84 Milahin N., Starcevic J. / ®usuueckas mezomexanuka 17 3 (2014) 84-87

VK 539.62

Influence of the normal force and contact geometry on the static force
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The paper is devoted to an experimental and theoretical investigation of the static friction force between a rapidly oscillating sample
and a steel plate. The static frictional force is studied experimentally as function of the oscillating amplitude, the normal force and the
contact geometry. A simplest model of tangent contact with a constant friction coefficient is proposed and shows a good agreement with
experiment. The static friction force is proved to be a universal function of the ratio of the oscillation amplitude, the indentation depth and

to the friction coefficient.
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1. Introduction

The influence of ultrasound on the friction force is the
subject of research since a solid period of time. The appli-
cations range from ultrasonic welding and ultrasonic motors
to the atomic force microscopy. If a contact with friction is
subjected to oscillations, the static force of friction changes
with increasing oscillation amplitude. In the most cases, it
decreases [1] up to a level, which may be about an order of
magnitude smaller than friction force in the absence of
oscillations. This decrease occurs at some characteristic
value of /". The physical meaning of this characteristic
length is not clarified yet. In [2], it was suggested that the
characteristic length is an intrinsic parameter of the contac-
ting parameter and does not depend on the geometry of the
contact. The amplitude dependence was interpreted in the
frame of a stochastic Prandtl-Tomlinsom model [3, 4].
However, in later work [5], it was shown that experimental
data can be interpreted from a purely macroscopic point of
view, by exact analyzing of a tangential contact with a
constant local coefficient of friction. In the present paper,
we follow this second path and investigate if it is possible
to describe the dependencies on the normal force, the coeffi-
cient of friction and the contact geometry in the frame of a
tangential contact model without any additional assump-
tions.
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2. Theoretical model

If a body is pressed against another and then loaded
tangentially, a slip region occurs at the outer border of the
contact while the inner parts of the contact remain in the
stick state [6, 7]. With growing tangential load, the size of
the stick region shrinks and at some load the complete slid-
ing (gross-slip) starts. If the Coulomb law of friction with a
constant coefficient of friction u is assumed to be valid
locally, the critical tangential load at which the gross-slip
starts is equal to F, . = uF,, where £, is the normal force.
The corresponding relative displacement of the bodies is
equal to

Uy max :M_*d’ (1)
’ G

where E”and G~ are effective elastic moduli
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E, and E, are the Young’s moduli of contacting bodies,
G, and G, the shear moduli, v, and v, the Poisson ra-
tios and d the indentation depth. The ratio Cy; = E i / G is
the ratio of the normal and tangential stiffness of an axis-
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Fig. 1. Schematic presentation of the model: two elastic bodies
with curved surfaces are connected with an oscillating bond and
are in contact with a planar foundation. The system is being acted
upon by a constant external tangential force F. Adapted from [5]

symmetrical contact, which we will call the Mindlin ratio
[7]. The quantity u, .. plays a central role both in static
and dynamic tangential contacts. This is the only length
scale of the problem. If either static or dynamic displace-
ment (oscillation amplitude A/) is much smaller than u, ...
then the oscillation does not play any role at all. If, on the
contrary, the oscillation amplitude is much larger than
Uy max» W€ have to do with complete sliding. It is physi-
cally clear that all characteristics of the contact, including
the effective coefficient of friction, can only be functions
of the relation A/ / U, max- For high frequency oscillations,
it is easy to derive analytical relation of the static force of
friction as a function of the oscillation amplitude. Let us
consider the same model as numerically studied in [5] (Fig.
1) representing two bodies coupled with an oscillating bond,
the length of which is changed according to the harmonic
law

[(t) =1y + Al cos (wt). “4)

In the absence of the external force F, the oscillation is
symmetric and the maximum displacement of each body
from the non-stressed reference position is equal to Al/2.
If this amplitude achieves u, .., the sliding will start at
arbitrary small external force F. Thus, the static friction
force will vanish if Al/(2u, ., )=1. It is known that the
tangential force F, and the tangential displacement of a
single contact of parabolic bodies are related as follows
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Fig. 2. Dependence of the static force of friction on the oscilla-
tion amplitude according to Eq. (6) and numerical simulation car-
ried out in [5]
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Fig. 3. Schematic of the studied specimen

The difference of this force and the critical force uF,
is the macroscopically observed static force of friction F:

3/2 Al 3/2
F,=pF,| 1-—% =uF,|1- . (6)
MCMd 2ux,max

This results coincides with results of numerical simula-
tions [5] (Fig. 2) and will be used in the present paper for
fitting of numerical results.

