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A rotary tribometer has been developed in order to reproduce abrasion wear at the interface between
the reinforced rubber material of a tire tread and the road surface, under controlled environmental
parameters. The characteristics of the device are described in this paper. It consists in a spherical
indenter sliding on the rubber material under study. The control parameters are the normal load, the
ratio between the indenter radius and the sample thickness, the sliding velocity, the number of passages,
the time interval between two passages, and the temperature. The friction coefficient and weight loss are
measured all along the wear test. Wear patterns are observed in situ with an optical pen. We show
preliminary results on reinforced natural rubber materials which illustrate the potentialities of the setup.
Different wear patterns could be created and observed, according to the conditions.

1. Introduction

Efforts transmitted by a vehicle are located in the contact zone
between the tire tread surface and the road, which is generally of
the order of a few hundred squared centimeters. The tread must
have high resistance to fatigue, abrasion wear, tearing and impact
and should also withstand quite high temperatures [1-5]. Also, the
friction coefficient between the tread and the road must be high in
order to provide grip and cornering stability. Wear occurs in this
contact zone. When expressed in terms of tire thickness loss per
revolution, wear rates observed in soft usage conditions are of the
order of a few 10~ '® m per cycle, which is of the order of an atomic
dimension, while elementary components of the material (poly-
mer chains, filler aggregates) have sizes from a few nanometers to
a few hundreds of nanometers. Also, the size of debris pieces is
of the order of micrometers to tens of micrometers typically.
It follows that wear is not a continuous process, but is an average
result of discontinuous phenomena, at intermediate (submilli-
metric) scales.

* Corresponding author. Tel.: +33 472896466; fax: +33 472896963.
E-mail address: Paul.SOTTA-EXTERIEUR@eu.rhodia.com (P. Sotta).

Reinforced elastomers exhibit very specific wear patterns [6]. Wear
patterns and abrasion weight loss depend on three sets of parameters
[4]: (1) the constitutive equation of the material, which itself depends
on material formulation [7-9]; (2) the mechanical loading (normal
pressure, sliding velocity, slipped length [10-12], contact surface
[13-16]); and (3) the environmental conditions (temperature, hygro-
metry, atmospheric composition) [17]. The various wear patterns
observed in reinforced rubbers may be classified into four characteristic
patterns [ 1-3]: (1) Grooves are patterns parallel to the sliding direction,
associated to extremely severe wear conditions on rough surfaces, with
dimensions from micrometers to millimeters [18]; (2) Ridges form
regularly spaced arrays of asymmetric steps perpendicular to the
sliding direction, with the steeper side (riser) facing the oncoming
sliding indenter, as shown in Fig. 1 [17,19-22]. The distance between
ridges ranges from micrometers to millimeters and their height is
typically ten times smaller than this distance. Ridges are created in less
severe conditions than for grooves; (3) Craters are roughly circular
patterns, with diameters ranging from tens to hundreds of micro-
meters and a depth of about a tenth of the diameter, associated to very
soft wear conditions and small sliding velocities [1]; and (4) Rollers are
formed by wear fragments sticking on the rubber surface [23,24].

The few studies on the mechanisms of creation of these wear
patterns have been generally focused on ridges [25,2,17,19-22].
One study has been devoted to crater formation [1].



load

Fig. 1. Left: A representative example of wear ridges seen from above the surface;
right: schematics of the lateral view. The direction of the sliding indenter is
indicated by horizontal arrows.

In order to model the tread/road contact, several issues, related
to the complexities of both the materials and the mechanical
problem at the tread/road interface, have to be addressed.

Wear has been generally studied in laboratory conditions using
a sliding indenter rubbing on the rubber surface. Contact sliding is
a necessary condition to observe wear, i.e. abrasion weight loss.
Indeed, it has been shown that wear is univoquely associated to
slip and does not occur in indentation experiments in the absence
of slip [1,3]. In the tread/road contact zone, sliding may be global,
due to wet skid for example. However, it is essential to realize that,
even in the absence of skid and of tangential efforts transmitted by
the vehicle, some local slippage occurs in the contact zone [26].

As regards materials, reinforced elastomers used in tire treads
are cross-linked (vulcanized) elastomers reinforced by solid parti-
cles or aggregates (fillers). They show remarkable, complex
mechanical properties [27-30]. First, reinforcement (as quantified
by the ratio of the elastic modulus of the material to that of the
pure, unfilled matrix) may be very large (up to a factor 100) in a
limited temperature range just above T, and it extends over a
broad temperature range, with smaller values however. In prac-
tical applications, reinforced elastomers are often used in this
broad temperature range. Then, the elastic modulus drops quite
strongly at a few percents strain amplitude (Payne effect) [31].
These materials can sustain elastic deformations up to a few 100
percent, with a non-linear constitutive law and large dissipation.
After large amplitude strain, they show partially recoverable soft-
ening (Mullins effect), as well as a significant residual strain
(plasticity or residual set) [32,33] and long relaxation times
[34,35]. Finally, they exhibit an outstanding resistance to tear
and wear. All these features are of primary importance as regards
rolling resistance, grip and durability [30].

To obtain high reinforcement, reinforcing fillers must be
typically 100 nm in size, and strong enough filler/matrix interac-
tions must be promoted [33]. Carbon black (CB) aggregates have
predominantly been used [33,36]. Using silica may provide an
enhanced compromise of usage properties [37], essentially
because it offers more flexibility to finely tune the dissipation in
various temperature and/or frequency domains.

