact (left) and minimal cut-off length (right) for a

carbon black filled S-SBR 5025 on rough granite at different loads

Next, an empirical temperature law was implemented in the friction model. It is partly based on
experimental friction results carried out on the same carbon black filled S-SBR 5025 at high
sliding velocities: through a thermo-camera, the evolution of contact temperature was followed
during stationary friction tests performed on a silicon carbide surface at a load
o, = 250 kPa. Results revealed average temperatures on the rubber surface of T = 60°C and
80°C at sliding velocity v = 1 m/s and 3 m/s, respectively [76][86]. The temperature profile was
adopted and fitted for this particular load by an empirical function. Further results obtained
from ABS-Braking tests confirmed the temperatures measured on tread compounds [73][74].
Beside these basic assumptions, it is assumed that the temperature increase is proportional to
the load [84]. The resulting empirical load and velocity dependent temperature is shown in
Figure 5.31. It allows a systematic investigation of the role played by temperature within the

range of high loads and for sliding velocities above v = 1 cm/s.
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Figure 5.31: Empirical temperature field T(v, 6,) used for simulations at high sliding speeds

Following the empirical temperature profile, simulations of the hysteresis friction coefficient py
were performed for carbon black and silica filled S-SBR 5025 on asphalt at a load
o, = 250 kPa (Figure 5.32). Prediction with a constant temperature assumed over the whole
range of sliding velocity is comparatively shown. Also, the significance of the extended master

procedure is highlighted through simulations performed with and without vertical shift factors.
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Figure 5.32: Simulated hysteresis friction for silica (left) and carbon black (right) filled
S-SBR 5025 on asphalt with/without temperature effects (separate contribution
from vertical shift factors). Load o, = 250 kPa
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By taking into account the increase of contact temperature above v ~ 1 cm/s, the simulated
hysteresis friction coefficient dramatically reduced at high sliding velocities. The corresponding
Mu-peak is reduced by about 65% of its value compared to the ideal case with a constant
temperature. Furthermore, the friction maximum is found to occur at a significantly lower
sliding velocity located around v = 10 cm/s, which implies a shift of approximately two decades
regarding the initial simulation. Physically, the increase of rubber temperature is reflected by
the reference temperature at which dynamic moduli are mastered. Thereby, the dynamic glass
transition regime is progressively shifted towards high frequencies during the simulation
procedure and the filled composites remain within the rubbery state for that particular load.

Hence the dramatic decrease and the pronounced shift of the hysteresis peak.

Temperature dependent vertical shift factors introduced during dynamic mechanical analysis
characterise the dynamic softening of filled elastomers above glass transition. The left
diagram of Figure 5.32 underlines the impact of generalized master procedure on the resulting
hysteresis friction coefficient using the temperature distribution presented above. The
application of a classical master procedure — with sole horizontal shift factors — leads to an
overestimation of the friction combined with a slightly shifted position of hysteresis peak. The
thermally activated processes identified at high temperatures results in an additional decrease
of the simulations and one obtains friction values twice as low as predicted by a classical
approach at a sliding velocity v ~ 1 m/s. Therefore, beside the considerations of temperature
effects, the dynamic softening of filled elastomers is crucial for the relevance of friction

predictions under realistic conditions encountered during ABS-Braking phases.

The impact of temperature on hysteresis friction was explained by referring to the viscoelastic
behaviour of rubber. Similarly to results presented in the last section, the frequency interval
can be determined as a function of the sliding velocity. Higher contact temperatures allow
rubber to explore cavities at smaller length scales which lead to an increase of the upper
frequency of the friction integral. This is illustrated in Figure 5.33 (top diagrams) for the same
example presented above, whereby one has to keep in mind that temperature varies along the
velocity axis. For a better understanding of friction simulations, the influence of temperature is
decoupled from the sliding velocity via the time-temperature superposition principle. In that
way, a unique picture is obtained for the frequency interval brought back at laboratory
temperature. Figure 5.33 (lower diagrams) illustrates how the occurrence of high contact
temperatures at high sliding velocities prevents the elastomer from exploring the dynamic
glass transition regime. Such a representation offers the possibility to follow the dynamic

response of rubber under real contact conditions for a given temperature profile.
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Figure 5.33: Simulated frequency interval contributing to hysteresis friction for silica (left)

and carbon black (right) filled S-SBR5025 on asphalt with/without temperature
effects (top) and brought back at T,; = 20°C (bottom). Load o, = 250 kPa

The increase of rubber temperature was seen to widen the contact interval down to
micrometer length scales, e.g. the decrease of the real area of contact observed in Figure
5.23 and Figure 5.28 is expected to be compensated by the material softening under real
conditions. Figure 5.34 shows the simulated fraction area for carbon black and silica filled S-
SBR 5025 according to the empirical temperature distribution introduced in this section. Above
v = 1 cm/s, the effect of temperature can be clearly identified and the amount of contact
patches is found to increase for both composites. Since thermally activated processes are
more pronounced for the carbon black filled compound, the corresponding contact area is
found to be higher than for the silica filled S-SBR 5025 above v ~ 1 m/s. The dramatic
decrease of the hysteresis friction level combined with a marked increase of the contact area

clearly indicate that adhesion effects are likely to dominate at high sliding velocities under dry
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contact conditions. Then, the master procedure of filled compounds appears to be a
determining step for a relevant description of the friction process under real conditions. More
generally, a full treatment of heat transfer arising from sliding process has to include material
thermal properties. A recent theory proposes a formulation of the flash temperature

distribution for rubber friction on rough surfaces [75].
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Figure 5.34: Simulated real area of contact for silica (left) and carbon black (right) filled S-

SBR5025 on asphalt with/without temperature effects. Load ¢, = 250 kPa

Beside temperature effects arising from the material viscoelastic response, the contact is
further on examined at various loads. Due to the complex nature of rough surfaces and non-
linear behaviour of elastomers, the load dependence of the rubber friction coefficient can
strongly vary if one of both contact partners is exchanged and predictions from Hertz theory
are generally not fulfilled for rigid/soft frictional pairings. A closer examination of the hysteresis
friction coefficient uy shows that a differentiation of both material and surface contributions is
possible. Indeed, macroscopic contact parameters evaluated in the frame of a generalized
Greenwood-Williamson theory are contained in the front factor. By neglecting the influence of

the friction integral on the load dependence of uy, one obtains:
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where F; and F;, are the Greenwood-Williamson functions introduced in the theoretical

section. t=d/c is the normalized distance between rubber and mean value of the profile
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with corresponding standard deviation &, &, accounts for the standard deviation oft the
summit height distribution ¢,(z) [65]. At a given sliding velocity, the normalized distance t

decreases with increasing load as the rubber is squeezed against the rough substrate.
Consequently, the ratio F; / F3» can be used as surface characteristic for predicting the load

dependence of py independently of material considerations.

Results are presented in Figure 5.35 for rough granite and asphalt. Simulations were
performed at three different loads oy = 60, 250 and 500 kPa within the sliding velocity range
v = 10 - 1 m/s at laboratory temperature. For each load and by assuming that the contact
temperature is constant, an increase of sliding velocity results in high t-values as the rubber is
lifted up compared to the mean value of substrate. As expected, the ratio explores the region
of lower t-values with increasing load and decreasing sliding velocity. It is worth noticing that
the ratio F; / F3, exhibits a continuous master-curve-like path with a complete overlapping
over the whole range of simulation parameters. This indicates that load and sliding velocity
play an equivalent role from the contact mechanics point of view. It should be noted that the
predictor F; / F3 is a sole characteristic of a given rough surface. External factors — rubber
type, temperature, load and sliding velocity — only influence the position and the rate of

variation on the characteristic curve.
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Figure 5.35: Simulated F,/F3, ratio for rough granite (left) and asphalt (right) as a function
of t (normalized distance rubber / mean value of rough profile) at three
different loads. Interval of sliding velocity: v=10° -1 m/s

Within the range of high t-values, e.g. at low loads or high sliding velocities, the characteristic
ratio F; / F3, indicates that the hysteresis friction coefficient pyy decreases with increasing

load. For sufficiently high normal forces and moderate sliding velocities, the load
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dependence of the hysteresis friction coefficient yy is expected to be strongly reduced. This
qualitative remark holds for both investigated rough surfaces and also confirms previous
studies carried out on various substrates [15]. The difference in roughness amplitude

between both surfaces can be indirectly observed on the range of t-values as asphalt covers
a broader range due to a higher vertical cut-off length &, . The load dependence of the

friction integral should be considered via the term associated with macrotexture which mostly
contributes to hysteresis friction. The analysis of simulation results shows that the influence
of load on the friction integral is negligible over the whole range of sliding velocity above
oo ~ 50 kPa, which means that the GW ratio can be used as predictor for the load

dependence of the hysteresis friction coefficient under real conditions.