3. Experiment

A special experiment setup for investigation of tribolo-
gical systems was built up to measure the friction force.
With a special digital ultrasonic generator, the resonance
frequency of the specimen is preset at some value, and then
the specimen is pressed on the angled plate under a normal
force and dragged horizontally with a tangential load. Du-
ring the moving, the specimen length varies by activation
of the piezo-elements which perform mechanical displace-
ments due to the applied voltage (Fig. 3).

The oscillation amplitude of the specimen can be adjus-
ted in the range from 0.015 to 1.500 um by controlling
voltage. The position of the specimen and thus the oscilla-
tion amplitude and the oscillation frequency are detected
instantaneously with a laser-vibrometer. As shown in Fig. 4,
four specimens with different radii (Table 1) are investi-
gated. In the individual experiments the specimen is moved
with a distance of 100 mm at a constant speed of 0.5 mm/s.
The four specimens, numbered with P2.0, P3.0, P4.0 and
P5.0, weigh approximately 50 g (the deviation may result
from the brazing material and small manufacturing devia-
tions) and oscillate at a frequency of approximately 28 kHz.

mP2.0/2.2 ~P3.0/3.2  P4.0/42 P5.0/5.2

(CN R, SRy “R, R
Fig. 4. Schematic of the specimens with different radii, R, =

=12 mm
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Table 1

Specimen numbers with different radii and weights,
specimens with 0.2 are heavy as twice as 0.0

Sp?\clz)r.nen R, mm R =+RRy,mm| F N
P2.0 2.5 5.4 0.6
P2.2 2.5 5.4 1.3
P3.0 5.0 7.7 0.7
P3.2 5.0 7.7 1.3
P4.0 10.0 11.0 0.8
P4.2 10.0 11.0 1.4

Cylinder
P5.0 L=50mm >>10 0.7

No extra load is applied, i.e. the specimen weight is equal
to the normal force. The specimens P2.2 to P5.2 have the
same contact geometry as P2.0 to P5.2, but are double
weighted. The relevant amplitude spectrum for these four
specimens can be reached at two distinct natural frequencies,
approximately 20—25 kHz and approximately 83—90 kHz.

4. Results

The experiments were carried out as follows. First, the
coefficient of friction was measured as function of oscilla-
tion amplitude Al/2. The static friction coefficient W at
Al =0 um was averaged over all specimens and equated to
the value 0.32.

At amplitude of the order of 0.1 um, the coefficient of
friction decreases to its minimal value and then achieves a
plateau or even stars to increase. In other experiments, the
effective “friction coefficient” becomes even negative. The
reasons for such behavior may be various, including the
increased wear at high oscillation amplitude and changes
of contact properties or asymmetry of the surface structure.
However, the turning point where the frictional force in the
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Fig. 5. Experimentally obtained coefficient of friction versus a
half of the oscillation amplitude
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Fig. 6. Measured data corrected with the corresponding p, in
Fig. 5 (a), fitting according to Eq. (6) (b)

most cases changes obviously is clear and significant for
determination of the maximum displacement before sliding
begins. For each curve, we determined the average value
u, of frictional coefficient in the range from 0.1 wm. This
value was subtracted from the coefficient of friction, and
the quantity u—u, =W* was used for comparison with the
above theoretical model (Fig. 6), u* at A/=0 um is defined
as W.
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Fig. 7. Displacement u, .- calculated from measured data ac-
cording to Eq. (6) versus indentation depth d; by fitting of both
u and p*, and by fitting of u_ . only
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The resulting curves were fitted to the theoretical depen-
dence by the least squares method, while u, .., was used
as a fitting parameter. According to the theory, all the curves
must collapse to one single curve if plotted as function of
Al/(2u, 1y )- Figure 6 shows that this is really the case
within the experimental accuracy. The described procedure
provides the values of u, . for every specimen. The
measured values of u, ... versus calculated from the
geometry and normal force value of indentation depth d
are shown in Fig. 7. The stars represent the measured values
and the solid line shows the theoretical relation for u, ..
for the investigated samples with d which was calculated
according to the standard equations of contact mechanics
[1]. Except for the specimens P4.0 (deviation more then
50 %) and P5.0, experimental data have the same trend as
theoretical dependency. Discrepancy can be associated with
the deflection of the contact shape from the assume one
(e.g. because of wear).

In conclusion, our analytical and experimental investi-
gations with specimens of different geometry and with diffe-
rent normal load support the numerical results of [2].
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