Several models have been proposed to rationalize this remark-
able mechanical behavior. It has been proposed recently that all
these effects may be explained by the presence of a glassy
(immobilized) layer of elastomer matrix around filler particles,
which can build glassy bridges between particles on nanometric
distances and are plasticized under local stress [38,39].

The objective of this paper is to present the characteristics of a
new experimental device (tribometer), which has been developed
in order to mimic the interface between the reinforced rubber
material of a tire tread and the road surface (in soft driving
conditions and in straight line), under controlled environmental
parameters. It is a sphere-on-plate device operating on a thin layer
sample, which allows applying a relatively high contact pressure
and a long slip length. The involved contact mechanics is discussed
in details. Preliminary results obtained on some representative

materials are shown. We claim that this device has a number of
characteristic features which make it suitable to generate and
characterize wear patterns representative of real usage conditions
and to allow proper identification and characterization of these
wear patterns.

The paper is organized as follows. The studied materials are
described in Section 2.1, their mechanical properties are described
in Section 2.2. The tribometer is described in Section 3.1. The
working conditions are discussed in details (Section 3.3). Results of
representative tribological tests realized in reinforced natural
rubber samples are presented in Section 4.

2. Materials
2.1. Formulations

The studied materials are Natural Rubber (NR, grade SMR 5L)
vulcanized with a conventional sulfur/accelerator process and
with two types of reinforcing systems: carbon black N234 (CB
sample); precipitated silica (Z1165MP from Rhodia, specific surface
160 m?/g) treated with triethoxysilylpropyltetrasulfur (TESPT),
which covalently links the silica surface to the NR matrix. Two
different volume fractions of silica have been used (SIL-1 and SIL-2
samples). The materials are mixed in an Internal Mixer (Banburry
11) and vulcanized in the form of 2 mm thick sheets. We know
that homogeneous cross-link densities are obtained in the proces-
sing conditions which are used [40,41]. Formulations are described
in Table 1. Note that mechanical data obtained in a non-reinforced
(unfilled) Natural Rubber sample vulcanized in similar conditions
(1.5 phr Sulfur, 2 phr CBS) are also shown for comparison in
Section 2.2.

2.2. Mechanical characterization

The mechanical behavior of the materials is important to
understand the wear behavior and has been extensively charac-
terized in the linear and non-linear regimes. The CB and SIL-1
samples have been formulated in order to have the same Shore
hardness, while material SIL-2 is slightly harder (see Table 1).
These formulations have been chosen in order to illustrate the effect
of changing the type of filler (carbon black vs. precipitated silica)

Table 1
Formulations of the studied materials CB, SIL-1 and SIL-2. Units are in phr (grams
per hundred grams of rubber).

Ingredients CB SIL-1 SIL-2

Matrix NR (SMR 5L) 100 100 100

Filler Silica Z1165 MP 50 55
Carbon black N234 50

Additives TESPT 4.0 44
6PPD® 1.9 1.9 1.9
Stearic acid 4.0 4.0 4.0
ZnO 4.0 4.0 4.0
Sulfur 1.5 1.5 1.5
CBS” 1.5 2.0 22
TBzTD® 0.2 0.2 0.2
Filler volume fraction 0.22 0.20 0.22
Ty (°C) —47 —47 —47
Hardness (Shore A) 70 70 72

2 N-(1,3-dimethylbutyl)-N’'—phenyl—P—phenylenediamine (antioxidant).

b N-cyclohexyl-2benzothiazyl (primary accelerator). Amount is tuned to
compensate for adsorption by silica.

¢ Tetrabenzylthiuram disulfide (secondary accelerator). Some characteristic
data are shown also (three bottom lines).



or varying the volume fraction of silica (materials SIL-1 vs. SIL-2)
on the tribological behavior of the materials.

Storage (E’) and loss (E”) oscillatory tensile moduli at amplitude
0.1% and frequency 10 Hz are plotted as a function of temperature
(from —80 °C to 80 °C) in Fig. 2 for the three studied materials.
The three materials have the same glass transition temperature
Tg=—47°C as defined by the maximum of the loss factor
tan 5=E"/E'. Altogether, all reinforced materials have a very
similar behavior. The modulus of a non-reinforced (unfilled)
Natural Rubber elastomer vulcanized under similar conditions is
shown for comparison. The reinforcement (ratio of the reinforced
modulus to that of the unfilled system) is of order 10-20 typically,
in the temperature range of interest. Silica-filled samples (SIL-1
and SIL-2) have a higher dissipation (i.e. a higher maximum in
tan §) than the CB sample in the vicinity of Tg while the CB
sample becomes more dissipative at high temperature. Tensile
stress—strain curves up to failure at room temperature are shown
in Fig. 3 for the three studied materials. In all three materials, the
stress at break is close to 28-29 MPa. Both silica samples, however,
have lower moduli (less reinforcing constitutive laws) at high
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Fig. 2. Storage tensile moduli E’ and loss factor tan & as a function of temperature
(from —80 °C to 80 °C) in the linear regime (amplitude 0.1%, frequency 10 Hz), for
the 3 studied materials CB, SIL-1 and SIL-2. The modulus of a similar unfilled NR
elastomer is shown for comparison.
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Fig. 3. Nominal stress as a function of the strain up to tensile failure at room

temperature for the 3 studied materials CB, SIL-1 and SIL-2. The curve of a similar
unfilled NR elastomer is shown for comparison.

strain, which results in larger strains at break in these materials as
compared to the CB sample. Altogether, all materials have compar-
able, good performances, due to good cross-linking homogeneity
and filler dispersion state. The tensile stress-strain curve of a non-
reinforced (unfilled) Natural Rubber elastomer vulcanized under
similar conditions is shown for comparison.