Finally, load dependent simulations of the hysteresis friction coefficient are shown in Figure
5.36 with and without temperature effects for a carbon black filled S-SBR 5025 on asphalt.
By assuming a constant contact temperature (left diagram), py is found to decrease over the
whole range of sliding velocity with increasing load, which corroborates interpretations made
on the GW-ratio curve. If the empirical temperature field of Figure 5.31 is implemented into
the simulation procedure, the picture is dramatically changed: indeed, since contact
temperatures are assumed to be proportional to the load, the decrease of hysteresis friction
is accelerated at high loads. More generally, both increasing and decreasing trends can

occur for a given frictional pairing within a sliding velocity sweep [65].
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Figure 5.36: Simulated load dependent hysteresis friction for a carbon black filled S-

SBR5025 on asphalt without (left) and with temperature effects (right)
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5.5 Correlations with friction measurements - |

This section presents correlations between experimental friction results and predictions of
hysteresis and adhesion friction components. Friction properties of elastomers are first
investigated at a moderate load o, = 12.3 kPa up to a maximum sliding velocity
v = 1 cm/s, thus limiting the appearance of thermal effects. Also, the systematic use of a
solution made of a small amount of detergent mixed with water prevents the occurrence of
adhesion effects under wet conditions and allows a direct identification of wet friction results
with simulated hysteresis friction. Subsequently, the transition from wet to dry friction is
interpreted as adhesion and described by the formulation presented in Chapter 3. Numerical

parameters of adhesion and hysteresis friction are listed and discussed in Chapter 6.

5.5.1 Wet friction results — Hysteresis friction

The presence of lubricant is of extreme importance for the level of rubber friction on rough
surfaces. As previously observed by Grosch, the friction coefficient is experimentally strongly
reduced under wet conditions over the whole range of sliding velocities [14]. In particular, the
vanishing of the low-velocity adhesion peak indicated that interfacial molecular interactions
are hindered by the lubricant film, while the position of the hysteresis maximum remains
unchanged. For rough surfaces with sharp summits — typically silicon carbide substrates — a
small amount of detergent mixed in a water solution leads to a further decrease of the friction
coefficient [14][70]. Since the Ilubricant viscosity is not significantly affected, the
corresponding contribution on the friction force can be excluded. Regarding the roughness, a
stabilized interfacial film is likely to cover asperities within the micrometer range. However, as
shown earlier in this section, the largest roughness length scales mostly contribute to
hysteresis mechanism, so that measurements under wet conditions can be reasonably

correlated with simulated hysteresis friction.

Friction tests were carried out according to the experimental procedure presented in Chapter
4. In the following, “wet conditions” means that the rough substrate was completely covered
by a water solution mixed with detergent at 5% concentration. Simulations of hysteresis and
adhesion friction were performed on the basis of mechanical data characterised at a dynamic
strain amplitude ¢ = 3% and mastered at laboratory temperature T = 23°C. Figure 5.37
shows friction results of carbon black and silica filled S-SBR 5025 on rough granite under wet
conditions. Both compounds exhibit a continuous increase of the friction coefficient within the

measuring range, with a pronounced increase of the silica filled composite. The crossover
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previously observed during mechanical spectroscopy is also found on the friction coefficient,

thus confirming the viscoelastic nature of rubber sliding friction on rough surfaces.

The corresponding simulations of hysteresis friction are shown on both diagrams with a
differentiation made between the one and two-scaling-regimes approach. By considering a
single scaling range, the predicted pp-values tend to overestimate the experimental level of
wet friction with increasing sliding velocity. For example, the silica filled S-SBR 5025 shows a
friction value y = 0.7 measured at a sliding velocity v = 1 cm/s, while the simulated hysteresis
friction accounts for yy = 1.1. A fast calculation shows that if the observed discrepancy is
assumed to be solely due to the generation of heat at the interface, one would obtain a
rubber temperature T = 60°C which is unlikely to occur at moderate loads and low sliding
speeds. The consideration of a second scaling regime leads to a better description of wet
friction results for both filled composites. Since the extended modelling of roughness gives a
finer description of the largest length scales — which actually mainly contribute to hysteresis
friction —, improved correlations with wet friction behaviour can be achieved within the range

of low sliding velocities.
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Figure 5.37: Wet friction results and simulated hysteresis friction for carbon black (left) and

silica (right) filled S-SBR 5025 on rough granite. Load ¢, = 12.3 kPa

The impact of roughness on wet friction results was investigated via measurements on

asphalt carried out under identical experimental conditions. Compared to rough granite, the
asphalt surface is characterised by higher roughness amplitude & associated with a lower
fractal dimension within the micrometer range. According to Equation (3.42), the contact

interval [Amin, &,] is therefore expected to increase, and a fortiori the frequency range
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[fmin, Tmax] involved during sliding friction as well. Figure 5.38 shows correlations between
theoretical predictions and wet friction results. A similar trend to the one previously observed
on rough granite is pointed out, namely a satisfying description of wet friction results by the
simulated hysteresis friction at low sliding velocities with characteristic improvement of
correlations by using a two-scaling-ranges approach. However, the friction behaviour of the
silica filled S-SBR 5025 is clearly overestimated by the model above v ~ 1 mm/s, which can
not be traced back to the occurrence of temperature effects. The discrepancy found in limited

cases is discussed in details in the last section of Chapter 5, where further extensions of the

model are proposed.
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Figure 5.38: Wet friction results and simulated hysteresis friction for carbon black (left) and

silica (right) filled S-SBR 5025 (top) and S-SBR 2525 (bottom) on asphalt.
Load 0, =12.3 kPa
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In the following, the influence of polymer architecture on friction properties is investigated.
The lower graphs of Figure 5.38 show experimental results carried out on silica and carbon
black filled S-SBR with 25% vinyl content at moderate load. As evidenced by relaxation
spectroscopy, low vinyl S-SBR is characterised by a shift of the glass transition temperature
towards lower temperatures, e.g. higher frequencies. Consequently, the hysteresis friction
maximum is expected to occur at higher sliding velocities and the increase rate of yy should
be thus limited within the measuring range. This is confirmed by measurements shown in
Figure 5.38, whereby the theoretical prediction fairly agrees with wet friction results. Since
the frequency range contributing to hysteresis friction is located within the rubbery region of
S-SBR 2525 composites, the impact of a second scaling regime is therefore more

pronounced for filled S-SBR 5025 compounds up to a maximum sliding velocity v = 1 cm/s.

5.5.2 Difference dry / wet friction — Adhesion friction

Since the specific experimental conditions hinder the occurrence of additional effects
associated with fluid viscosity or interfacial heat generation during sliding process, the
transition from wet to dry friction is interpreted in terms of adhesion. The distinction between
adhesion and hysteresis friction has been already discussed in the literature [17]. Physically
based considerations of adhesion friction generally involve the periodic formation and
breakage of molecular bonds between polymer chains and a substrate during sliding process
[13][28][33]. As a result, rubber adhesion is found to exhibit viscoelastic features with
characteristic length scales located below the micrometer range, thus indicating that

molecular mechanisms come into play.

