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Abstract: The main goal of this paper is to investigate the friction behaviour and the
hysteresis in the case of steel balls sliding on rubber plates using the results of measurements
executed on a Microtribometer. A FE model was created in order to evaluate the hysteresis
component of the coefficient of friction in function of the sliding speed and operating
temperature. One of the most critical parts of creating a numerical model is to determine the
parameters of the time- and temperature-dependent material model best fitting to the material
behaviour measured. In this study, a 40-term generalized Maxwell model was used at -50 °C,
+25 °C and +150°C. In the MSC.MARC FE software, this material model can be effectively
used to describe the material behaviour of rubber. The FE results are in good agreement with
the results of experiments obtained at room temperature.
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1. INRODUCTION

It is important to know the mechanical behaviour of rubber sliding on rough solid
surfaces in a number of applications, such as dynamic elastomer seals, windscreen wipers or
vehicle tyres. Many articles in the literature are involved with the sliding behaviour of rubber.

Persson [1] studies rubber when it is sliding on a hard, rough substrate, and the surface
asperities of the substrate exert oscillating forces on the rubber surface leading to energy
“dissipation” via the internal friction of the rubber. This contribution is estimated to the
friction force and compared the results with the experimental data of Grosch. Persson [2]
states that rubber friction on rough surfaces is mainly due to the viscoelastic deformations of
rubber.

When modelling rough surfaces the topography of the ’real’ surface can be simplified if
the asperities are replaced by hemispheres. Such models were used by Q.V. Bui and
J.P. Ponthot [3], who studied the adhesion and hysteresis components during the contact of
two hemispheric asperities. If one of the hemispheres is extracted, the elemental unit of the
contact problem will be arrived at, namely the hemisphere vs. plane contact problem.
Experimental measurements were performed to study such problems and to verify the
FE models developed.

The total measured coefficient of friction in the case of lubricated condition, includes
impacts from hysteresis, fluid film shearing and boundary lubrication. In the case of boundary

1/11



Gépészet 2008
Budapest, 29-30.May 2008.
G-2008-B-12

lubrication, local rubber-metal contacts develop, where boundary lubrication dominates.
Therefore the coefficient of friction can be divided into two components: a component
characterizing hysteresis and another component integrating fluid film shearing and boundary
layer friction. The coefficient of friction caused by hysteresis is proportional to the loss factor
of the rubber material, which can be taken into consideration using the generalized Maxwell
model [4]. In the course of FE analysis, the hysteresis component of the coefficient of friction
is yielded directly as the ratio of the force in the direction of friction and the force in normal
direction by setting the coefficient of friction at the surface as u=0 in the calculation.

In order to predict the values of the coefficient of friction due to the hysteresis of the
material, a steel ball was pressed into a rubber plate; then the ball was forced to perform
reciprocating motion and the hysteresis component of the friction was obtained in function of
the position of the ball. The friction coefficient values are considered at macro level, i.e. the
impact of excitation caused by surface roughness is not taken into account.

2. MEASUREMENT

Measurements were performed on a CSM INSTRUMENTS microtribometer [5].
In the course of the measurement, a steel ball of d=2 mm diameter was pressed into an EPDM
rubber plate of 10 mm x 4 mm x 2 mm. Then the ball was forced to perform reciprocating
motion with amplitudes of A=0.3 mm at three different, sinusoidal changing speeds through
50 cycles. During tests, the frictional and normal forces were measured in lubricated
conditions. Fig.1 shows a simplified outline of the measurement.

Cantilever

Sample tool

4 ‘ Samnle

Fig.1. Measurement arrangement

In the measurement, the specimen performed reciprocating motion below the arm
loaded by a specified normal force. Measurements were performed for F=100 mN normal
force at three different maximum speeds (v;=0.1 mm/s, v;=1 mm/s and vs;=10 mm/s).

3. THE FINITE ELEMENT MODEL

In the course of modelling, the steel ball was defined as an ideally rigid component.
The rubber plate was made up of 15800 8-node Herrmann-type elements [6], which are
incompressible. The lower part of the rubber plate was fixed; moreover, as a symmetry
condition, the half model was also fixed in the normal direction (in z-direction) (Fig.2).

At first, the steel ball was pressed downwards (in the direction of -Y) into the rubber
plate with the force specified, that was built up linearly. Afterwards, the ball was drawn
horizontally (in the direction of -X) at the sinusoidal changing speed according to the
measurement, at an amplitude of A=0.3 mm, through 6 cycles. Fig.3 shows the time-curve in
the direction of X in the case of v,=1 mm/s (when the excitation frequency is f=0.5 Hz).

