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Measuring the dynamic forces to identify the friction of a
graphite–copper contact for variable temperature and current
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Abstract

In this paper we present experimental and analytical techniques for identifying the coefficient of friction (COF) of a graphite electric brush
sliding against a commutator for different contact temperatures and electric current densities. A direct measurement of the instantaneous
dynamic forces is used to identify the coefficient of friction. The experimental example shows that the presented procedures can be used to
determine the optimum operating ranges for the temperature and the electric current density.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Despite the fact that electric brushes have been integral
arts of electric motors for decades, reducing the coefficient
f friction (COF) of the electric brushes remains a challenge.
he reason why the COF has proved to be such a problem is

he complexity of the different phenomena, e.g., electric, ther-
al, elasto-mechanic and chemical. In the next paragraphs
e will take a brief look at some of the research work carried
ut over the past decade.

Milkovič and Ban have done a lot of experimental work
n the subject of the COF [1,2]. They found that the pulsating
urrent supply of the commutator machine has a noticeable
ffect on the size of the contact area between the electric brush
nd the commutator. Using the “electric-balance” method
hey found that an increase in the amplitude of the pulsat-
ng current leads to a decrease in the COF. In their research
1,2] a short-circuited commutator was used, and only the
ateral force was measured.

The research work of Milkovič et al. was continued
y Šimunič et al. [3] who built a mathematical model

of the COF for dc machines supplied with a pulsating
current. They found that the temperature T decreases the
COF at a rate ≈−8 × 10−3√T; the average current I, at a
rate ≈−3 × 10−4I; and the maximum current Im, at a rate
≈−1.5 × 10−4Im. The frequency of the pulsating current was
found to have only a negligible effect.

Csapo et al. [4] measured the COF of a graphite–graphite
electric contact in the presence of argon. They found that
in argon gas and at low sliding speeds the COF can be as
low as 0.06; however, as the sliding speed increases the COF
increases up to 0.7. They found that the electric current pass-
ing through the contact area increases the COF. Using a strain
gauge they measured only the lateral force; the influence of
the temperature was not studied.

Mansori et al. [5] studied steel/graphite sliding contacts
crossed by a dc electric current and subjected to a dc magnetic
field. They found that the combined effects of the electric
current and the magnetic field reduced the COF. The exper-
imental set up is a modification of that from [4]; the electric
current was up to 80 A and the magnetic field intensity was
up to 6 × 104 A m−1.
∗ Corresponding author. Tel.: +386 1 4771 608; fax: +386 1 2518 567.
E-mail address: miha.boltezar@fs.uni-lj.si (M. Boltežar).

They found that the electric current effectively decreased
the COF, and that the COF can be further reduced with a
magnetic field intensity higher than ≈2 × 104 A m−1.

043-1648/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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In [6] Senouci et al. studied the wear mechanism of a
graphite–copper electric sliding contact. They found that the
mechanical wear increased with the applied normal load and
decreased depending on the basal plane orientation of the
graphite. However, on the other hand, the electrical wear
decreased with the applied normal load and decreased when
the graphite’s basal plane was oriented in the sliding direction.
For the testing they used a classic pin-on-disk tribometer in
a controled gas environment. They found the COF decreased
when an electric current was applied. Furthermore, they
observed a small difference in the COF between the cath-
ode and anode brush (≈15% higher on the cathode).

In 2001 Zhao et al. [7] published their research on the
influence of the sliding speed, the normal load and the cur-
rent on the COF and the wear of a carbon–graphite material.
They used a classical pin-on-disc measurement where the
normal force was applied through a spring, and only the lat-
eral force was measured. The study showed that without an
electric current the effect of the load and the sliding speed
on the wear rate can be described by Archards wear equa-
tion (W = KNl/H, where N is the normal contact force, l is the
sliding length, H is the material’s hardness and K is the wear
coefficient) [8]. However, when applying the current the fric-
tion and wear behaviors are both complicated and difficult to
describe. Nevertheless, using scanning electron microscopy
(SEM) to analyze the wear particles from the tests with and
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through which the particles can escape without scratching
the brush’s bottom surface. They found that micro-vibrations
with a 10–100 �m amplitude and 10–100 Hz can reduce the
sliding wear by up to 50% (mass of brush under experiment:
≈90 g). Using SEM they discovered that the typical charac-
teristic length of the wear particles decreased in the rocking
regime. By studying the effects of the clearance between
the carbon brush and the holder they found that tighter fits
restricted the rocking and looser fits permitted it; this holds
regardless of the tangential or axial clearance. Severe vibra-
tions can however encourage arching of the brushes and also
increase the wear [16].

The dynamics of the electric brush and the rocking phe-
nomena were further studied in [17], where a quantitative
relationship between the amount of wear and the total kinetic
energy of vibration was observed. In recent studies [18] a
mathematical model with 4 degrees of freedom was studied.

It is usually hard to distinguish thermal mounds from
sparking, and the reasons for sparking are usually the sharp
peaks in the electric current that are a result of the commu-
tation. From the electrical point of view the magnetomotive
force, which is derived from the commutation’s rectifying
current, generated a harmonic magnetic flux; this waveform
represents a higher amplitude of the reactance voltage, which
was found to be the main cause of the spark generation [19].

