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a b s t r a c t

This paper presents a method of determining the coefficient of friction as a function of

sliding speed and normal pressure for different friction pairs of materials used in friction

dampers. A schematic of the experimental setup is shown and the course of the

experiment is described. An analytical relation describing the influence of sliding speed

and normal pressure on the friction coefficient for C45 and 40HM steel was derived. Then

on the basis of the analytical relation 3D numerical models were created. Computations

using the Abaqus/Standard software package were performed.

& 2013 Published by Elsevier Urban & Partner Sp. z o.o. on behalf of Politechnika

Wroc"awska.

1. Introduction

In order to model such systems as friction dampers or brakes
by means of finite elements one needs to know the friction
coefficient as a function of selected parameters (e.g. sliding
speed, normal pressure, etc.). It is necessary to determine
function μ¼ f ðρ; _γÞ to properly represent the contact between
the interacting parts. In many cases, the usually employed
model with the exponential attenuation of the friction coeffi-
cient is insufficient. Numerous studies [6,8,9,11,15,21,22] have
shown that the friction coefficient to a large extent depends
on the normal pressures. Therefore the authors decided to
determine the friction coefficient as a function of normal
pressure and sliding speed. The results presented in this
paper will be used in the future for more accurately modeling
the contact components in the friction damper model.

The friction force is defined as a force counteracting the
relative motion of two contacting bodies. The friction force
has a direction tangent to the surface of the contact and a
sense opposite to the sense of the velocity of motion of one
body relative to the other body. According to the generally
used Coulomb model, friction force Ft is directly proportional
to normal force Fn and to constant friction coefficient μ:

Ft ¼ μFn ð1Þ

Numerous experimental studies have shown that as the
sliding speed, the normal pressures, the temperature and other
unspecified factors increase, the value of friction coefficient μ

changes nonlinearly [1–5,10,12,15,16,17]. Each material has its
singular graph of function μ, which in a general form can be
written as

μ¼ f ðρ; _γ;T; f αÞ ð2Þ
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where ρ is the normal pressure, _γ is the sliding speed, T is the
temperature and f α are other unspecified factors.

Knowing the curve of the friction coefficient versus the
above variables one can more precisely predict the value of
the tangent force and that of the dissipated energy, produced
by friction between two bodies moving relative to each other.

It was shown in many studies [1–5,9] that for most materials
the friction coefficient at a sliding speed equal to zero is higher
than the one during sliding. This observation is expressed by an
exponential model described by the following relation [13]:

μ¼ μk þ ðμs−μkÞe−dc _γ ð3Þ
where μk is a coefficient of kinetic friction, μs is a coefficient of
static friction, and dc is a coefficient of attenuation.

The equation with the exponential attenuation of the friction
coefficient is often used in finite element modeling [7,9]. The
theoretical curve of friction coefficient versus sliding speed is
shown in Fig. 1.

However, in many cases the model with friction coefficient
exponential attenuation is insufficient. Numerous studies
[6,8,9,11,18,19] have shown that the friction coefficient to a large
extent depends on the normal pressures. The theoretical relation
between friction coefficient and normal pressure is shown in
Fig. 2. The accuracy of friction force estimation increases when
the normal load is taken into account.

Therefore the authors decided to make an attempt to
determine the friction coefficient as a function of sliding speed
_γ and normal pressure ρ in order to incorporate the derived
relation into the numerical model of the passive friction damper.

2. Experimental setup and course of
experiment

The coefficient of friction as a function of sliding speed and
normal pressure was determined for steel C45 and steel 40HM.

The materials were not toughened. C45 and 40HM steels were
used to build a friction damper. As a result of relative vibrations
between the contacting surfaces the damper frictional compo-
nents cause the energy of the vibrations to dissipate. Therefore it
is necessary to determine the dependence μ¼ f ðρ; _γÞ for the
materials of the damper frictional parts in order to accurately
model the contact between them.

The open linear tribologic system model [2,3] was used to
determine the friction coefficient. A 100 mm wide and
150 mm long plate constituted the flat surface. A cylindrical
pin 20 mm in diameter constituted the counter sample. In the
course of the experiment the pin face was pressed against the
plate's flat surface with a specified force (Fig. 3).