2/11



Gépészet 2008
Budapest, 29-30.May 2008.

G-2008-B-12
0 X } } } |
7 0.1
% 0.2
I T RNRYREREAY
2 s TVIRVIRVIERVIRY |
% 06 V.V
0.7 -
0 2 4 6 8 10 12 14
Fig.2. FE model of the rubber plate sliding Time [s]
under the ball Fig.3. Displacement control curve

in the direction of X, pertaining to
the maximum speed of v,=1 mm/s

The material behaviour of rubber independent from time was taken into consideration
using the two-parameter Mooney-Rivlin material law. Mooney-Rivlin constants Cy; and Cj
were approximated by the following equations: [7]:

Eo :6'(C01 +C10)’ (1)
Cu 1 ()
C, 4

where E; represents the modulus at infinitely high frequency. This would correspond to

the value assigned to the zero time moment (t=0 s).

Fig.4 shows the loss factor in function of the excitation frequency for the three
temperatures based on the DMTA measurement. Fig.5 and Fig.6 show the storage modulus
(E’) and the loss modulus (E”) in the function of temperature as well as the loss factor (tan(5))
at the speeds and excitation frequencies specified.
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Fig.4. Frequency dependent loss factor (tan(d)) of the different Maxwell-models

at -50 °C; +25 °C and +150 °C
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4. FE RESULTS AND CONCLUSIONS

Two models were produced. One of the models was made to verify the FE model, so
that a coefficient of friction — preset by an iterative method — was taken into consideration to
characterize fluid film shearing and boundary lubrication. This prescribed coefficient of
friction had to be set in a way that its value — incremented by the coefficient of friction caused
by hysteresis, as calculated by the FE software — should be equal to the measured value of the
coefficient of friction pertaining to sliding. By setting coefficient of friction of p=0 in the
other model, calculations were performed to determine the hysteresis component of the
coefficient of friction.

Based on preliminary calculations, at all three speeds and temperatures the change of
the coefficients of friction calculated can be considered as “steady state* by cycle 6.
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4.1. FE model to describe the total friction behaviour and the portion from hysteresis at
room temperature

In Fig.7 — Fig.9, the black lines represent the coefficient of friction, taking into
consideration the fluid film shearing, boundary lubrication and the hysteresis required during
iterative calculations. The separate light grey rhombics and squares show the values of the
measured coefficient of friction for two subsequent measurements; the circles connected by
an unbroken grey line represent the results of the calculation at p=0. By this iterative
approach we could identify the portion of the coefficient of friction due to hysteresis as well
as fluid film shearing and boundary lubrication.
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Fig.7. The coefficient of friction in function of the distance covered by the ball,
at F=100 mN load and v=0.1 mm/s maximum speed
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Fig.8. The coefficient of friction in function of the distance covered by the ball,
at F=100 mN load and v=1 mm/s maximum speed
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Fig.9. The coefficient of friction in function of the distance covered by the ball,

at F=100 mN load and v=10 mm/s maximum speed

Fig.7 — Fig.9 show that, comparing to the measured coefficient of friction the FE
iterative calculation good approximates the friction behaviour of the sliding pair. But at
changes of direction, where boundary lubrication dominates, there is always a somewhat
steeper change in the calculated coefficient of friction in function of displacement in each
case relative to the measurement. The reason for this is that the FE model calculated from the
measurement demonstrates more rigid behaviour compared to real material behaviour. The
sliding motion of the ball predominantly represents shearing and pressing stress for the
rubber, while the material properties of the FE model comes from a compression type test. To
characterise the elastic behaviour, however, various load cases require different material laws
representing the corresponding material behaviour [8].

Fig.10 shows the coefficient of friction determined by calculations at various sliding
speeds. Fig.11 shows the friction component coming only from hysteresis at +25 °C.
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Fig.10. The calculated coefficient of friction in function of the distance
covered by the ball, at F=100 mN load, for three different speeds
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Fig.11. Hysteresis part of the coefficient of friction in function of the distance
covered by the ball, at F=100 mN load, at +25 °C temperature for three different speeds

Fig.10 shows that the value of the coefficient of friction considerably decreases as the
speed increases. One of the reasons may be that lubrication conditions improve as the sliding
speed increases and a more favourable lubrication state can be generated.