Using ultra-high-speed photography (up to 800,000
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ithout an electric current the different wear processes were
dentified.

Using experimental and theoretical techniques Bryant and
oworkers [9–12] found that the performance of an electric
rush is greatly affected by the combined effects of the cur-
ent flow and the sliding. Using the finite-element method Lu
nd Bryant [11,12] simulated a carbon–graphite block slid-
ng against a fast moving conductor. To simulate the coupled
lectrical, thermal and thermo-elastical fields and the elas-
ic contact stresses they took into account the heating due to
rictional power dissipation and the internal Joule heating.

The simulations showed that the real contact area between
he brush and the slip ring is only a small fraction of the appar-
nt contact area; therefore, the electric current is constricted
nd consequently the Joule heating increases. In combination
ith the increased frictional heating the local temperatures

an be extremely high. As a consequence of local temperature
eaks the material locally expands and separates the brush
nd the slip ring at the remaining contact spots. The result is
hat even more current goes to the locally heated contact spot,
hich leads to thermo-elastic instabilities or thermal mound-

ng [9,13]. Bryant et al. found good agreement between the
xperiment and the theoretical models, and they also found
hat even though the thermal mounds might appear only inter-

ittently, they can still induce a severe wear rate [14].
Further work of Bryant et al. [15] revealed that the thermal

ounds can be reduced by the surface waviness that induces
rocking) vibrations. The two main functions of the rock-
ng vibrations are (a) to prevent stationary spots (in time)
hat could lead to thermal mounds, and (b) to create a gap
rames/s) Hanazawa et al. [20] optically observed that the
ommutation spark is generated at the moment when the
rush and the commutator segment (lamella) are separated
rom each other during the rotation. They measured the life-
ime of the spark and found that spark initiation is observed
t the instant of the current peak. The spark then gradually
rows for ≈60 �s, and then annihilates in the next ≈180 �s.
ecause the spark’s lifetime is considerably shorter then the

ime needed for building up the thermal mound (100–200 ms
12]) sparking can lead to thermal mounding only if it is con-
inuous. However, thermal mounds can also build up because
f friction and other effects.

Research into commutator wear and its wave characteristic
as also done by Wilk and Moson [21]. They found that the
ear changed in such a way that the top of the profiles of

he waviness always moved in the opposite direction to the
ommutator’s rotation. This could lead to the conclusion that
he lamellas are also worn out on the lead-out side of the
rush (as are the brushes).

In the field of measuring the coefficient of friction under
ynamic conditions a lot of research was done by Polycarpou
nd Soom [22–24]. Polycarpou and Soom [22] used piezo-
lectric force sensors to identify the coefficient of friction. In
his research a similar procedure will be used; however, more
ttention is paid to the actually measured dynamic forces.

Friction-induced vibrations were also widely studied by
kay and coworkers [25–27].
Some very recent atomic-scale research by Dienwiebel et

l. [28] on the topic of the superlubricity of graphite crystals
s very promising. By measuring the atomic-scale friction as a
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function of the rotation angle of a graphite mono-crystal they
found a region of COF decrease of more than one order of
magnitude. Further experimental work on the topic of super-
lubricity [29] revealed that the reason for the ultra-low friction
could be the transition from stick-slip phenomena (with the
periodicity of the graphite hexagonal crystal lattice) to con-
tinuous sliding.

We would like to point out that researchers working on dif-
ferent size scales observed a decrease of the COF of graphite
as a consequence of dynamic instabilities [15,28,29]. This
is probably because they observed the same phenomena that
was already studied by Oden and coworkers [30,31], who
found that the well-known reduction in the COF with an
increase in sliding speed is a consequence of the dynamic
instability of stick-slip phenomena on the atomic scale. This
dynamic instability was experimentally proven and theoreti-
cally explained by Dweib and D’Souza [32,33].

The aim of our work was to study the COF properties
of an electric brush and copper commutator couple. While
other researchers have focused on the long-term COF, this
study was focused on the changes in the instantaneous COF
while varying the temperature and the current density. Fur-
thermore, while other researchers measured the COF of the
brush indirectly by measuring the force of the brush on the
brush-holder, this research presents a direct measurement of
the forces acting on the brush.
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3 g brush and the 4 N force guarantee a disconnects- and arcs-
free contact, Fig. 1.

The second electrical circuit with a power-variable ac
source is used for Joule heating of the commutator only.

No interference between the two electrical circuits could
be observed.

As shown in Fig. 1, one electric brush of the primary cir-
cuit is attached to a three-axis forcemeter (Kistler 9017 A);
the forcemeter is further attached to rigid surroundings. The
surroundings of the rotor and forcemeter are electrically and
mechanically insulated.

The piezo-electric forcemeter measures three orthogonal
forces simultaneously; in this study x, y and z. The dynamic
range of the forcemeter is as follows: Fz = −2 to +2 kN and
Fx = Fy = −1 to +1 kN. The threshold of the sensor is <0.01 N.