The present work proposes a multi-scale formulation of dynamic contact problems for
rubbery materials sliding over rough surfaces. Thereby, hysteresis friction and contact
parameters like the real area of contact are determined through surfaces descriptors and
dynamic properties of the bulk material, while the modelling of adhesion includes the velocity
dependent interfacial shear strength describing the kinetics of peeling effects at the interface.
Thus, even if both friction components are driven by the material viscoelastic response
during the sliding process, the corresponding physical mechanisms fundamentally differ from
the length scale at which they occur. In the following, the relevance of adhesion concepts is
systematically investigated, in particular the simulated real area of contact and interfacial

shear strength with respect to material and surface effects.

Figure 5.39 shows wet and dry friction results for carbon black and silica filled S-SBR 5025

on rough granite. The role of hysteresis friction and the implications of an extended approach
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for the description of roughness scaling properties were already highlighted in Figure 5.37.
The dry friction coefficient is found to be constant over the range of measurement with a
slight decrease at very low sliding velocities. The silica filled composite shows a higher
friction level compared to the carbon black filled system (Ap ~ 0.3), which accordingly
indicates that the adhesion component is significantly higher for the former. By following the
approach used for separating hysteresis from adhesion effects on rough surfaces, adhesion

friction appears to be the main contribution to rubber friction under dry conditions.
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Figure 5.39: Wet and dry friction results for carbon black (left) and silica (right) filled

S-SBR5025 on rough granite. Load o, = 12.3 kPa (from [66])

Figure 5.40 shows the experimental difference Ap = Py - Hwet Obtained between dry and wet
friction results on rough granite for both filled S-SBR 5025 composites at low sliding velocity.
As previously indicated in Figure 5.39, the silica filled compound is characterised by a higher
level of adhesion within the range of measurement. By referring to Equation (3.47), the
interfacial shear strength ts was first assumed as constant while the roughness was modelled
with a one-scaling-regime approach. Obviously, experimental data can be well adapted with
the predicted adhesion friction coefficient depicted with dashed lines, thus demonstrating that
a proper description of rubber friction on dry surfaces is possible with Equation (3.47) for
filed S-SBR 5025 composites. Accordingly, the decreasing adhesion component is fully
predicted by the simulated real area of contact reflecting an increase of material dynamic
stiffness at high sliding velocity. The examination of the interfacial shear strength ts shows no
significant variation which could explain the different levels of adhesion friction: indeed, one
obtains 1s = 13.8 MPa and 13.2 MPa for the silica and carbon black filled composite,
respectively. Hence, this confirms that the level of adhesion friction for filled S-SBR 5025 is

primarily governed by the real area of contact found to be significantly larger for the silica



112 5. Experimental results and model prediction

reinforced composite. This remark holds for a two-scaling-regimes approach where the
interfacial shear strength is found to be smaller due to an increase of the real area of contact
(Figure 5.28). At the same time, the kinetics of peeling effects can be assumed as constant
over the range of measurements, e.g. down to a sliding velocity v = 10° m/s. Below this
sliding velocity, the discrepancy between adhesion prediction and friction results indicates
that the velocity dependence of the interfacial shear strength 15 should be taken into account
for the formulation of adhesion friction. By referring to the concepts introduced in Chapter 3,
the critical velocity of the interfacial shear strength is numerically found to be located at
Ve ~ 6.10° m/s and v, ~ 2.10° m/s for the silica and carbon black filed S-SBR 5025,

respectively.
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Figure 5.40: Difference between wet and dry friction results for carbon black and silica

filled S-SBR5025 on rough granite. Dashed lines: scaled area of contact with
7s = 13.8 MPa and 13.2 MPa for silica and carbon black, respectively (from [66])

Experimental results indirectly highlight the relevance of the proposed master procedure
applicable to filled and unfilled elastomers. In particular, the temperature dependence of the
vertical shift factors and the resulting simulated contact parameters can be traced back to be
occurrence of thermally activated processes at the vicinity of filler particles. The favourable
inter-locking behaviour of silica filled composites on rough surfaces is fully predicted by a
multi-scale approach of dynamic contact and experimentally confirmed in the range of low
sliding velocities. This is confirmed by friction results carried out on rough granite for filled S-
SBR 2525 composites shown in Figure 5.41. Since the corresponding glass transition is
located at a lower temperature, e.g. higher frequency, the increase of wet friction is limited

within the range of measurement while the hysteresis friction maximum occurs around
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v ~ 100 m/s. Wet friction data are fairly described by the simulation independently of the
number of scaling regimes. The glass transition temperature is seen to dramatically influence
the level of dry friction at constant filler content, whereby an increase of the friction coefficient
is observed up to v ~ 2 mm/s for both composites, corresponding to the position of the
adhesion maximum — and approximately the critical velocity (see Table 6.1). The shift of the
dry friction plateau illustrates the viscoelastic nature of rubber friction on rough surfaces while
the level of adhesion confirms improved interlocking properties of silica filled S-SBR

composites physically related to temperature activated processes leading to favourable

dynamic behaviour above glass transition.
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Figure 5.41:

(dashed lines). Load o, = 12.3 kPa

Wet and dry friction results (top) for carbon black (left) and silica (right) filled
S-SBR 2525 on rough granite with corresponding simulated hysteresis friction.
Bottom: Experimental difference dry/wet with simulated adhesion component



114 5. Experimental results and model prediction

To complete this study on rough granite, friction results are presented in Figure 5.42 for a
carbon black filled E-SBR. As previously observed on the low-T; S-SBR, the experimental
wet friction coefficient is found to slightly increase over the range of measurements as a
consequence of the shift of the dynamic glass transition (Figure 5.17). Since the frequency
interval involved during sliding process is located within the rubbery region over the
measuring range, the simulated hysteresis friction is not expected to strongly vary with
increasing sliding velocity. This prediction is fairly reproduced by the experimental results.
Dry friction values significantly increase with sliding velocity up to v = 1 cm/s and indicate that
the adhesion peak occurs within the range of measurements. This is evidenced by the
adhesion plot in Figure 5.42 (right diagram) where the adhesion maximum is found around
v =1 mm/s as observed for the carbon black filled S-SBR 2525.
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Figure 5.42: Wet and dry friction results for carbon black filled E-SBR 1500 on rough
granite with corresponding simulated hysteresis friction (left) and
experimental difference dry/wet (right) with simulated adhesion component
(dashed line). Load o, = 12.3 kPa

Next, correlations of hysteresis and adhesion friction gained from experimental results on
rough granite are depicted up to the range of high sliding velocity with a two-scaling-ranges
approach. Simulations are shown without including temperature effects, this approach being
basically equivalent to the one applied by Grosch, whereby friction master curves were
constructed through friction measurements at various temperatures in the range of low
sliding velocity [13][16]. In particular, the friction maximum of filled composites is significantly
reduced with increasing filler content under dry conditions and goes through a plateau
maximum distributed over several decades of sliding velocity. Though the decrease of the

friction peak is generally correlated with the one observed on the frequency dependent loss
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factor, the progressive saturation of the friction maximum indicates that an additional

mechanism contributes to dry sliding friction, namely adhesion.

This is schematically shown in Figure 5.43 for carbon black filled S-SBR 5025 on rough
granite. Simulated hysteresis and adhesion friction are extrapolated according to correlations
gained from friction measurements at low sliding velocities. Since the rough granite surface
shown in Figure 5.37 and Figure 5.39 differs from the one used in the present work, the
previous results should therefore not be directly compared to the correlations depicted in
Figure 5.43 [66]. Due to the introduction of a second scaling regime, the increase of
hysteresis friction is limited up to a maximum pumax = 0.7 reached at a sliding velocity
vy = 0.5 m/s. The adhesion friction goes through a peak associated with a critical velocity
Ve = 10° m/s and further decreases with increasing sliding velocity. Within the range [V, V4],
the decrease of adhesion friction combined with the increase of hysteresis friction leads to a

constant level of dry friction illustrated by a broad maximum plateau.
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Figure 5.43: Extended correlations of hysteresis and adhesion friction under wet and dry
conditions for a carbon black filled S-SBR 5025 on rough granite

By referring to previous experimental observations, the broad saturation of dry friction for
filled elastomers on rough surfaces is fully predicted by a multi-scale modelling sliding friction
for soft / rigid frictional pairings [13][16]. The corresponding formulation of hysteresis and
adhesion friction on rough surfaces allows a deeper comprehension of the physical
mechanisms involved during sliding process. Hysteresis friction arises from the rubber
viscoelastic response caused by the mechanical excitation of asperities at various length

scales and accordingly basically depends on dynamic properties of the bulk elastomer.
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Adhesion is associated with two antagonist mechanisms: first the real contact area down to
the micrometer range which reflects the material dynamic hardening with increasing sliding
velocity. Secondly, the interfacial shear strength s is related to the kinetics of periodical
formation and breakage of molecular bonds within the contact area and basically increases

with increasing sliding velocity up to a critical velocity v..