Tab.1 shows the average values of the coefficient of friction arising from hysteresis as
well as fluid film shearing and boundary lubrication at +25 °C. While the hysteresis portion is
nearly constant, the “second portion” shows a characteristic reduction in increasing sliding
speed. It can be stated that the hysteresis grows at an increasing speed in accordance with the
loss factor frequency curve as compared to total loss, but as the speed increases, hysteresis
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loss demonstrates a trend of reduction, since the rubber gets more rigid as the speed increases,
the ball cannot press in so deeply and the volume of the material deformed will be less and
less. The two orders of magnitude of frequency change exert a smaller impact on hysteresis
than the deformed volume of material in spite of the increased penetration as a consequence
of the change in the complex modulus.

Sliding velocity | Average Xp | Average Unysteresis Average
[rnm/s] ZH' HMhysteresis
0.1 0.160 0.021 0.139
1 0.075 0.022 0.053
10 0.045 0.021 0.024

Tab.1. Average values of friction coefficient

Fig.11 shows that at +25 °C, the value of the hysteretic component of the coefficient of
friction is approximately identical in case of all the three speeds.

Fig.11 illustrates that in the middle of the sliding cycle —where the speed is the highest —
the value of the coefficient of friction slightly drops. One effect of the increasing speed is the
increasing loss factor (Fig.4), but at the same time the effect of higher E’ is more dominant,
the plate behaves “more rigidly”; therefore the ball is relatively elevated and the volume
forced to deform — and thereby the total energy of deformation — is decreased. This impact
can be observed in Fig.14 with more explanation in section 4.2.

4.2. Hysteresis and penetration depth at various temperatures

According to Fig.4 to 6, the temperature has a great effect on material properties. Fig.12
shows the values of the hysteretic component of the coefficient of friction at -50 °C, for
F=100 mN load at three different speeds.

In order to understand the results at -50 °C, relative to the ones at room temperature two
different tendencies should be followed. The loss factor is greater by nearly one order of
magnitude and E’ is greater by more that one order of magnitude. The loss factor increases
nearly proportionally the friction force, while the larger E’ highly reduces the volume of
material subjected to deformation. This volume is proportional to the penetration depth. In the
FE studies, at first, the ball was pressed into the rubber sample. These depth volumes are
plotted in term of sliding distance in Fig.14 to 16. At -50 °C it is lower nearly by one order of
magnitude compare to the penetration depth at +25 °C, yielding to much smaller volume
deformed, affected by the loss factor, which is greater. The joint effects of these two different
tendencies produce the results in Fig.12. Finally, due to these “combination of the material
properties” the coefficient of friction values are in the same range as at room temperature
(Fig.11) while the results in term of sliding speed are different at -50 °C, i.e. it is the higher
one at the lower speed.

Fig.13 shows the friction coefficient values in the case of +150 °C, which corresponds
to what is expected as material behaviour shown in Fig.5 and Fig.6 and the depth of the
penetration shown in Fig.16.
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Fig.12. Hysteretic component of the coefficient of friction in function of the distance covered
by the ball, at F=100 mN load, at -50 °C temperature for the three speeds

Fig.13 shows the values of the coefficient friction representing hysteresis at +150 °C,
for F=100 mN load at three different speeds.
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Fig.13. Hysteretic component of the coefficient of friction in function of the distance covered
by the ball, at F=100 mN load and at +150 °C temperature for the three speeds

As a summary, it can be stated that the hysteretic components of the coefficient of
friction are, on the one hand, determined by the correlation tan(d) versus frequency as
described by the viscoelastic material law; and on the other hand, they are greatly influenced
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by the volume of the deformed part of the body which corresponds to the complex modulus at
the operating temperature.

v=0.1 mm/s; T=25 °C
——v=1 mm/s; T=25 °C
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Fig.14. Penetration depth along a cycle for three different velocities at +25 °C
(Arrows show the middle of the sliding motion in the left and right directions)
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Fig.15. Penetration depth along a cycle Fig.16. Penetration depth along a cycle
for three different velocities at -50 °C for three different velocities at +150 °C

5. SUMMARY AND CONCLUSIONS

In the present study a frictional contact model was presented examining the oscillating
sliding friction between a steel ball and EPDM plate. The time- and temperature dependent
material model could describe the hysteretic component of the coefficient of friction, in good
agreement with the experimental results.

The 40-term Maxwell model described the material behaviour at -50 °C, +25 °C and
+150 °C. At -50 °C two tendencies characterise the material behaviour. The loss factor
(tan(d)) is greater by nearly one order of magnitude, and at the same time the storage modulus
(E’) is higher, representing stiffer behaviour. The latter tendency was proved by the
comparisons of the penetration depth values at different sliding speed as well as at different
temperatures. The penetration depth is proportional to the volume subjected to deformation,
affected by the loss factor. The joint effect of these two tendencies characterizes the actual
values of the hysteresis component of the coefficient of friction.
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