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INTRODUCTION

Depending on the relative velocity of solid bodies
in contact, one can discern between the friction of
motionless objects and the friction of moving objects
[1–4]. The friction that occurs when a body is motion�
less represents static friction. In order to move the
body, one must apply external force to overcome static
friction. Static friction grows with an increase in tan�
gential displacement until it reaches a value required
to produce the motion of bodies in contact, as shown
in Fig. 1.

Although two bodies are motionless on a macro�
scopic level, there is a microdisplacement, also called
“preliminary displacement,” which occurs in the con�
tact zone prior to the moving stage. This microdis�
placement can reach relatively high values when one
of the contact surfaces has small tangential stiffness
compared to another contact surface, as is the case
with rubber and metal. The principal parameter of
static friction is the maximum static force; upon
reaching this force, sliding occurs. Then, the friction
force decreases and sliding proceeds uniformly.

The coefficient of static friction is determined
using the maximum friction force, which must be
overcome in order to produce the relative displace�
ment of contact surfaces. The coefficient of friction
depends on the normal load, atmosphere, tempera�
ture, adsorption films, material, and topography of
solids in contact, etc. In general, it can be said that
coefficient of static friction increases with an increase

in surface roughness parameters [5], while a low coef�
ficient of friction is related to the smooth surfaces [6].
Some authors concluded that certain friction parame�
ters, e.g., skewness and kurtosis, exerted a greater
influence on the coefficient of static friction than
other parameters [7]. 

A better understanding of static friction requires
knowledge of its generative mechanism, which was the
topic of numerous investigations, especially in metal
contact pairs [8, 9]. In particular, the authors of [8]
studied static friction between a steel ball and an
indium block, which concludes that the material starts
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Fig. 1. Friction force vs. tangential displacement. 
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to flow until the contact surface area is large enough to
withstand the load. The displacement due to tangen�
tial material flow causes further enlargement of the
contact surface area. Due to the constant increase in
tangential force, the real contact area grows until the
moment when the tangential force surpasses the fric�
tion force and sliding begins. At low temperatures, the
mechanism of static friction pertains to the creep of
asperities in the direction of displacement, while at
high temperatures, microwelding occurs and sliding
takes place when welding bridges are broken [10].

Experimental studies of static friction have mostly
been focused on the moment when the contact makes
transition from static friction to sliding. In machinery,
this transition is followed by an unwanted stick–slip
effect. This effect causes the severe wear of steel con�
tact pairs, which depends strongly on the normal load
[11]. The authors of paper [12] investigated static and
sliding friction with and without lubrication of steel–
steel, steel–aluminum, and aluminum–aluminum
contact pairs. They concluded that the steel–alumi�
num contact pair had the highest coefficient of static
friction due to the stick–slip effect, while the steel–
steel contact pair exhibited the lowest one. The surface
roughness had less influence on the contact of identi�
cal materials. The increase in normal load led to an
increased coefficient of static friction in the steel–alu�
minum contact, while in the contact of identical
materials, it made no significant impact. The presence
of mineral oil in the contact zone had a lower effect on
the coefficient of static friction than on the sliding
friction. 

Friction characteristics of materials at high tem�
peratures were frequently the focus of researchers;
however, a very small number of papers studied the
coefficient of static friction at high temperatures. The
authors of [13] investigated the static and dynamic
coefficient of friction using a pin�on�disc tribometer
with linear reciprocal displacement. The coefficient of
static friction was measured at the moments of the
minimum sliding speed, while the dynamic coefficient
of friction was measured at the maximum sliding
speed. The results showed that the coefficient of static
friction was higher than the dynamic coefficient of
friction in all experiments, and that it increased with
temperature. 