The same procedure was applied to the carbon black filled E-SBR composite on rough
granite. Hysteresis and adhesion friction simulations were extended according to correlations
shown in Figure 5.42. As expected, characteristic features of both friction components are
shifted towards higher sliding velocities. While the hysteresis friction maximum py = 1.0 is
located at a sliding velocity viymax = 100 m/s, the critical velocity of the adhesion component is
found at v, = 3.10* m/s. Following the same argumentation, the addition of decreasing
adhesion and increasing hysteresis leads to an almost constant dry friction coefficient over
many decades of sliding velocity. This confirms experimental results, whereby the friction
plateau was found to strongly depend on the glass transition temperature of the basis
polymer [13][16].
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Figure 5.44: Extended correlations of hysteresis and adhesion friction under wet and dry

conditions for a carbon black filled E-SBR 1500 on rough granite

Accordingly, the adhesion component mostly contributes to dry friction at moderate load and
within the range of low sliding velocity. Under real conditions, since the occurrence of flash
temperatures leads to a dramatic reduction of hysteresis friction combined with an increase
of the contact area (Figure 5.32 and Figure 5.34), one can reasonably expect the

predominance of the adhesion contribution under dry and clean contact conditions.
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Therefore, the formation of contact patches over several length scales appears to be a
crucial factor for the optimization of grip properties under dry conditions. For wet surfaces,
the drop of adhesion has to be compensated by enhanced material losses in the high-

frequency region in order to guarantee a sufficient level of friction within the contact area.

Finally, the impact of surface roughness on adhesion is discussed on the basis of friction
measurements carried out on asphalt for carbon black and silica filled S-SBR composites.
The roughness analysis of asphalt already showed significantly different scaling behaviour

compared to rough granite with a smaller fractal dimension of microtexture. According to
Equation (3.42), one expects a broader contact interval [Amin, &,] and a higher contact area

A.. Also, the difference in the morphological descriptors should affect the level of adhesion

and the corresponding position of critical velocity.

Figure 5.45 shows friction results carried out for silica and carbon black filled S-SBR 5025 on
asphalt under dry conditions (left diagram). The corresponding wet friction data and
hysteresis friction simulations were already presented in Figure 5.38. As previously observed
on rough granite for filled S-SBR 5025 composites, the level of dry friction is strongly

influenced by filler type with higher values found for the silica filled composite.
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Figure 5.45: Dry friction results (left) and experimental difference dry/wet (right) with
simulated adhesion component (dashed line) for silica and carbon black filled
S-SBR 5025 on asphalt. Load 6, = 12.3 kPa

The right diagram of Figure 5.45 shows the difference Ay between dry and wet friction results
with the corresponding simulation of adhesion friction. Compared to results obtained on

rough granite, the adhesion component is not found to continuously decrease over the range
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of measurement, but rather goes through a maximum around located around v ~ 10 m/s.
While the decrease of Ay is clearly attributed to an effect of the real area of contact, the early
increase visible below v ~ 10* m/s indicates that the kinetics of peeling effects actually
contributes to adhesion friction at very low sliding velocity. A fitting procedure gives
Ve = 3.10° m/s and v, = 6.10° m/s for carbon black and silica filled S-SBR 5025, respectively.
Similar to rough granite, the position of v, for the silica filled S-SBR 5025 is found at a slightly
higher sliding velocity than the carbon black reinforced one. Concerning the level of
adhesion, no significant difference can be established between both surfaces. Therefore, the
surface roughness mostly influences the position of the adhesion maximum and the

corresponding critical velocity v, for filled S-SBR 5025 composites.

The examination of dry and adhesion friction results for filled S-SBR 2525 composites on
asphalt confirms previous features observed on rough granite, namely a continuous increase
of the dry friction coefficient and an adhesion maximum located within the range of
measurement (Figure 5.46). Also, superior inter-locking properties of silica filled S-SBR
composites are illustrated by a higher adhesion component above the critical velocity located
at v = 7.10* m/s and v, = 10° m/s for carbon black and silica filled S-SBR 5025,
respectively. Compared to filled S-SBR 5025 composites, the slightly higher level of
adhesion for filled S-SBR 2525 systems is attributed to the real area of contact found to be
higher at a given sliding velocity. Numerical parameters of hysteresis and adhesion friction

simulations are summarized and discussed in Chapter 6.
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Figure 5.46: Dry friction results (left) and experimental difference dry/wet (right) with
simulated adhesion component (dashed line) for silica and carbon black filled
S-SBR 2525 on asphalt. Load 6, = 12.3 kPa
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5.6 Correlations with friction measurements - Il

Previous experiments carried out on the modified Zwick testing equipment allows a
characterisation of the friction coefficient up to a maximal sliding velocity v = 1 cm/s and at
moderate load o, = 12.3 kPa. In order to extent the range of measurements, a modified
biaxial MTS test rig was used, allowing a maximal sliding velocity v = 40 cm/s with the
possibility to simulate typical loads encountered in tyre applications, namely o, = 250 kPa.
Beside the advantages due to a characterisation of the friction process under realistic
conditions, the combination of increased sliding velocity and load leads to the occurrence of
temperature effects at least above v = 1 cm/s. However, due to a limited stroke of the
horizontal MTS cylinder (max. 60 mm), contact times decrease with increasing sliding

velocity and should therefore limit the temperature increase within the contact area.

Figure 5.47 shows friction results for carbon black and silica filled SBR composites obtained
on the same asphalt surface used for previous experimental investigations at moderate load
o, = 12.3 kPa. The simulated hysteresis friction is shown and correlated with wet friction
results under the assumption that rubber temperature keeps constant over the whole range
of measurements. It can be seen that the theoretical prediction fairly agrees with all
experimental results, at least up to a sliding velocity v = 1 cm/s above which temperature
effects might occur. In particular, wet friction results carbon black filled low-T4-composites,
namely the E-SBR 1500 and the S-SBR 2525, are well described by the hysteresis friction
over the whole range of sliding velocity, whereby the corresponding increase is found to be
restricted at a low level. The wet friction feature is more pronounced for high-T4 and silica

filled elastomers as observed in the range of moderate loads.