The Payne effect (drop of the modulus when an oscillatory
strain of increasing amplitude is applied) has been characterized in
the three materials. As we shall see below, in tribological tests, the
typical applied strain values are those in which the Payne effect is
observed. Storage (G’) and loss shear moduli (G”) are plotted as a
function of the amplitude of the oscillatory shear strain in Fig. 4, at
frequency 10 Hz and at room temperature. Note that E’ = 3G’ since
the material is quasi-incompressible (Poisson coefficient v~ 0.5).
Both SIL-1 and SIL-2 samples have a smaller Payne effect (a smaller
relative drop of G, together with a significantly less pronounced
maximum in G”) than the CB sample. Note that the formulations of
the samples have been adapted to match the storage moduli in the
10% deformation range, rather than in the linear regime. It follows
that silica-filled samples have lower moduli than the CB-filled
sample at very small amplitudes (in the linear regime).

The variation of the shear modulus G’ as a function of the strain
amplitude (Fig. 4) can be fitted with a heuristic function of the
form [42]:

=r—p TP M

Fits of the G’ vs. strain amplitude curves are shown in Fig. 4.
The obtained fitting coefficients for the three samples are summarized
in Table 2. These data will be used when analyzing indentation curves
in Section 3.3.
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Fig. 4. Storage (G', full curves) and loss (G”, dashed curves) shear moduli as a
function of the strain amplitude (Payne effect) at room temperature for the
3 studied materials CB, SIL-1 and SIL-2. Curves through symbols for G’ are fits
with the heuristic function Eq. (1).

Table 2
Values of the parameters obtained by fitting the Payne effect curves with the
heuristic function in Eq. (1).

CB SIL-1 SIL-2
Py 7.04 4.476 4654
P 2529 19.43 18.54
P, 139 1.57 1.65
Py 0.72 0.72 0.72
Po+ P, 8.43 6.04 6.31
Goo 1.83 1.93 2.04
Go 7.35 55 5.76




The Mullins effect (drop of the modulus after a large amplitude
strain cycle) is illustrated in Fig. 5 for the 3 studied materials. Note
that all three samples exhibit very similar residual deformation
(permanent sets or plasticity). This property may be important in
wear studies, in which the sample is submitted to repeated
mechanical loadings at amplitudes well beyond the linear regime.

3. Experimental setup
3.1. Rotary tribometer

The new experimental device (rotary tribometer with in situ
optical system) allows: (i) measuring the evolution of the friction
coefficient as a function of the number of passages, (ii) measuring the
weight loss as a function of the number of passages and (iii) imaging
the evolution of wear patterns and determining the typical sizes
characterizing it, as a function of the number of passages, in
controlled environmental parameters.

Since wear may occur in various situations, there is no
standardized definition of wear. Usually, a particular device has
to be developed, according to the particular situation to model.
The new experimental device that we have developed can be used
to recreate and study wear patterns in controlled conditions which
model the wear of a tire tread in soft conditions (smooth driving
on highways). As mentioned in the introduction, wear is due to
slipping which occurs when a point of the tire tread in contact
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Fig. 5. The nominal stress as a function of the strain after a large amplitude (200%)
tensile cycle (Mullins effect) at room temperature for the 3 studied materials.
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window for
optical device
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with the road leaves the contact, thus relaxing the shear stress
associated to the traction force transmitted. The general concept of
the rotary tribometer is thus to reproduce slipping at the rubber
surface, at a sliding velocity comparable to that estimated for a
rolling tire tread groove, under a normal pressure comparable to
that in a tire tread, and to accumulate a total slipping length
comparable to that of a tire. Also, the device must work in open
loop mode, i.e. abrasion wastes have to be eliminated between
each passage. The major differences between the device developed
here and devices already described in the literature are that it
works in open loop conditions, and on a relatively thin (2 mm) test
sample in order to increase the contact pressure.

The device is a rotary tribometer working in controlled envir-
onment, with an in situ optical observation system. In this section,
we describe in details the tribometer. The general scheme of the
device is shown in Fig. 6.

The contact between the road surface and the tire tread is
represented by a polished stainless steel sphere of diameter
2.54 cm (one inch) which rubs onto a thin (2 mm thick) plate of
the reinforced rubber material glued on a rotating aluminum disk
fixed to a motor (motor 2, rotation axis 4 in the general scheme in
Fig. 6). The sliding ball (spherical indenter) can rotate thanks to
motor 1 (rotation axis 1 in Fig. 6). Motors 1 and 2 are controlled
independently. Thus, the contact time and the sliding velocity may
be controlled independently. The normal load (from 9 to 250 N,
along axis 2 in Fig. 6) is applied manually and measured by a
normal load cell. A second load cell measures the tangential load.
The mechanical support can translate along axis 3 to locate the
sliding ball at a specific position on the sample. The rotation speed
of the disk during the sliding passage on the sample, the time
between two passages and the number of revolutions are con-
trolled. The rotating disk and the sliding sphere are placed in an
oven at controlled temperature (from 0 to 60 °C) and humidity.
A window has been created for in situ optical observation of the
rubbed surface with the optical device (Fig. 6 bottom left). The
ratio between tangential and normal loads gives the instantaneous
friction coefficient. The tangential and normal load acquisitions are
done only in the center zone of the wear track in order to avoid
edge effects. 1024 points are acquired and averaged at each
passage. In this way, a well-defined value of the friction coefficient
all along the wear test is obtained.