A NC milling machine was used in the experiment. The
milling machine's design and drive permitted the motion of the
cylindrical pin relative to the plate's surface at a programmed
speed and change of the force pressing down the pin to the plate.
As a result of the movement of the milling machine table along
axis X of the machine tool coordinate system (Fig. 3) one of the
elements moved relative to the other. In all tests the friction
distance was 80mm. Thanks to the movement of the milling
machine's spindle along axis Z (Fig. 3) the force pressing down
the pin to the flat surface of the sample could be changed. The
force was changed from 100 to 400 N. The sliding speed changed
in a range of 0–5mm/s. The range of measured values of normal
load and sliding velocity was taken from earlier research on
friction damper. The research showed that normal pressure and
sliding velocity during working of prototype friction damper
changes in the range from 0.393 to 1.286MPa for normal load
and from 0 to 5mm/s for sliding velocity.

The change of the speed over time is shown in Fig. 4. The
rate of travel of the milling machine table along axis X was
changed stepwise through the control program. The rate of
feed increased by 0.0025 mm/s for each covered distance
length of 0.04 mm. The load and speed ranges coincide with
the possible operating ranges of the friction damper.

The interacting surfaces of the samples were grinded. The
roughness of the rubbing surfaces of the frictional elements
was measured by means of a Taylor-Hobson Form Talysurf
120L surface analyzer. The results of the measurements are
presented in Table 1.

To carry out the experiments a NCmilling machine was used.
It was decided by the three considerations. This machine was

Fig. 1 – Exponential model describing dependence between
friction coefficient and sliding speed [7,20].

Fig. 2 – Friction coefficient versus normal pressure.

Fig. 3 – Interacting rubbing surfaces: 1—cylindrical rubbing
pin, 2—sample with flat rubbing surface, 3—triaxial
piezoelectric force gauge KISTLER type 9257A.
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equipped with a drive that allowed the control of the sliding
speed changes of rubbing pin relative to the plate. Whereas a
geometric accuracy of the machine enabled maintaining parallel
direction of slip relative to this plate. Milling spindle was served
only to fix the rubbing pin and did not rotate during experiment.
A control unit of the machine allowed also the setting of the
specific normal force. The course of sliding speed rising was due
to the machine control unit properties.

In order to find out how friction coefficient μ changes
depending on pressure ρ and sliding speed _γ (Fig. 5) the plate
(3) was placed on the triaxial piezoelectric force gauge (4)
mounted on the milling machine table (7). The cylindrical

rubbing pin was installed in the milling machine spindle (2). In
the course of the tests the normal force (along the Z axis) and the
tangent force (along the X axis) were measured. The signals from
the force gauge's particular axes were transmitted to the KISTLER
type 5011 charge amplifiers (8–10). After amplification the signals
were directed to the Spider 8 measuring system (11). A laptop
with the Catman (ver. 3) software was used for communication
with the measuring system. The displacement of the milling
machine table (6) was measured by the HBM type WA100
displacement transducer. The signal from the sensor was sent
directly to a Spider 8 type amplifier (11) [14] and recorded. Then,
in off line mode the measured signal was differentiated in order
to obtain the speed signal. All measurements were performed for
the same sampling frequency of 600 Hz.

3. Measurement results

Exemplary courses of normal and tangential forces, and
displacements, recorded during a full test at a load of
0.65 MPa for 40HM steel are shown in Fig. 6a. At the beginning
of the test, rubbing pin is pressed against the plate and the
normal force increases to a constant value of about 200 N.

Fig. 4 – Exemplary graph of sliding speed versus time.

Table 1 – Results of rubbing surfaces roughness
measurements.

Material Rubbing pin Ra (mm) Plate Ra (mm)

C45 0.49 0.08
40HM 0.23 0.09

Fig. 5 – Schematic of experimental setup for determining
friction coefficient: 1—milling machine HAAS type TH1P,
2—milling machine spindle, 3—flat-surface test specimen, 4
—three-axis piezoelectric force gauge KISTLER type 9257A, 5
—cylindrical rubbing pin, 6—displacement sensor HBM type
WA100, 7—milling table, 8, 9, 10—charge amplifiers KISTLER
type 5011 (axes X, Y, Z), 11—measuring system Spider 8,
12—laptop, 13—displacement sensor stand.