The overestimation of wet friction can be partly attributed to the impact of temperature at the
interface and the occurrence of high deformations in the rubber at the vicinity of surface
asperities which are not sufficiently taken into account by the averaged strain amplitude
applied during dynamic mechanical measurements (¢ = 3.5%). Nevertheless, since low-Tg-
composites can be described by the model, this implies that another effect should be
considered, namely the velocity dependence of the pre-factor < 5 >/ < z, > which scales the
simulated hysteresis friction and was up to here assumed to be constant over the whole
range of sliding velocity. A detailed discussion is proposed in Chapter 6 for further extension

of the modelling regarding the dynamic indentation behaviour of elastomers.
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Figure 5.47: Friction results on asphalt and simulated hysteresis friction. Materials: S-SBR

5025 / N339 (top left), S-SBR 2525 / N339 (top right), S-SBR 2525 / Silica
(bottom left) and E-SBR / N339 (bottom right). Load o, = 250 kPa

5.7 Summary of results

This chapter was dedicated to the applicability of hysteresis and adhesion friction concepts
for the description of rubber stationary friction properties on rough surfaces. In particular,
new insights were gained regarding the obtainment of surface and materials characteristics
entering in the formulation of the proposed friction theory. The roughness analysis carried out
by means of needle measurements highlights the relevance of a two-scaling-ranges
approach for the description of texture and allows a separation between micro- and
macrotexture regimes. Knowing that large length scales mostly contribute to hysteresis

friction, this tool significantly improves the plausibility of the model. Furthermore, based on
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results obtained by means of dielectric and mechanical spectroscopy, a generalized master
procedure was proposed for filled composites. Thereby, semi-empirical WLF-VFT functions
describing the relaxation behaviour in the glass transition regime are not affected by
increasing filler content and the overlapping of dynamic moduli in the low frequency region is
ensured via vertical shift factors separately introduced for the storage and loss component.
The temperature dependence of vertical shift factors is put in relationship with the variation of
dynamic modulus above glass transition for filled composites and physically related to the
activation energy of immobilised polymer nanobridges between adjacent filler particles.
Pronounced differences are evidenced between silica and carbon black reinforced
composites, whereby the presence of silica is associated with a dynamic softer behaviour
above glass transition interpreted as an indication for favourable inter-locking properties. This
is confirmed by model predictions where a broader contact interval and larger real contact

area are found for silica filled composites compared to carbon black reinforced ones.

Simulations of hysteresis friction and contact parameters reveal the viscoelastic nature of
rubber friction on rough surfaces. The introduction of a two-scaling-ranges approach is seen
to reduce the contact interval and subsequently leads to a broader hysteresis friction
maximum. The impact of the dynamic softening of filled elastomers above glass transition —
and vertical shift factors — on sliding process was investigated via a semi-empirical
temperature law implemented in the model. The increase of contact temperature above
v ~ 1 cm/s leads to a pronounced shift and reduction of the hysteresis friction maximum as
well as a simultaneous increase of the contact interval and real contact area. Finally, the load
dependence of the hysteresis friction coefficient was discussed on the basis of the G-W
predictor F; / F3, found to be relevant at moderate sliding velocity up to the range of high

loads. As a result, py is found to decrease with increasing load on rough granite and asphalt.

Friction tests carried out at moderate load within the range of low sliding velocity under wet
and dry conditions allow the determination of hysteresis and adhesion components. The use
of a water detergent as lubricant is assumed to eliminate molecular interactions at the
contact interface, so that wet friction results are identified with simulated hysteresis friction.
The difference between wet and dry friction is interpreted in terms of adhesion and described
by the real contact area combined with the interfacial shear strength. Results show the
relevance of hysteresis friction concepts under wet conditions for filled composites on rough
granite and asphalt. The modelling with a two-scaling-ranges approach leads to a further
improvement in the description of wet friction, this effect being more pronounced for filled S-
SBR 5025 within the experimental range of sliding velocity. Concerning adhesion friction,

improved inter-locking properties of silica filled composites are experimentally confirmed
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since the level of adhesion is found to be significantly higher than for carbon black filled
composites. The position of the critical velocity depends on the glass transition temperature
of the polymer matrix and the rough surface. Consequently, dry friction properties of
elastomers on rough surfaces are driven by three mechanisms: the length scale dependent
indentation process corresponding to hysteresis friction, the dynamic filling of profile cavities
by rubber — real area of contact — and the kinetics of peeling effects related to the formation
and breakage of contact patches. Thereby, the viscoelastic nature of rubber dry friction

earlier demonstrated by Grosch is understood on a physical basis.
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6. Discussion

This chapter shows an analysis of the numerical parameters obtained trough correlations
with wet and dry friction results, namely the pre-factor of the friction integral b = <§> / <z,>
and the critical velocity v of the interfacial shear strength t;. Furthermore, a discussion is
addressed regarding the frictional behaviour of unfilled elastomers. Following the theoretical
frame of the model, a consistent extension is proposed on the basis of a velocity dependent
pre-factor b suggested by additional friction results on filled and unfilled composites. The
glass transition temperature of polymer matrix and the morphological state of filler network —
percolation threshold — appear to be determining for the dynamic indentation behaviour of

elastomers during sliding friction on rough surfaces.

Values of the critical velocity v, are shown in Table 6.1 for filled and unfilled composites on
rough granite and asphalt. Since hysteresis friction is found to continuously increase within
the range of low sliding velocity, the critical velocity is located near the dry coefficient plateau
value. A closer examination of the normalized interfacial shear strength 15 / tsmax €xtrapolated
over a broad range of sliding velocity reveals a systematic variation of the position of the
critical velocity with respect to the glass transition [68]. The position of the adhesion peak is
shifted towards higher sliding velocities with decreasing glass temperature. This viscoelastic
feature of the adhesion component is consistent with the shift of the dry friction plateau
obtained for filled elastomers under dry conditions [13][16]. Current investigations confirm the
impact of glass transition temperature on the location of the critical velocity. As previously
observed in Figure 5.40 and Figure 5.41, a sole variation of the S-SBR grade significantly
shifts the position of the adhesion maximum on rough granite by about two decades,

corresponding to the shift of frequency dependent dynamic modulus.

S-SBR 5025 S-SBR 2525 E-SBR

Unfilled N339 Silica Unfiled N339 Silica  N339

Rough granite ~ 2.10° 2.10° 6.10° 7.10° 4.10* 8.10* 3.10*
Asphalt 410° 3.10° 6.10° 3.10* 7.10* 10° 10

Table 6.1: Values of the critical velocity v, (in m/s) for filled and unfilled SBR grades on
rough granite and asphalt
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Beside the influence of polymer matrix on the location of the adhesion peak, the filler system
is found to control the level of adhesion via the real area of contact above critical velocity.
Thereby, the dynamic mechanical softening above glass transition appears to be a key-factor
for the ability of rubber to fill cavity of rough profile at various length scales. Accordingly,
silica filled S-SBR composites exhibit favourable inter-locking properties in comparison with
carbon black reinforced systems, as indicated by the evaluation of activation energy and the
simulations of the real area of contact in Chapter 5. The experimental procedure for the
estimation of adhesion on rough surfaces confirms theoretical predictions and allows a
deeper understanding of the mechanisms contributing to rubber friction on a physical basis.
Finally, the impact of surface roughness is also indicated by a systematic shift of the values
of critical velocity for asphalt. Since the velocity dependence of the interfacial shear strength
is assumed to arise from the kinetics of peeling effects located at small length scales, the

determining factor for the position of v, seems to be the fractal dimension of microtexture.

Next, values of the pre-factor b = <6> / <z,> are summarized in Table 6.2. Indeed, by
referring to Equation (3.33), the formulation of py is based on the assumption that the
excitated layer <&> is related to the mean penetration depth <z,> by a linear relationship.
Since the latter is calculated via the Greenwood-Williamson functions, the level of hysteresis
friction directly depends on the amplitude of the pre-factor b = <6> / <z,>. Photogrammetry
measurements showed that this condition is fulfiled under static conditions. The b-values
were obtained by correlating wet friction results obtained in Chapter 5 with simulations of
hysteresis friction modelled with a two-scaling-ranges approach. Thereby, indications of the
deformed volume of elastomers during sliding friction can be gained. Accordingly, unfilled
compounds exhibit significantly higher b-values compared to filled composites on both
surfaces, suggesting that a larger amount of material is involved in the indentation process at

a given normal force.

S-SBR 5025 S-SBR 2525 E-SBR
Unfilled N339 Silica  Unfilled  N339 Silica N339
Granite 20 7 11.2 34 10.6 11 9.2
Asphalt 16 1.1 2 26 1.5 2.6 1.4
Table 6.2: Values of the pre-factor b = <> |/ <z,> obtained from simulated hysteresis

friction with a two-scaling-regimes approach. Load ¢, = 12.3 kPa

Silica filled composites show larger values compared to carbon black filled compounds on

both surfaces. Combined with the results obtained for unfilled compounds, the parameter b
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seems to describe the material ability to deform during dynamic sliding contact since a
similar trend is observed for the real area of contact. The impact of surface roughness on the
deformed layer <6> is significant and the pre-factor is strongly reduced on asphalt. Contrary
to adhesion friction for which small length scales are crucial regarding the level of the real
contact area and the kinetics of peeling effects, one expects the indentation behaviour to be
controlled by the largest length scales of rough profile, namely the macrotexture and both

cut-off lengths.