During tribological tests, the sliding sphere is cleaned between
two passages on the sample by means of an abrasive paper. The
abrasive paper is changed to a new piece regularly, depending on
the pressure and temperature conditions. The ball is rotated by 10°
typically every 400 cycles, in order to keep the surface state roughly
constant. At the end of the tests, the sliding sphere is re-polished
with three diamond-tipped solutions of 6, 3 and 1 pm successively.
It is then cleaned with acetone, propanol and distilled water.

Motor #1
Sliding ball

Tangential
load cell

Normal
load cell
Small
mechanical

support
Mechanical

top view

support
Marble
Motor #2

Fig. 6. General scheme of the various parts of the rotary tribometer. The top view (bottom left) shows the sample glued on the rotating disk. The oven in place with its

observation window is shown as a dashed box.



With these procedures, the surface state of the sliding sphere is
controlled and maintained constant at the micrometer scale
throughout the tests.

Weight losses are measured at regular time intervals during the
tests (every 400 passages typically) by weighing the sample. Since
elastomer materials are quite sensitive to the environment (hygro-
metry, temperature, etc.), a reference (unrubbed) sample placed in
the same environment as the tested sample is systematically
weighed and compared in parallel.

The optical system and the rotary tribometer are both placed
on a damped anti-vibration bench.

3.2. Optical observations

The obtained wear patterns are observed in situ through an
optical system (Fig. 7) in order to obtain general information on
the wear surface topography, the type of wear pattern (ridges,
craters, grooves and rollers) and their dimensions (width and
depth). The optical system is an angle tilted optical pen (commer-
cialized by STIL), which operates in a way similar to a confocal
laser scanning microscope (white light). A mechanical device has
been developed to adapt the optical system to the rotary trib-
ometer. The displacement of the optical system is performed with
motorized tables in the (x, y) plane (millimeter scale) and manu-
ally in direction z (micrometer scale). The mounting of the optical
device is shown in Fig. 9. It allows to acquire topographic images
with millimeter or micrometer scale resolution in the (x, y) plane
and from micrometer to nanometer scale resolution in depth
direction z.

Complementary to in situ optical observation, wear surfaces
and profiles have been characterized by Scanning Electron Micro-
scopy (SEM). By cutting the samples perpendicular to the rubbed
surface, the wear pattern profiles, as well as the state of the
material at various depth beneath the surface, can be character-
ized in directions parallel or perpendicular to the sliding direction.
Cuttings are performed by cryo-microtomy and the observed
surfaces are coated with a 2 nm thick platinum layer.

3.3. Description of the contact in indentation

For a tire tread in usage conditions, the contact dimension is
close to or larger than the sample thickness, which implies that
the sample (the part of it close to the surface) may be submitted
to some degree of isotropic compression in addition to uniaxial
compression. Thus, in order to mimic the contact in a realistic way
by using a spherical indenter, it is thus essential to work in
conditions in which the dimension of the contact zone is close
to or larger than the elastomer sample thickness. In this way, the
pressure, and specifically the normal pressure, may be increased
while keeping relatively small local indentation amplitudes.
Indeed, uniaxial compression corresponds to a modulus of order
107 Pa (see Fig. 2), while isotropic compression corresponds to a

Oven

Micrometer screw
Light pen

Rotary disk
Sample

Tribometer

dl Motorized tables

Vibration isolation table

Fig. 7. Scheme of the in-situ optical observation system.

bulk modulus of the order 10°Pa. In this configuration, an
increasingly large pressure may be applied as the sample gets
thinner (compared to the indenter diameter).

Indentation curves (normal force vs. indentation) have been
measured and are shown in Fig. 8 for the three samples described
in Section 2.1. Different regimes may be distinguished in these curves,
and a significant upward inflexion of the curves is effectively
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Fig. 8. Normal force vs. indentation depth for the three samples: (a) CB; (b) SIL-1;
(c) SIL-2. Symbols are experimental points; dashed curves correspond to the Hertz
formula (Eq. (2)) including a non-linear variation of the modulus as shown in Fig. 4.
Full curves are fits of the experimental curves with Eq. (8), including the non-linear
variation of the modulus. The various power laws are indicated (dots: Hertz, Eq. (2);
full lines: Egs. (5) and (6)).



observed beyond 0.1 mm in indentation or equivalently beyond 7-
10 N in force.

These curves may be analyzed as follows. The indentation of a
sample in the form of an incompressible layer coated on a more
rigid substrate has been described in details already [43-45].
However, only linear materials were considered and friction at
the interface was not considered. We propose here an interpola-
tion method which allows to deal with materials which have a
non-linear (hyperelastic) constitutive law.