The authors of [14] investigated the coefficient of
static friction under low normal loads. For normal
loads below 100 mg, an average coefficient of static
friction increases as the normal load gets lower. For a
load range between 100 mg and 1.1 g, the coefficient of
static friction practically remained constant and
ranged from 0.3 to 0.4. The results indicate that,
despite exquisite smoothness, its real contact surface
area is still significantly smaller than the nominal one,
and the coefficient of static friction still depends on
load (this fact is predicted by theory [15]). The tests
with solid particles between the contact surfaces have

shown that for small loads (<0.9 Pa), the change of the
coefficient of static friction is insignificant in the case
of both abrasive particles and solid lubricants. 

One of the investigation topics was the identifica�
tion and quantification of the impact of various factors
on coefficient of static friction in machining fixtures
[16]. The authors attempted to determine the mini�
mum clamping force, which is sufficient to prevent
workpiece sliding. They also showed the dependence
of the coefficient of static friction on various factors,
such as machined surface quality, geometry and size of
contact elements, clamping force, presence of lubri�
cant or coolant, and contact pair stiffness. It was con�
cluded that the coefficient of static friction increased
with a decrease in body stiffness and is independent of
the nominal area of the contact surface.

Static friction was also the focus of theoretical and
experimental investigations that suggested useful
models pertaining to the layout of roughness patterns
on the surface of the elastic bodies and the adsorbed
lubricant layer as well as the conditions in which the
relative sliding emerges [17–21]. The literature review
revealed that the experimental investigations of coeffi�
cient of static friction were conducted using various
designs of equipment and contact geometry [8, 13, 14,
16, 22–24].

To the best of the authors' knowledge, presently,
there are no systematic investigations in the field of
coefficient of static friction determination at higher
temperatures and low contact pressure. With this in
mind, the aim of the work is to improve the known
methods for measuring static friction in order to pro�
vide reliable tests at high temperatures and low contact
pressures. 

MATERIALS AND METHODS

The development of a tribometer for measuring the
coefficient of static friction at high temperatures and
under low contact pressure was faced with a number of
physical and technical problems. According to the
available literature, there have been no reports on the
successful realization of tribometers for the measure�
ment of coefficient of static friction at high tempera�
tures and low contact pressure. The problems are due
to the fact that it is difficult to accurately measure very
small values of normal load and friction force. Bearing
in mind that, for reason of reliability, electronic force
sensors must be outside of the high temperature zone,
it is necessary to mechanically transmit the signals of
small displacements and forces from the high�temper�
ature contact zone to the sensors. 

The idea of this study is to improve the method for
measuring the coefficient of static friction on an
inclined plane. As is well known, the coefficient of
static friction represents the ratio between friction
force and force that acts normally to the contact sur�
face, where the equilibrium condition on the inclined
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plane is Fµ > mgsinα (Fig. 2). In the case of the onset
of sliding, we have

(1)

where μ is the coefficient of static friction, Fµ is the
friction force, m is the body mass, g is the gravitational
constant, and α is the angle of plane inclination.

The coefficient of static friction measuring inaccu�
racy can only be attributed to the inaccuracy of mea�
suring the angle α relative to the horizontal line at the
moment when the body makes a transition from the
motionless state to displacement. When using some
measuring system, if one provides a periodic change of
angle α with an accuracy of, e.g., one angle minute 1�
with fairly long time periods Δt, during which the body
is resting motionless on the inclined plane, it follows
that the measuring inaccuracy is the function of α and
the measured coefficient of friction as shown below:

, (2)

where ε is the relative error and Δα is the angle mea�
suring error. Bearing in mind that the coefficient of
friction is μ = tanα, the diagram in Fig. 3 allows one
to determine the relative error ε(μ). The diagram in
Fig. 3 clearly shows that, while using an inclined plane
to measure a coefficient of static friction of 0.1, the
measuring error was just 0.3%. For larger coefficients
of friction, the measuring error should be smaller.