Results of b-values are further discussed on the basis of friction results obtained for unfilled
S-SBR composites on rough granite and asphalt. Unfilled compounds display particular
features regarding dynamic properties and friction behaviour. First, due to the absence of
filler particles, the dependence of the dynamic moduli on strain amplitude is not observed
(Payne effect). Therefore, the consideration of high strain amplitudes as a way to improve
correlations between simulations of hysteresis friction and wet friction results for filled
composites is not expected to be effective for unfilled elastomers. Figure 6.1 shows wet
friction results of unfilled S-SBR composites on rough granite. As expected, the increase of
wet friction is more pronounced than for filled compounds. This reflects the dynamic
behaviour of unfilled compounds, whereby the frequency dependent loss factor tané exhibits

a pronounced peak.
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Figure 6.1: Wet friction results and hysteresis friction simulations for unfilled S-SBR 5025

(left) and S-SBR 2525 (right) on rough granite. Load o, = 12.3 kPa

Simulations of hysteresis friction are slightly improved with a two-scaling-ranges approach.
For the unfiled S-SBR 5025 elastomer, a poor agreement is found between theory and
experiment and the predicted friction largely overestimates experimental values above

v ~ 1 mm/s. The S-SBR 2525 compound displays a more satisfying picture with a good
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description of wet friction data. A question arises from these results: which effect is not taken
into account by the hysteresis friction model? Based on previous considerations, the
temperature can not be responsible for the discrepancy of results, this would indeed imply a

contact temperature T ~ 100°C at a sliding velocity v = 1 cm/s.

Three possible interpretations can be considered regarding limitations of the current
modelling of hysteresis friction. First, due to low hardness, unfilled compounds form larger
contact area with rough substrates (Figure 5.23). As a consequence, the basic assumption
a? << R, e.g. the contact radius is negligible compared to the asperity radius, might not be
fulfilled for soft unfilled elastomers. Hence, simplifications made during the modelling of
contact between elastomers and rough substrates may not be fulfiled and the contact
mechanics of unfilled compound would require an extended formulation of the contact radii
for this particular case. However, since increasing sliding velocity leads to a dynamic
stiffening of elastomers, this effect is expected to occur within the rubbery region of the
viscoelastic response, e.g. at very low sliding velocity. By referring to the left diagram of
Figure 6.1, the main problem is located close to the glass transition regime — at high sliding
velocity — so that the assumptions formulated in the Hertz theory are not the limiting factor of

the current multi-scale modelling of dynamic contact.

A second explanation accounts for the mode and amplitude of deformation during dynamic
mechanical analysis. Indeed, measurements performed on the ARES Rheometer are based
on a torsion of the rubber specimen up to a maximum experimental strain amplitude
¢ = 3.5%. In order to reproduce realistic deformations undergone by elastomers during sliding
process, an additional mechanical characterisation was carried out on dumbbell specimen
with MTS testing equipment, thus allowing frequency and temperature dependent sweeps in
a compressed state. Experimentally, the amplitude of sinusoidal excitation was gradually
increased from ¢ = 1 to 10% — peak to peak: from 2 to 20% — with a level of static pre-
compression fixed at .= 10 and 20%. A master procedure was then applied on the dynamic
moduli in the same way as presented in Chapter 5. Results of the dynamic loss factor are
shown in Figure 6.2 for an unfilled S-SBR 5025 at a reference temperature T = 20°C with
respect to the original data obtained on the Ares rheometer. It can be seen that the loss
factor is mainly affected in the low and high frequency region. Due to the static pre-
compression, dissipative effects appear to be promoted for frequency below f = 1 Hz
compared to original measurements. A further increase of the amplitude of excitation has no
significant influence of the loss factor and should therefore not affect the simulated hysteresis
friction. The loss peak is also found to be larger in the high frequency region for pre-

compressed samples with a slight shift of the maximum toward high frequencies. A similar



6. Discussion 127

trend is observed for the same material if the level of pre-compression is increased up to

e.= 20% (see Appendix Figure 8.5).
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Figure 6.2: Master curves of loss factor for unfilled S-SBR 5025 on Ares and MTS with

10% static pre-compression and variable peak-to-peak amplitude at a
reference temperature T, = 20°C (left). Wet friction results and influence of
deformation mode on simulated hysteresis friction for unfilled S-SBR 5025 on
rough granite (right). Load o, = 12.3 kPa

The corresponding hysteresis friction simulations are shown in Figure 6.2 on rough granite.
As previously observed on dynamic mechanical data, the impact of deformation mode on the
frequency dependent loss factor for unfilled composites is negligible over a wide range of
frequency, and the resulting hysteresis friction feature is consequently not significantly
modified. The higher level of mechanical losses found below f = 1 Hz appears to affect the
simulation below sliding velocity v ~ 10 m/s where a cross-over of both simulated curves is
observed. As a conclusion, the discrepancy between theoretical predictions and wet friction
results can not be attributed to the mode of deformation and static constraints applied during
dynamic mechanical analysis even if the MTS experimental set-up seems to be more

relevant regarding the deformation of rubber during sliding process.

The third possibility consists in questioning the assumption that the pre-factor b is
independent of the sliding velocity. Beyond the apparent triviality of this hypothesis regarding
friction data shown in Figure 6.2, further results indicate the relevance of a velocity
dependent pre-factor on a physical basis. They are based on a similar study carried out on
rough granite for silica filled S-SBR 2525 composites with a systematic variation of the filler
content, thus extending current results obtained with 0 and 60 phr silica and allowing the

examination of the contribution of filler network on the friction behaviour. A satisfying
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correlation between simulations of hysteresis friction and wet friction results is realized over
the range of filler content, namely from 0 to 80 phr. Accordingly, the resulting pre-factor b is
shown in Figure 6.3 as a function of the filler content. It can be seen that the parameter b
exhibits a pronounced stepwise decrease around the percolation threshold of the elastomer
located at 35 phr. The percolation threshold corresponds to a volume fraction of filler, where
it can be assumed that a continuous interconnecting filler network exists in the polymer
matrix. This can be evidenced by measuring electric properties of filled elastomers, whereby
the electrical resistivity is relatively low above this volume fraction and the composite
behaves essentially like an insulator below this volume fraction. Also, mechanical properties
are significantly affected in the vicinity of the percolation threshold. Beyond the percolation
threshold, no significant variation of the pre-factor is observed, which indicates a pronounced
sensitivity of the indentation behaviour with respect to the filler network. The realization of a
filler continuous path within the polymer matrix appears to be determining for the amount of
material involved in the deformation process during sliding friction. Consequently, numerical
observations made on the pre-factor basically reflect the microstructure of filled composites
and the significant drop of the b-values observed in Table 6.2 appears to be a material

specific feature.
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Figure 6.3: Values of pre-factor obtained from correlations with wet friction results as a

function of silica content for S-SBR 2525 on rough granite. Load: ¢, = 12.3 kPa

Beside the major impact of filler networking on the pre-factor, another question arises from
the results obtained for unfilled compounds, namely the poor agreement observed between
theory and experiment for the S-SBR 5025 while the wet friction behaviour of the S-SBR
2525 could be fairly described by hysteresis friction. Since extensions of the Hertz theory and

the consideration of a realistic mode of deformation during mechanical spectroscopy fail at
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solving this problem, the resulting assumption is that the parameter b depends on the sliding
velocity. Indeed, the indentation behaviour observed in Figure 6.3 indicates that the
mechanical response of the elastomer controls the level of the pre-factor within a certain
range of filler content — e.g. up to a given dynamic stiffness — followed by a region associated
with a significant decrease of b-values and finally a plateau regime where a further addition
of filler has no impact on the parameter b. Similar features are exhibited by the viscoelastic
response of elastomers during sliding friction on rough surfaces: depending on the polymer
type, rubber enters the glass transition regime above a given sliding velocity, going from a
rubbery into a glassy state. Hence equivalent effects between the sliding velocity and the
filler content regarding the increase of dynamic stiffness for elastomers. Following this
argumentation, one could expect a similar dependence of the pre-factor b on the sliding
velocity as the one observed on the filler content Figure 6.4. Since the excitation frequency is
directly related to the sliding velocity by Equation (2.18) and to the temperature via the semi-

empirical WLF-VFT equations, the horizontal axis of Figure 6.4 can be extended to these
three quantities.
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Figure 6.4: Schematic representation of the pre-factor as a function of sliding velocity,
frequency and inverse temperature