For a spherical indenter of radius R acting on a semi infinite
medium of Young's modulus E, in linear elasticity and for a
frictionless contact, the relationship between the normal force F,
and the indentation s, (where the subscript ., stands for a semi-
infinite medium) is given by Hertz's formula [26]:

Fn= %E*R‘/zafx/,z )
where the effective modulus E* is defined as (for an incompres-
sible material with Poisson coefficient v = 0.5):
E 4E
% 2 ’

T 127 3 46 3
where G’ is the shear modulus. Then the contact radius as a
function of the normal load is given by

3F,R\ /3
= 4
LN (45*) 4

For a thin layer of thickness e glued on a rigid substrate (Fig. 9), the
force vs. indentation relationship for a spherical indenter with
frictionless contact may be expressed by the scaling relationship [46]:

_E*R*5°

F
n &3

)

Friction inhibits lateral displacements at the contact. In this
case, the situation should be better described by the elastic layer
model, with no lateral displacement, which obeys the relationship
[26]:

E* R&?
P~ ®

For v~ 0.5, the quantity K = E*/(1—-2v) (of the order of the bulk
(compressibility) modulus) is much larger than E*. In this situa-
tion, the normal compression force indeed increases as the ratio
R/e increases at a given indentation value. The contact radius is
given by a®~65R. The indentation may be described by the
dimensionless parameter 5R/e?, which is of the order (a/e)?. In
our experimental conditions, the contact radius (estimated from
the width of the wear track) is of the order 2 mm, i.e. of the same
order of magnitude as the sample thickness e, and the parameter
6R/€? is of order one. To interpolate between the two regimes
described above (Egs. (2) and (5) or (6)), we propose an heuri-
stic analytical approach in which the ratio §/6~, used as the

substrate

Fig. 9. Schematics of the indentation of a layer of thickness e glued on a substrate
by a spherical indenter of diameter 2R.

interpolated parameter (since it is § which is measured in our
experimental setup), is expressed as a function of the dimension-
less parameter 6R/e? as follows:

1
(@) () (@)

(6/6:0)> = (7)

The normal load may be expressed dimensionally as
Fn ~ 623/%F6%2(8/800) >/? ~ ERV?532(5/5,,) 3% (see Eq. (2)),
which, from Eq. (7), gives the following load vs. indentation
interpolation relationship:

1/2 3/2
a=%ﬁﬂ%”1+%@s +m@ﬂ+%@% ) ®)

e e? e?

with ¢y=4/3 in the Hertz contact approximation (see Eq. (2)).
Eq. (2) is recovered in the limit 6R/e* < 1 (Hertz contact) and Eq.
(5) or (6) are recovered in the opposite limit 6R/e? > 1 (infinitely
thin layer), according to the values of the ¢, ¢, and ¢; parameters.

For the curves in Fig. 8, at small values of the force, as the
contact radius, and thus the extension of the strain zone, are small
compared to the thickness e, a Herz regime, with F ~ §°/% (Eq. (2)),
is effectively observed.

At intermediate force values, there is a slight decrease of the
measured force relative to the Herz formula. This downward
inflexion of the force occurs for indentation values of the order
0.02-0.1 mm, that is average deformations of roughly 5/e ~ 0.01-
0.05 (1-5%). This corresponds exactly to the Payne effect regime, in
which the modulus decreases as the strain amplitude increases
(see Fig. 4). Note that part of this relative decrease may also be due
to the onset of slippage in the contact area.

At even larger force values, a third regime is observed, in which
the curves seem to show an apparent power law very close to
F~ &%, compatible with the confined elastic thin layer model
(Eq. (6)).

The experimental indentation curves have been fitted with
Eq. (8), with coefficient ¢, fixed to 1.33 (corresponding to the
Hertz model) and Eq. (1) used to account for the non-linear
variation of the modulus. Coefficient ¢; was fixed to zero,
corresponding to the observed exponent in the third regime of
the curves. Best fits are shown in Fig. 8 (full curves). The obtained
values of the coefficients ¢; and ¢, are summarized in Table 3.
Note that the modulus values measured independently allow
matching the curves quantitatively at small indentations values.

The ratio 6/~ is plotted as a function of the dimensionless
quantity 6R/e? in Fig. 10. Symbols are obtained from the experi-
mental curves and solid curves correspond to Eq. (7), with the
same values of the coefficients ¢;, ¢, and ¢; as determined from
fitting the curves in Fig. 8. This graph shows that the proposed
approximate relationship (Eq. (8)) gives a good fitting of the
indentation data roughly over roughly one decade, from
6R/e* ~ 0.2 up to 6R/e? ~ 2, which is precisely the range of interest
in the wear tests performed here. The non-monotonic variation of
5/6- may be due to onset of partial slippage within the contact
zone, which would partially relax some stress and thus allow §/6+
to increase abruptly at the corresponding value of §.

Table 3
Values of the parameters obtained by fitting the indentation curves with Eq. (8).

CB SIL-1 SIL-2
bo 133 133 133
o 1.44 133 -0.03
. 2,67 2,67 3.65
b3 0 0 0
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Fig. 10. The ratio §/6., as a function of the dimensionless quantity sR/e? for the
3 samples. Symbols are obtained from the experimental curves and solid curves
correspond to Eq. (7) with the same values of the coefficients ¢, ¢, and ¢5 as
determined from fitting the curves in Fig. 8.