A schematic diagram of the device for measuring
coefficient of static friction is shown in Fig. 4. As can
be seen in the figure, the contact pairs, together with
the electric resistance heater and the temperature
probe, placed very closely to the contact zone, are ale
of rotating for the desired angle, α, relative to the hor�
izontal plane. The measurement of the inclined plane
angle is performed mechanically, with an angle read�
ing accuracy of one angle minute. The measuring sys�
tem is separated from the zone of high temperatures,
insulated, balanced with masses m1 and m2 and within
it there are no components with a temperature above
30°C, even when the contact pairs are heated to

sin
tan ,

cos

F mg
N mg
µ α

μ = = = α
α

tan( ) tan
100, [%]

tan
α + Δα − α

ε = ⋅

α

200°C. Moreover, there are no components within the
measuring system that suffer deformation due to
mechanical loads.

The photographic images of the proposed device
are presented in Fig. 5. It is easy to see that the inclined
plane’s angular position is regulated manually by turn�
ing the graduated angular measurement protractor,
the angle�reading accuracy of which is one minute. On
the major scale, which is shown in Fig. 5, the angles
are etched in degrees; thus, the device allows the
inclined plane to be rotated by up to 60°. The device is
leveled using the spirit level with an accuracy that
exceeds 0.01/200. Based on various geometries, it is
possible to simulate various contacts from point to line
and surface contacts. A desired contact temperature is
set using a thermoregulator. 

EXPERIMENTAL INVESTIGATIONS 

Experimental investigations were conducted to
establish the influence of temperature on the coeffi�
cient of static friction. The line contact was simulated
between the cylinders and the internal surfaces of the
grooves. The photos of the block and test cylinders are
shown in Fig. 6.

The test cylinders were made of copper alloy with
the following chemical composition: 1.3% Sn, 0.19% P,
98.51% Cu; density 8890 kg/m3, modulus of elasticity
117 GPa, and Poisson ratio 0.33. The cylinder radii Rv

ranged from 2 to 7 mm, while their lengths were equal
to 20 mm. Accordingly, the masses of the test cylinders
ranged from 2.23 to 27.37 g. The block with the
grooves of the following radii: Rb1 = 2.5 mm; Rb2 =
5 mm; Rb3 = 6.5 mm; and Rb4 = 8 mm, was made out
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Fig. 2. Equilibrium of body on an inclined plane.
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Fig. 3. Graphic representation of relative measuring error
of coefficient of friction obtained on an inclined plane.
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of chrome alloy steel, 100Cr6 (E52100), with the fol�
lowing chemical composition: 1% C, 0.25% Si, 0.2–
0.4% Mn, 1.5% Cr; hardness > 61 HRC, modulus of
elasticity 203.3 GPa, and Poisson coefficient 0.285.

The surface roughness of both contact pairs ranged in
the interval of Ra = 0.8–1 μm. The experiments were
conducted with temperature increments of 20°C,
starting from T1 = 20°C, up until T2 = 180°C. Each
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Fig. 4. Schematic diagram of tribometer.

Fig. 5. Photographs of the tribometer. 

Fig. 6. Photographs of test specimens.
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measurement was repeated ten times for a total of
1350 independent experiments in order to minimize
the influence of random errors.

RESULTS AND DISCUSSION

Using expression N = mgcosα for m = 2.23–27.37 g,
and limit values of the angle α, which allow a transi�
tion to sliding, the normal contact load was calculated.
The values of the normal load ranged from 0.017 to
0.263 N. The cylinders maintained the contact with
the groove walls of various radii (Rb1 = 2.5 mm; Rb2 =
5 mm; Rb3 = 6.5 mm; Rb4 = 8 mm) and the contact
pressure was calculated based on the theory of elastic�
ity as follows:

(3)

Here, p is the contact pressure, q is the load per unit
length of cylinder,  is the cylinder radius, Rb is the
groove radius, μ1 is the Poisson ratio for cylinder mate�
rial, μ2 is the Poisson ratio for block material, E1 is the
elasticity module for cylinder material, and E2 is the
elasticity module for block material. Based on the cal�
culations according to Eq. (3), the theoretical contact
pressure varied from 1.89 to 4.70 MPa.