As a result, the pre-factor can be assumed to be constant over the experimental range of
sliding velocity v = [10° — 10 m/s] for the unfilled S-SBR 2525 while a good description of
wet friction results for the unfiled S-SBR 5025 would require to introduce a velocity
dependent pre-factor above v = 10* m/s (Figure 6.1). This suggests that the threshold
velocity depends on the glass transition temperature of the elastomer and its position is
shifted towards the region of high sliding velocity for low-T, composites. Also, since

correlations between hysteresis friction simulations and wet friction results are satisfying for
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highly filled S-SBR 5025, the dynamic stiffness appears to give an additional contribution
regarding the location of the threshold velocity, namely a shift towards the region of high
sliding velocity for hard composites. Consequently, following this argumentation, two
parameters seem to be relevant regarding velocity dependence of the pre-factor: the glass
transition temperature of the polymer matrix and the dynamic stiffness characterised by the
frequency dependent moduli. Since the information relative to the frequency and temperature
dependent relaxation behaviour of elastomer is contained in the friction integral, the pre-
factor should be probably directly put in relationship with material moduli in the frame of a

generalized modelling of hysteresis friction.
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7.Conclusion and Outlook

The stationary friction behaviour of elastomers on rough surfaces was investigated on the
basis of a novel physically based modelling combined with experimental measurements
carried out under specific conditions. The results give a deeper insight into physical
mechanisms involved during sliding process regarding material properties and surface

roughness.

Physically motivated modelling of rubber friction

Based on pioneering studies dealing with rubber friction, the friction coefficient was
decomposed into hysteresis and adhesion friction. The hysteresis component arises from
material losses associated with dynamic deformation of rubber by surface aspetities while
adhesion is related to the amount of contact patches and the interfacial shear strength. A
decisive step for the modelling is achieved by considering the self-affine behaviour of rough
surfaces which corresponds to a morphological invariance of their statistical properties under
anisotropic dilations. Consequently, dynamic contact is distributed over many length scales

and the generated hysteresis friction is integrated over a wide range of excitation frequency.

A general formulation of dynamic contact conditions was derived for soft materials against
rigid rough substrates. It is based on an extended description of the elastic contact between
rough surfaces proposed by Greenwood and Williamson. Following basic views from Hertz,
the contact is approximated on the largest length scales, allowing a calculation of contact
parameters like the mean penetration depth and load as a function of the so-called
Greenwood-Williamson functions. Such quantities governed by macro-asperities require a
fine description of the upper part of profile where contact actually occurs. This was achieved
by introducing an analytical affine transformation which was compared to a numerical summit
distribution evaluated within the range of the horizontal cut-off length. As a result, an affine
parameter could be determined and further successfully implemented into the contact

mechanics model.

Following refinements introduced for the formulation of dynamic contact, a special attention
was dedicated to the description of surface roughness. In particular, the scaling behaviour of

rough surfaces in the micrometer range is found to deviate at larger length scales which are
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determining for the level of hysteresis friction. As a result a second scaling range was
introduced for length scales larger than A ~ 200um associated with a different fractal
dimension. Consequently, the hysteresis friction integral is decomposed into two distinct terms
interpreted as the contributions of both micro- and macrotextures. The decoupling of texture
regimes corroborates physical approaches used in the tyre industry for the prediction of wet
grip behaviour. Since both texture regimes are associated with specific effects during dynamic
sliding contact, the proposed approach minds the gap between road constructors and material

developers regarding tyre grip performance on wet road tracks.

Beside hysteresis friction, a physical modelling of the adhesion friction on rough surfaces
was proposed. It is based on the computed real area of contact combined with the velocity
dependent interfacial shear strength. The amount of contact patches was analytically derived
within the frame of the extended contact theory down to small length scales. The morphology
of microtexture appears to be a relevant parameter for the occurrence of adhesion effects.
Since the adhesion friction process is basically related to the formation and breakage of
contact patches at the interface rubber/substrate, the velocity dependence of the interfacial

shear strength is expected to describe the kinetics of corresponding peeling effects.

Experimental results and simulations of rubber friction

Roughness analysis carried out on rough granite and asphalt surfaces showed the relevance
of a two-scaling-ranges approach for the description of texture. Compared to a classical
treatment of roughness, the decomposition of texture leads to an increase of the horizontal
cut-off length with significantly higher values of the fractal dimension associated with
macrotexture. The values of the affine parameter are subsequently slightly modified by
considering a second scaling regime. Also, from the equipment point of view, a complete
characterisation of roughness requires high horizontal resolution combined with a sufficiently
large measurement range. If one of these conditions is not fulfilled, the error on surface

descriptors could mislead the prediction of hysteresis and adhesion friction.

Indentation tests performed by means of photogrammetry underlined the close relationship
between the deformed layer of rubber and the penetration depth under static conditions. In
particular, the occurrence of local high strains at the vicinity of the contact region suggests

the necessity to consider higher strain amplitudes for dynamic moduli used in simulations

The measurement of dynamic properties of elastomers was achieved by means of relaxation

spectroscopy methods. Through a combination of dielectric and dynamic mechanical
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spectroscopy, a generalized master procedure was proposed for filled composites. In
particular, the addition of filler does not influence the main relaxation process located at the
glass transition of the polymer matrix. The presence of filler particles induces non-linear
effects observable on the dynamic behaviour due to complex interactions between the filler
network and the polymer matrix. As a consequence, the classical WLF equation can not be
applied in its simple form, but requires the introduction of vertical shift factors arising from
superimposed Arrhenius-like or thermally activated processes. The corresponding activation
energies were estimated for various filled composites and could be traced back to physical
effects occurring on small length scales, namely the temperature dependence of immobilised
polymer nanobridges between adjacent filler particles. The lower activation energies of silica
filled S-SBRs were interpreted as favourable behaviour for improved interlocking properties
between elastomers and rough substrates. Indeed, the calculation of the real area of contact
shows significant larger values for silica filled composites over a broad range of sliding

velocity.

Simulations of hysteresis friction and corresponding contact parameters were performed for
various filled and unfilled SBR grades on rough granite and asphalt. The impact of filler could
be identified and highlights the viscoelastic nature of hysteresis friction. Fundamental
differences between silica and carbon black reinforced composites observed during dynamic
mechanical analysis are predicted by the model for the S-SBR 5025 basis polymer with a
pronounced friction peak for silica systems within the range of sliding velocities involved
during ABS-Braking phases. This is due to favourable inter-locking properties through

enhanced contact area.

The introduction of a second scaling range leads to a reduction of the hysteresis friction peak
when entering the dynamic glass transition regime. This is due to a reduction of the contact
interval combined with a higher fractal dimension of macrotexture. Also, the length scale
delimitating micro- from macrotexture can be reached by the minimal length scale Amin, this
situation being promoted by increasing sliding velocity and load. As a result the experimental
range within which microtexture contributes to friction process can be fully determined for a
given frictional pairing rubber / rough substrate and predictions agree with experimental

observations made on standard grip testing equipments used by road constructors.

The occurrence of temperature effects at the contact interface with increasing sliding velocity
was taken into account by an empirical temperature law motivated by former results obtained
on rough surfaces as well as theoretical considerations. Consequently, the position and the

amplitude of the hysteresis friction peak is strongly affected above v = 1 cm/s, whereby the
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impact of temperature dependent vertical shift factors is evidenced. Beside the reduced level
of hysteresis friction, the real area of contact is found to increase at higher sliding velocities
indicating that adhesion mostly contributes to dry friction under service conditions. The load
dependence of hysteresis friction is considered via the Greenwood-Williamson ratio F; / Fs..
An equivalency is found between sliding velocity and load so that a single surface feature

can be constructed for the whole range of experimental conditions.