Finally, we have shown and discussed quantitatively how
working on a thin sample coated on a rigid substrate allows
increasing the normal force (or contact pressure). However, the
apparent modulus in this regime is not very much higher than at
smaller forces, as would be expected from Eq. (6). Thus, one does
not yet reach a regime in which the confinement, i.e. the effect of
the bulk (compressibility) modulus would become predominant.
In a range of indentation of the order 0.2 mm, the force is
increased typically by a factor of about 4. This geometry poten-
tially gives an additional control parameter, the ratio of the
indenter radius R to the sample thickness e, to modify the loading
conditions of the system.

The average pressure P = F, /za? and the contact radius may be
deduced from indentation curves. For instance, for a two milli-
meter thick sample and an applied normal force 9.4 N, the
pressure actually applied on the contact zone is close to 1.5 MPa.

4. Results of wear tests and discussion

Tribological tests have been performed on the three materials
described in Section 2.1, using the tribometer described in Section 3.1.
These samples are representative of real materials used in tire treads.
In order to insure that applied test conditions are representative of
real condition, orders of magnitude as regards rolling and sliding in
the contact zone in standard usage conditions of a tire must be
determined.

As a result of friction, the tread sticks to the road in most of
the contact zone (supposed to be a rectangle of dimensions 2a in
the rolling direction and [=0.35 m (the width of the tread) in the
transverse direction). Due to compression of the tire, the material
in the contact zone is submitted to tangential strain, which can be
estimated from the difference between the arc and the chord of
the tread in the contact zone (see Fig. 11). The strain must be
continuous, hence zero, at the leading edge, where the rubber
material enters into the contact zone, and is maximum at the
trailing edge. As a result, tangential stress develops, which leads to
slip at the trailing edge, as the local tangential stress would
become larger than up, where u is the friction coefficient and p
the local normal pressure (as schematized in Fig. 11). In real
conditions, lateral tire slip during direction changes (as well as
perhaps during strong deceleration phases) comes in addition to
this single direction slippage.

direction of displacement

T

R
trailing
leading edge
edge stick | slip v
2a
«—>

Fig. 11. Schematics of the contact zone of a tire tread groove. Slip occurs at the
trailing edge of the contact zone, where the tangential over normal stress ratio
becomes larger than the friction coefficient 4.

The average normal pressure applied at the interface between
the tread and the road, which corresponds to the supported
weight per tire divided by the contact area, is the tire pressure.
A normal pressure of the order Py ~ 0.8 x 10° Pa (for a truck) and a
normal force of the order 2.5 x 10* N are applied on each tire,
which results in a width of the contact area 2a~0.1 m and a
deformed height 5 ~ 2.5 mm (see Fig. 11). The average deformation
of the tire tread is of the order 10% (except perhaps very close to
the contact, due to road asperities). In the present tests, the
normal load was varied between 9.4 N and about 30N, which
indeed corresponds to an average normal pressure of order 0.8-
1.7 MPa with a diameter of the contact zone of typically 3 to 4 mm.

The slip length u is the difference between the arc and the
chord in the contact zone (Fig. 11), which gives

u= a3
3R?

With a~005m and R=0.5m, this gives a slip length
u~0.17 mm. At a velocity V~30ms~! (90 km/h), the contact
time of any point of the tread t.=2a/V is of the order
t.~3 x 107> 5. The order of magnitude of the slipping velocity is
vs ~ U/t., which gives vs ~6 x 102 ms~1. In the test, the sliding
velocity has been chosen to be 10 mm s~ !, with no rotation of the
sliding sphere. Note that the sliding velocity may be further
increased independently of other parameters by counter-rotating
the sphere.

The strain rate within the material close to the contact may be
estimated as follows. The tangential stress o, at the surface (at
onset of slipping) is of order pPq. It is equal to the shear stress in
the material in contact with the surface. Hence the shear strain
ex ~ uPy/G’, where G’ is the shear modulus of the material, and the
shear rate:

€))

10)

For a shear modulus of the order 3 x 10° Pa and a friction
coefficient of the order 2 (see later), the shear rate is found to be of
order 160 s~ 1.

Thus, the contact between a point of a truck tire tread and
the road is characterized by a periodic solicitation of frequency
f~V/2zR~10 Hz, a contact time t. ~ 3 x 1073 s and a maximum
shear rate ¢, ~100s1.

The lifetime of a tire tread is of the order 10° driven kilometers,
which corresponds to about 3 x 107 cycles, and thus a total slip
length of about 5 x 10> m, assuming that a point of the tread is
solicitated at each cycle. During his lifetime a truck tire tread
looses about 13 mm in height by abrasion, which gives an average
of about 4 x 1071 m per cycle. Thus, the wear is roughly of the
order 2.5 x 10~ m of abrased height per slip meter. In our tests,



each passage corresponds to a slipping length of about 4 mm (the
diameter of the contact zone). 10 000 passages are performed
typically, which thus give a total slipping length of about 40 m and
should produce an abrased height of about 100 um, which indeed
corresponds roughly to the observed orders of magnitude (see
Figs. 14b, 15b and 16b).

Note again that the above considerations apply to slippage in
steady driving conditions, independent of lateral slippage which
further increases abrasion. The above estimate would therefore
represent a lower limit of tire tread wear in ideal conditions.

To summarize, the following conditions have been applied
for the tests shown here: sliding velocity: 10 mm s~! (with no
rotation of the sliding sphere); normal load: 9.4-30 N; number of
passages: 3000, 6000 and 10000; time delay between two
passages: 20 s; temperature 25 °C; hygrometry =~ 50%.