Fig. 6 – Exemplary results at load of 0.65 MPa: (a) time courses
of measured normal and tangential forces and relative
displacements and (b) time courses of the coefficient of
friction and sliding speed determined from measurements.
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After stabilization of the normal force, a relative motion of
contacting surfaces begins, with a gradually rising sliding
speed. Tangential force initially increases along with an
increase in the preload of the milling machine structure
and reaches a maximum, probably related to the static
friction force. With the increasing sliding speed, the friction
force decreases, but upon reaching a certain speed, it starts to
rise again. It is related to a large increase in the normal force.
This is probably area of flat surface cutting, using the edge of
rubbing pin.

Based on the characteristics of registered tangential and
normal forces, the friction coefficient m was determined
(Fig. 6b). The characteristics of relative displacements were
differentiated and thus, courses of the sliding speed were
calculated. The stage B of the friction coefficient curve was
chosen for further analysis. This stage covers an area of
constant normal load ρ from the threshold of motion point
(Fig. 6a). Two other stages were excluded from the analysis. In
stage A, the friction coefficient m increases to the maximum
value, which corresponds to the threshold of motion. Friction
conditions change also in stage C, where the normal force
significantly increases. Therefore, only in stage B constant
friction conditions were kept. Fig. 7 shows the obtained
fragments of the waveforms for different constant normal

loads for steel 40HM. These waveforms shown in Fig. 7 were
used to determine (for each case of normal pressure) the
dependences described by general function μ¼ f ð_γÞ.
The experimentally determined curves (Fig. 7), representing
the friction coefficients as a function of sliding speed, were
approximated by the following trend function:

μ¼ aþ be_γc ð4Þ
Fig. 8 shows several curves of function (4) for different

normal pressures. The dependence between friction coefficient
μ and sliding speed _γ was determined for different constant
normal pressure ρ values from the range of 0.393 to 1.286 MPa.
Seven functions in exponential form (4) were obtained.

The Statistica (ver. 10) software package was used to take
into account the influence of normal pressure values and to
derive a single analytical relation expressing the influence of
_γ on friction coefficient μ in the assumed interval of sliding
speed and normal pressures ρ.

The quasi-Newton nonlinear estimation method was
employed and least squares regression lines were fit to the
data. Using function form (4) the values of parameter a for
C45 steel and those of parameters a and c for 40HM steel were
interrelated with the normal pressure value. The influence of
normal pressure on the friction coefficient was determined.
The change in parameter a with increasing normal pressure
was expressed through an exponential function. The change
in parameter c for 40HM steel was described by a logarithmic
function.

The following two equations expressing the influence of
sliding speed and normal pressure on the friction coefficient
were derived:

μ¼ 0:2e−0:375ρ þ 0:046eð−ð−1:84lnðρÞþ8:42Þ_γÞ for 40HM steel ð5Þ

μ¼ 0:179e−0:16ρ þ 0:074e−18:62_γ for C45 steel ð6Þ
The value of determination coefficient R2 for 40HM steel

was equal to 0.942. The value of determination coefficient R2

for C45 steel was equal to 0.84.

4. Numerical model

The analytical relations presented in this paper were imple-
mented in numerical models. They were created using FEM

Fig. 7 – Narrowed down friction coefficient μ waveforms for
different normal pressures ρ.

Fig. 8 – Friction coefficient μ as the experimental function of sliding speed γ and normal pressure ρ for 40HM steel interfaces.
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and the Abaqus/Standard software package. Fig. 9 shows the
friction coefficient values for 40HM steel calculated from the
experimental data. They were compared with the ones
obtained from FEM simulations at the normal load of
0.653 MPa.

As it appears from the above, when the analytical rela-
tions were introduced into the model created using FEM, the
model showed high agreement with the experimental results
(Fig. 9 stage B). Thus one can say that the derived analytical
relations correctly describe the correlation between the fric-
tion coefficient and sliding speed and normal pressure ρ.
The relations can be used to model contact parts in friction
dampers made of C45 and 40HM steel.

5. Conclusion

The results of experimental research confirmed the effect of
normal pressure and sliding speed of contacting surfaces on
the friction coefficient. When besides sliding speed, normal
pressure is taken into account, the accuracy of estimating the
tangent force increases. The designated analytical models are
useful in numerical modeling of contact phenomena. The
models can be used to build a numerical model of the friction
damper.
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