Friction tests were carried out at moderate loads and low sliding velocities in order to prevent
the increase of temperature in the contact area and also wear effects. Moreover, the use of a
water detergent as lubricant is assumed to eliminate the adhesion component under wet
conditions, allowing the identification of wet friction results with simulated hysteresis friction.
The difference between wet and dry friction is interpreted in terms of adhesion and described
by the real contact area combined with the interfacial shear strength. Results showed the
relevance of hysteresis friction concepts under wet conditions for filled composites on rough
granite and asphalt. In particular, improved correlations are achieved by using dynamic data
measured at a strain amplitude ¢ = 3.0% in the simulation procedure. In addition the
introduction of a two-scaling-ranges approach leads to a further improvement in the
description of wet friction, this effect being more pronounced for filled S-SBR 5025 within the

experimental range of sliding velocity.

A close relationship is found between the simulated real area of contact and the adhesion
component for filled S-SBR 5025 composites. Improved inter-locking properties of silica filled
composites are experimentally confirmed since the level of adhesion is found to be
significantly higher than for carbon black filled composites. Thereby, the dynamic softening of
filled elastomers above glass transition appears to be crucial during the formation of contact
patches down to small length scales during sliding process. The position of the critical
velocity is found to systematically vary with the glass transition of the polymer matrix,
indicating the viscoelastic nature of adhesion friction and the role played by chain mobility
during peeling processes distributed within the contact area. By extending hysteresis and
adhesion friction correlations up to the range of high sliding velocity, a saturation of the dry
friction coefficient is obtained over many decades. This corroborates pioneering results of
Grosch where dry friction was seen to reach a saturation regime with increasing filler content.
Through this observation, the relevance of scaling concepts for the modelling of hysteresis

and adhesion friction of elastomers on rough surfaces is demonstrated.



7. Conclusion and Outlook 135

Outlook

Following the discussion proposed for the pre-factor of the friction integral, investigations on
the dynamic indentation behaviour appear to be a promising route for an extended modelling
of hysteresis friction. An exhaustive interpretation of friction results for filled and unfilled
elastomers at low sliding velocities led to the conclusion that the pre-factor is likely to vary
with sliding velocity. In particular, the transition observed on filled S-SBR 2525 around the
percolation threshold indicates a strong influence of the material structural state on the
dynamic indentation behaviour. A qualitative schematic variation of the pre-factor based on
hardness and glass transition temperature has been proposed whose relevance has to be

experimentally verified.

Even if the increase of contact temperature at high sliding velocities has been implemented
in the model through an empirical temperature law, an analytical formulation of interfacial
heat transfer mechanisms based on the current multi-scale description of dynamic contact
still remains a challenge. Based on the frictional power generated during sliding friction, the
increase of material temperature within the thickness can be calculated with basic
approaches valid under static conditions. However, rough surfaces induce convection
processes with a heat transfer from the rubber into the interfacial fluid - be it air or liquid —
which results in a complex mathematical formalism for the calculation of the temperature
field. Hence the necessity to introduce a self-affine based formulation for the description of
flash temperatures occurring locally on the rubber surface within a short amount of time after

dynamic contact.

Dynamic and friction properties have been measured for model compositions. A next step
would be to carry out a similar study on blend systems composed by a SBR basis polymer
mixed with a low-Tg4 elastomer typically entering in the formulation of tread compounds (NR,
BR). New questions regarding the obtainment of high frequency data will arise, namely, new
requirements on master procedure and the role of phase compatibility during dynamic
relaxation processes. Also, complementary friction investigations should give new insights

into the identification of material key parameters for improved friction properties.

Finally, since roughness appears to be a question of the length scale, the applicability of the
presented concepts for the modelling of hysteresis and adhesion friction has to be
investigated for smooth surfaces. Thereby, an extension of contact mechanics is necessary
as the rubber roughness can not be assumed to be negligible on smooth surfaces.

Regarding the scaling properties of macroscopically smooth substrates, recent white light
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interferometry measurements carried out on a smooth steel surface evidenced two distinct
scaling regimes located below the micrometer range (Figure 7.1). Further extensions of
modelling should mind the gap regarding the modelling of stationary rubber friction on rough

and smooth surfaces.
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Figure 7.1: Height difference correlation function for a smooth steel surface characterised

by means of white light interferometry measurements
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8. Appendix

A. Generalized formulation of hysteresis friction with n-scaling ranges

By extending the scaling behaviour of the contact area A;(L) expressed in Equations (3.25)

and (3.38) to n scaling regimes, one obtains:

1 (4 2-D; p) 2-D,
A(1)=A, (—’j (—J for A< A (8.1)
,0 L 1 1

1 n

where Aq is the external contact area defined in Equation (3.39), A1 = &, A, = sup {A; with

>‘ai < 7\4min} and 7\«n = 7\4min-

Similarly, the generalized form of the height difference correlation function C,(i) with a n-

scaling-ranges approach is expressed as following:

1 (4 2H, P 2H,
C,(1)=¢2 (—j [/TJ for A < A, (8.2)

i+1
i=1 /’i’i

where A = &, Ao = sup {A; with A < Amin} @and Ln = Amin.

Accordingly, a generalized expression of the hysteresis friction coefficient is given by:

7] Ei:1<5> Zn: wjra)E"(a))-S ; ﬁ 7ﬁid(0 (83)
"TF, 2 oy

=1

With ®1 = ®min = 21V / A1, ©n = SUP {0, ®F < Omax} @Nd On+1 = Omax- So,i COrresponds to the value
of the power spectrum density at the intersection of the i-th and (i+1)-th scaling range.
According to Equation (3.23) and knowing the exponent [; associated with each scaling

range, one obtains the following expression of S, ;:
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The summit density required for the calculation of contact parameters depends on the

second and fourth momenta of roughness spectra found in a general case as:

f
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where k; = k1H[ /{L’J and k,=H,E %,
=1\ 7%
As a result, the general form of the summit density ng is given by:
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Following the analysis carried out for two scaling ranges, the formulation of the minimal

length scale 4., can be extended to n scaling ranges and leads to the following expression:

1
j“min T (ﬂ’iﬂ ja_a‘Di(/ln ng”_S 0 097[83/2 é:L ‘E*(ﬂ’min) Fo (d/&) Fis ﬁ
Si A Si g, ‘E* (é:”)‘ F3/2 (d/&s ) @)

i=1 i

with A, = 67/3 2.7 n,

Finally, a generalized formulation of the real area of contact associated with the contact

interval [Amin, &,]for n scaling ranges follows Equation (3.46) with ns given by Equation (8.6).
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Complementary dielectric results
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Figure 8.1: Measurement of the temperature and frequency dependent dielectric loss
€”(w,T) for an unfilled S-SBR 2525
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Figure 8.2: Activation Plots for silica filled S-SBR 2525 (left) and associated WLF

functions (right)
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C. Complementary dynamic mechanical results
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Figure 8.3: Master curves of dynamic moduli for filled SBRs at a reference temperature

Tt = 20°C and strain amplitude ¢ = 0.5%. Top left: S-SBR 5025 / 60phr Silica.
Top right: E-SBR 1500 / 60 phr N339. Middle left: S-SBR 2525 / 60 phr N339.
Middle right: S-SBR 2525 / 60 phr Silica. Bottom: S-SBR 2525 Unfilleda
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Figure 8.5: Master curves of unfilled S-SBR 5025 on Ares and MTS with 20% compression
and variable peak-to-peak amplitude. T, = 20°C
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D. Complementary simulations and correlations
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Figure 8.6: Dry friction results (left) and difference dry/wet (right) with simulated adhesion
friction (dashed lines) for unfilled S-SBR 5025 and S-SBR 2525 on rough
granite. Load o, = 12.3 kPa
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