We shall describe typical wear patterns obtained in the three
studied materials, emphasizing the differences observed when
materials parameters are changed, even though overall properties
of the materials are quite similar anyway, since we have chosen to
characterize representative materials.

4.1. Effect of the type of fillers

Natural rubber materials reinforced by carbon black fillers (CB)
and by silica fillers (SIL-1) are compared in this section. Average
friction coefficients for the CB and SIL-1 samples are plotted in
Fig. 12 as a function of the number of passages (cycles). Both
curves show the same qualitative behavior: the average friction
coefficient first tends to increase during the first 1000 passages,
then, after reaching a maximum, it decreases slowly and finally
reaches a stable value after typically 4000 (or a few thousands)
passages. In this final steady state, the average values for samples
CB and SIL-1 are close to 1.8 and 1.5, respectively. The consistently
higher value observed in the carbon-black filled sample (CB) than
in SIL-1 may be attributed to the fact that this sample is more
dissipative than the silica filled samples, with a larger Payne effect
amplitude (see Fig. 4).

The overall weight loss curves are plotted as a function of the
passages number for the two samples CB and SIL-1 in Fig. 13. After
some transient regime (of the order of a few 100 s of passages), the
curves are roughly linear, which allows to define a wear rate, or
weight loss per cycle (the slope of the curves in Fig. 13). Both
samples have nearly the same wear rate, of the order 1 x 10 % g
per passage. Thus, after 10 000 passages, the overall weight loss is
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Fig. 12. Friction coefficients as a function of the number of passages for the three
samples CB, SIL-1 and SIL-2, under normal load 9.4 N and at room temperature.
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Fig. 13. Weight loss as a function of the number of passages for the three samples
CB, SIL-1 and SIL-2, under normal load 9.4 N and at room temperature.

approximatively 1.1 x 1072 g for the CB sample and 1 x 1072 g for
the SIL-1 sample.

The wear patterns obtained on the CB and SIL-1 samples after
10 000 passages are shown in Figs. 14 and 15 respectively,
observed first with the in-situ optical system (see Section 3.2)
(Figs. 14a and 15a) and then in Scanning Electron Microscopy
(SEM) parallel to the sliding direction at the center of the wear
track (14c and 15c).

Ridges are present in both CB and SIL-1 samples (Figs. 14a and
15a). Ridges are oriented perpendicularly to the sliding direction
and form roughly parabolic patterns. Ridges are larger for the SIL-1
than for the CB sample as regards both the average longitudinal
distance and height (Figs. 14c and 15c).

It is coherent with the tearing out of material at the contact-
back with the sliding ball.

Figs. 14b and 15b correspond to the average topographic profile
of images along the wear track, obtained with the in-situ optical
system (Figs. 14a and 15a respectively). They show that the depth
and the width of wear patterns are larger for sample SIL-1 than for
sample CB. Indeed, for 10 000 passages and for the two samples CB
and SIL-1, the widths of wear pattern are respectively 4 mm and
4.5 mm and the depth are 20-25 pm and 150 pm.

From the topographic profiles measured optically (depth and
width of the wear patterns (Figs. 14b and 15b), the weight loss of
the samples may in principle be estimated from the worn volume.
Losses estimated in this way (Figs. 14 and 15b) are only semi-
quantitatively coherent with the overall weight losses (Fig. 13).
Differences between these two estimates may be due to the
difficulty in defining the baseline in the patterns shown in
Figs. 14b and 15b.

To summarize the observations, substituting carbon black by
silica fillers (at same filler volume fraction, matrix glass transition
temperature and hardness) leads to slight differences in the wear
behavior. Both materials have similar wear rates and exhibit wear
ridges. However, the wear patterns are quite different. Ridges are
larger in the SIL-1 than in the CB material. The difference in wear
behavior might be correlated to the difference in ultimate proper-
ties of these materials (see Fig. 3). Indeed, CB has a more
pronounced stress upturn at high strain values (or a slightly
smaller ultimate strain), which may explain smaller ridges in CB
than in SIL-1.

4.2. Effect of the silica fraction

In this section, NR samples reinforced with 50 phr (SIL-1) and
55 phr (SIL-2) of silica are compared. Average friction coefficients
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Fig. 14. Wear pattern obtained in the CB sample after 10 000 passages under 9.4 N at room temperature: (a) observed with the optical device; (b) average profile obtained
from the optical topographic image; (c¢) SEM observation of a section along the center of the wear track. Red arrows indicate sliding direction. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)

for the SIL-1 and SIL-2 samples are plotted in Fig. 12 as a function
of the number of cycles. Again, both curves show the same
qualitative behavior: the average friction coefficient is larger and
tends to increase during the first 1000 passages, then it decreases
slowly and finally reaches a stable value after a few thousand
passages. In this final steady state, the average values for the SIL-1
and SIL-2 samples are close to 1.5 and 2, respectively. A consis-
tently higher value is observed in the more reinforced sample SIL-
2 as compared to SIL-1.

Weight loss curves are plotted as a function of the passages
number for the SIL-1 and SIL-2 samples in Fig. 13. The wear rate of
SIL-2 (6 x 1077 g/passage) is about twice smaller than that of SIL-1
(1 x 107 g/passage). Correlatively, the overall weight loss after
10 000 passages is approximatively 1 x 1072 g for SIL-1 and 5 x
1073 g for SIL-2.

