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Abstract. The paper is devoted to an experimental investigation of the sliding friction force
between a rapidly oscillating sample and a rotating steel plate. The sliding friction force is
studied experimentally as a function of the oscillating amplitude, the sliding velocity and the
normal force. The results have proved the hypothesis that the coefficient of friction is a
function of dimensionless oscillation amplitude and dimensionless velocity.
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1. INTRODUCTION

Ultrasonic vibration is widely used in manufacturing processes for the reduction of
friction, such as tube and wire drawing, metal forming and drilling, etc. [1-5]. The effect of
ultrasonic oscillation on the sliding friction has been studied for a few decades, including all
possible directions of vibration with consideration of various frequencies and oscillation
amplitudes [6-10]. The pioneer experimental studies of Godfrey [11] and Lenkiewicz [12]
have found that the sliding friction reduction is due to vibration. Later the influence of
oscillations on both friction and wear of metals was investigated by Weishaupt [13] and
Goto et al. [14]. In the recent few years the theoretical models have been also developed to
explain this reduction phenomenon for different directions of vibration [15, 6-7].

In the recent paper [10], the influence of ultrasonic oscillations for the basic configuration
(in-plane-oscillations: oscillations in the contact plane along and perpendicular to the sliding
direction; out-of-plane oscillations: oscillations perpendicular to the contact surface) is
systematically studied in the relevant interval of the oscillation amplitudes and sliding
velocities. The theoretical models are developed to support the experimental data. Its results
show that the relation between the sliding velocity and the oscillation one is important for
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the reduction of friction for all these three basic configurations, and this effect can be
expected to be significant when the sliding velocity is much smaller than the oscillation one.
However, the work is carried out only under constant normal load (Fy =9 N). Paper [16]
has demonstrated that the normal load conditions also play an important role in the static
friction force in the presence of ultrasonic oscillations. This effect is supposed to be
observed in the sliding contact. Therefore, in this paper a complete experimental study for
the out-of-plane configuration will be presented.

2. THEORETICAL ANALYSIS

We consider the dry contact of a sphere indenter pressed against a substrate moving with
constant velocity v. Under normal load Fy, indentation depth u'® is generated. After
applying the ultrasonic oscillation, indentation depth u§°’ becomes a periodic function of
time t: u, =u® +Au, cosat , where o is the circular frequency of oscillations. In paper
[17], itis argued that that the main governing parameter in most of the contact and frictional
problems is indentation depth u{® . The only velocity scale which can be produced using
this characteristic spatial scale u§°) is combination a)uﬁo). With these characteristic space
and velocity scales, we can define dimensionless oscillation amplitude

AU, = Au, /u® (1)
and dimensionless velocity
V=v/(au?). 2)

According to general ideas of the paper [17], we can expect the resulting coefficient of
friction g in the presence of oscillations to be a function of only these two dimensionless
variables:

u=f(AG,,V). 3)

Indentation depth u'® is difficult to measure directly but it can be estimated if the normal

force is known. It is shown in [18] that for a wide class of surface profiles, the indentation
depth is a power function of the applied normal force

u? =c.F/’ 4

with ¢ contact stiffness and 0<y <2/3, while y =0 for "very rough™ surfaces (white
noise) and y =2/3 corresponds to the Hertz solution for a single smooth asperity. For
macroscopic profiles with superimposed roughness it is shown that there can be a crossover
from a smaller value of y to a larger one when the normal force is increasing [19].
Substituting Eq. (4) into Eq. (1) and (2), we can reformulate the hypothesis (3) in the form

y:f[A“Z v J ©)

cF] " wcF]

In this paper this hypothesis will be proved from experiment investigation.
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3. EXPERIMENT MEASUREMENT AND RESULTS

The experimental measurements are carried out on the ultrasonic pin-on-disk tribometer
(set-up in Fig. 1). To investigate the sliding friction force as a function of the normal force
under the ultrasonic oscillations, we have used a specimen made of steel with build-in piezo
elements with natural frequency @ =30 kHz and a small steel bearing ball (100Cr6) fixed
on the one side. The rotation speed of the disc made of structural steel is controlled by the
step motor and the specimen is installed as perpendicular to the disc. During the
measurements the specimen is pressed against the rotating disc under different normal
forces and the specimen performs oscillations perpendicular to the sliding direction (so
called out-of-plane-mode). The variable amplitude of the oscillations is controlled by the
ultrasound generator and measured by the high-precision laser vibrometer. The friction and
normal forces are measured by the force sensor.

Measurement System (Pin-on-Disc Tribometer)

Vibrometer Motor Ultrasound Amblifier
Controller Controller Generator P
Step
Motor
Fy
T LA e
Vibrometer S u_J 1 X
7~ \ R~ . Guiding
Friction Disc Pin with N\ Force Device

Piezo Elements Sensor

Fig. 1 Experimental Set-up, schematic view on the pin-on-disc-tribometer [10].

The sliding friction force is measured for five different excitation states, oscillation
amplitude Au, =0, 0.04, 0.08, 0.16 and 0.27 um, four different normal loads Fy =4, 9,
18 and 32 N, and also for different sliding velocities v ranging from 0.001 to 0.009 m/s.
With these small velocities, the maximum influence of ultrasonic oscillation can be
achieved. Each measurement (constant sliding velocity, constant normal load and constant
amplitude) lasts for 1 minute and the frictional force is averaged by 60 measured values
during this time. The coefficient of friction is obtained from the division of averaged
frictional force by the applied normal force.
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Fig. 2 The coefficient of sliding friction as a function of oscillation amplitude Au,
and the sliding velocity for four different normal loads: F, =4,9,18,32 N .
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Fig. 3 The coefficient of sliding friction in the axes (Au,/ cFy, v/ acFy).
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The measurement results are shown in Fig. 2. The coefficient of friction « is plotted as a
function of oscillation amplitude Au, and sliding velocity v, the colors representing different
normal loads. The sliding coefficient of friction can become even zero, if the sliding velocity
is very small and the oscillation amplitude very high. When the oscillation amplitude is
larger, the sliding friction is reduced, but with an increasing normal load this reduction
effect becomes less for the same oscillation amplitudes and sliding velocities.

Now we come to prove the hypothesis (5). We have plotted experimentally measured
values of 4 in the axes (Au,/ cFx, v/ acFy) with = 1/3, as shown in Fig. 3. It is found that
in these variables, the data indeed are placed on one surface thus defining a function of the
form Eq. (5) (with exception of the case of very high forces, which can be related to the
above mentioned crossover).

4. CONCLUSIONS

A recent paper [17] shows that sliding friction coefficient 4 in contact with oscillation
will be a function of the oscillation amplitude, the sliding velocity and the indentation
depth. Due to the measurement difficulty of indentation depth, we have proposed an
empirical model of frictional contact so that the sliding friction coefficient will be a function
of the dimensionless oscillation amplitude and the dimensionless velocity where the normal
force is involved because the indentation depth is a power function of the applied normal
load for a wide class of surfaces [18]. Therefore, an experimental investigation of steel-steel
contact is carried out using the pin-on-disc apparatus to measure the coefficient of sliding
friction for different oscillating amplitudes, sliding velocities and especially the normal
forces. The results show that the effect of friction reduction decreases with the increasing
normal force for the same oscillation amplitudes and sliding velocities, and our hypothesis
is proved with these experiment data. Furthermore, we are looking forward to investigating
the influence of contact geometry on sliding friction. Also the possibility of a temporary
loss of contact which is assumed to appear at large amplitudes, lower normal forces and
sliding velocities, will be analyzed in detail.
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