Figure 7 presents a plot of the coefficient of static
friction μ versus temperature T, at a contact pressure
of p = 2.02 MPa, which corresponds to  = 2 mm and
Rb = 2.5 mm, and p = 4.47 MPa, which corresponds to

 = 3 mm and Rb = 8 mm.
Based on the tests, it is clear that the method of

inclined plane can be efficiently applied in the experi�
ments at high temperature and low contact pressures.
The experiments were performed with small normal
loads of 0.017–0.263 N and theoretical contact pres�
sures in the interval of 1.89–4.70 MPa.
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It should be noted that the real contact pressure
obtained for small normal loads probably deviates
from the calculated pressure, but based on the tests, it
can be concluded that temperature has a pronounced
influence on the coefficient of static friction. For
example, the temperature variation at 20–180°C
results in the almost triple coefficient of static friction.
These large changes in the coefficient of static friction
are obviously the result of thermal influence on the
contact pair material and/or surface films, e.g., water
and organic contaminants, which can serve a lubricant
[18]. The coefficient of static friction remains rela�
tively constant up until a temperature of 120°C, but it
seems that temperatures above 120°C causes changes
of tribological properties in the surface layers of the
contact pairs and/or the adsorbed films.

Based on the diagram shown in Fig. 7, it follows
that, over the entire temperature range, lower contact
pressure p corresponds to a higher coefficient of static
friction μ and vice versa. This proves that, even at low
contact pressures and high temperatures, the coeffi�
cient of static friction depends on contact pressure,
which complies with the results obtained under differ�
ent experimental conditions [14, 23, 24]. It should be
noted that the increase in the dispersion of the coeffi�
cient of friction, which is observed as the oscillation
around the basic trend line, quite probably results to at
least some extent from inevitable differences in con�
tact pair topographies. It has already been mentioned
that, prior to the experiment, the roughness of contact
pairs was made approximately equal to Ra = 0.8–1.0 µm.
However, the average arithmetic roughness is not the
only parameter of the surface pattern; there are many
other parameters that contribute to the effect of
roughness and texture on friction [25].

CONCLUSIONS

The developed device for measuring the coefficient
of static friction at high temperatures and small contact
loads, which employs the inclined plane principle, is
designed to allow the very accurate determination of the
coefficient of static friction. The inclination angle read�
out error is less than 1 min, which means that the mea�
suring inaccuracy of the coefficient of static friction can
be disregarded for practical purposes. This is especially
true when measuring it at higher temperatures, i.e., for
higher static sliding coefficients of friction.

The results of measuring the coefficient of static
friction at high temperatures and small contact loads
(low contact pressures and small normal load) indicate
that temperature and contact pressure significantly
impact the value and dispersion of the coefficient of
friction.

There are numerous areas of engineering, espe�
cially mechanical engineering, where external static or
dynamic loads are balanced by friction forces. Accord�
ingly, a significant increase in the coefficient of static

μ
0.7

0.6

0.5

0.4

0.3

0.2
20 40 60 80 100 120 140 T, °C

1

2

Fig. 7. Static coefficient of friction µ vs. temperature and
contact pressure: (1) p = 2.02 MPa and (2) p = 4.47 MPa.
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friction at temperatures within 120–180°C, under
small specific pressures, can have important industrial
applications with regard to higher loads of tangentially
loaded contact interfaces where external forces are in
equilibrium with the friction forces.

Future investigations should be directed towards
the more accurate determination of the reasons for
temperature effect, in particular at controlled humid�
ity, as well as a more detailed evaluation of the rough�
ness and texture effect on static friction.

DESIGNATIONS

Fµ—friction force; μ—coefficient of static friction;
m—body mass; g—gravitational constant; α—angle of
plane inclination; ε—relative error; Δα—angle mea�
suring error; p—contact pressure; q—load per unit
length of cylinder; —cylinder radius; Rb—groove
curve radius; μ1—Poisson ratio for cylinder material;
μ2—Poisson ratio for block material; E1—elasticity
module for cylinder material; E2—elasticity module
for block material; T—temperature; Ra—surface
roughness.
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