As previously, the same observations have been performed
for SIL-2 after 10 000 passages, first with the in-situ optical system
(Fig. 16a and b), and then with Scanning Electron Microscopy
(SEM) (Fig. 16¢) on sections parallel to the sliding direction in the
center of the wear track.

The wear patterns observed in the two materials are clearly
different. When comparing Figs. 14a and 16a, SIL-1 exhibits well
established ridges whereas SIL-2 shows craters.

The average topographic profiles after 10 000 passages are
clearly different in SIL-1 and SIL-2. The wear pattern widths are
respectively 4.5 mm and 4 mm and depths are 150 um and
20-25 pm.

The weight loss estimated by calculation of volume loss from
the values of depth and width of the wear pattern profile (Fig. 16b)
is semi-quantitatively coherent with those measured by directly
weighing the sample (Fig. 13).

To summarize the observations, the weight loss is significantly
reduced in the SIL-2 material as compared to SIL-1. Thus, the filler
amount has a significant impact on the wear resistance of reinforced
natural rubber materials. On one hand, optical and SEM observations
confirm this idea: the wear pattern is much more pronounced in
material SIL-1 (with well developed ridges) than in material SIL-2
(which has almost no ridge yet after 10 000 passages). On the other
hand, friction coefficients are different for these two materials SIL-1
and SIL-2. Thus it seems that some correlation exists between the
friction coefficient and the wear pattern. Moreover, mechanical data
are slightly different for these two materials, SIL-2 being harder and
more reinforced (see Fig. 3).

4.3. Effect of the normal load and temperature

The wear map of material SIL-2 as a function of the number of
cycles and normal load (between 9.4 and 30 N) is shown in Fig. 17
at two different temperatures. Note that, due to self-heating of the
material in actual usage, the temperature 60 °C is close to real
operating conditions. The apparent contact pressure reported in
Fig. 17 is the average pressure obtained by dividing the normal
load by the apparent contact area, as estimated from the width of
the wear track. A transitory pattern (FT) is observed at numbers of
cycles smaller than roughly 1500, independently of the applied
load. It shows small rollers perpendicular to the sliding direction.
This latency period corresponds to removing the skin layer (due to
processing) and accommodation of the material surface. Then, at
room temperature (25 °C), two main regions can be distinguished:
craters at small load values and ridges at higher load, with a
transition from craters to ridges shifting to lower load values as
the number of cycles increases. At high temperature (60 °C), wear
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Fig. 17. Wear pattern map for the SIL-2 sample as a function of the number of
passages, the normal load and the apparent contact pressure, at temperatures 25 °C
and 60 °C. Black (25 °C) or gray (60 °C) letters correspond to all investigated points:
FT: transient pattern; C: craters; R: ridges; uR: micro-ridges. Boundaries separating
the different pattern regions are indicated by grey dashed curves (60 °C) or black
full curves (25 °C).

patterns are smoother, with micro-ridges coexisting with craters
and evolving towards ridges as the load increases.

4.4. Discussion

The three studied materials show clean, well-developed ridge
patterns at room temperature, after some transitory regime necessary
for establishing a steady state. This is in agreement with previous
observations of similar ridge patterns obtained in blade abrasion tests
[47]. The transitory regime observed in [47] was of the order 10°
cycles, as in the present work. This demonstrates that there is some
generic mechanism leading to similar ridge patterns in the steady
state. We attribute this generic process to the stick-slip mechanisms
related to the development of strong tangential strain at the interface.
These lateral strains develop in an intrinsic way due to the overall
deformation of tire tread, independent of possible lateral slip motions.
The present results suggest that this generic mechanism is correctly
implemented in our device.

As regards the difference in abrasion wear of the various
studied materials, it was inferred in [48] that creating larger
asperities (higher ridges) during abrasion results in larger wear
rates, and that weaker materials (in the sense of faster fatigue
crack propagation under similar conditions) develop smaller
asperities, thus being more abrasion-resistant. In our case, we
compare only reinforced materials. Material SIL-2, which is the
most reinforced one, have both smaller ridges and lower abrasion
weight loss. Thus, changing the type of filler may affect the
abrasion behavior independently of the toughness or resistance
to fatigue crack propagation.

5. Conclusion

We have developed a new tribometer with in situ optical
observation, based on a sliding indenter which allows to mimic
the wear of tire treads in soft driving conditions, in laboratory
conditions under controlled environment. Several relevant obser-
vables can be determined as a function of the number of passages,
of the applied load in the contact and of environmental para-
meters (mainly temperature): (i) the friction coefficient, (ii) the
weight loss and (iii) wear pattern topographies.

Preliminary tribological tests have been carried out on three
different reinforced natural rubber materials filled with silica or carbon
black (materials CB, SIL-1 and SIL-2). The tribological tests realized
for each sample at 3000, 6000 and 10 000 passages show the good
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reproducibility of these tests and results. Moreover, results presented
in the last section show the panel of possibilities of the new
experimental device: these data are essential in order to understand
the wear of reinforced natural rubber. Wear mechanisms will be
studied in more details in a forthcoming paper.

The first results obtained on reinforced natural rubber materi-
als show qualitatively the impact of the filler type and the fillers
fraction. These preliminary results show that it is possible to
formulate silica-reinforced natural rubber samples which have a
wear resistance similar to, or perhaps even better than, similar
carbon black-reinforced natural rubber samples.
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