The forcemeter is connected to a conditioning amplifier,
of which the high-pass filter (characteristic time constant)
defines the lowest frequency that can be measured.

The Brüel&Kjær Nexus 2692 conditioning amplifier with
high-pass filter was set to the lowest possible value, i.e.,
0.1 Hz. Because of the high-pass filter only dynamic forces
can be measured. To denote the dynamic forces the subscript
“d” is used, see Fig. 2.

Consequently, with the high-pass filter, the static pre-stress
forces, denoted with the subscript “s”, cannot be measured
with this set-up. As we will see later, it is also not needed.
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l setup.
. Experimental setup

A scheme of the experimental setup is shown in Fig. 1.
he surface of the short-circuited commutator is connected to

wo electric circuits. The primary electrical circuit involves
12.5 V dc source that is connected in series to a variable

esistance with the electric brush tip as a switch. The primary
lectrical circuit is used to vary the electric current through the
ontact area between the brush tip and the commutator. The
pproximately 6 mm × 11 mm contact area of the additional

Fig. 1. Scheme of the experimena
The dynamic forces and the voltage of the first electric cir-
uit were acquired simultaneously with a 16 bit A/D National
nstruments acquisition card (sampling frequency: 1 kHz).

To ensure a good contact, the actual contact force
=static + dynamic) between the brush tip and the commu-
ator must be positive. This condition ensures the static pre-
tress force is equal to or higher than the maximum negative
ynamic force.

The actually used static pre-stress forces are estimated to
e in the range 2–3 N.

The tested commutator is made up of 24 lamellas with an
uter diameter of approximately 22 mm, the rotating speed

Measured values are underlined.
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Fig. 2. Dynamic forces on the brush at a rotating speed ≈250 rpm.

of the commutator is 250 revolutions per minute (rpm); the
sliding speed of the brush is approximately 0.28 m/s.

To achieve a well-defined electro-mechanical contact,
two brush tips are used: tip (a) a flat-shaped cross-section
2 mm × 2 mm with a length of 2 mm, and tip (b) a flat-
shaped cross-section 1 mm × 1 mm with a length of 1 mm.
As will be seen later, the dynamic normal force ranges from
approx. −2 N to +2 N; if a 2 N static force is assumed,
then the approximately 4 N of normal direction is expected;
the maximum contact pressure of the smaller brush tip is
4 N/1 mm2 = 4 MPa, and for the second brush tip the maxi-
mum contact pressure is 4 N/4 mm2 = l MPa.

The main reason for using a brush tip with a relatively
small cross-section is to achieve a quick run-in period and
also to achieve a well-defined a-spot (or cluster of a-spots)
electrical contact [34,35].

The commutator’s surface temperature is measured using
a contact thermo-sensor, while the rotor is at rest; this mea-
surement takes about 5 s.

3. Identifying the coefficient of friction

3.1. Correlation between the x, y and z forces

m
b
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i

b

C

s
l
c
f

Fig. 3. Correlation function between the dynamic forces Fx,d and Fy,d as a
function of time shift τ (1).

Fig. 4. Correlation function between the dynamic forces Fx,d and Fz,d as a
function of time shift τ (1).

Fig. 5. Correlation function between the dynamic forces Fy,d and Fz,d as a
function of time shift τ, Eq. (1).
In the introduction we cited several authors, most of them
easured only the normal and the tangential force on the

rush, as they expected the axial force to be negligible [22].
By using the correlation function we will quantitatively

how that the influence of the force in the axial direction (x)
s actually negligible.

The correlation function of discrete lists x and y is defined
y:

x,y(j) =
∑

i(xi − x̄)(yi+j − ȳ)√∑
i(xi − x̄)2

√∑
i(yi+j − ȳ)2

(1)

At j = 0 or τ = 0 s the correlation function equals the Pear-
on’s correlation coefficient [36]. Figs. 3–5 present corre-
ation functions for typical measured dynamic forces. We
an see that the correlation functions are influenced by two
requencies: the rotating speed (f0) and the rotating speed
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Fig. 6. Force phase-plots of forces Fx,d and Fy,d.

multiplied by the number of lamellas (fl). By using the cross-
spectra it was found that at fl the amplitudes of the cross-
spectra yz are considerably higher than the amplitudes of the
cross-spectra xy and xz at the same frequency.

From Fig. 5 it is obvious that at zero time-shift (τ = 0 ms)
the correlation yz is close to −1 (negative because of the
orientation of the forcemeter).

We have experimentally observed that the assumption of
negligible axial forces can be used if the correlation yz is high,
we found |Cy,z|� 0.85 as a necessary, but not sufficient, con-
dition. All the measurements in this paper are in agreement
with this condition.

As the COF is very dependent on the commutator sur-
face, the position of the brush relative to the commutator (all
three translations and all three rotations), a well run-in brush,
the rotor’s turning speed, the length of the brush tip, a good
arrangement of the bearings and rotor, etc., we found that
the simple Pearson’s correlation coefficient was suitable for
a quick assessment of a potentially good measurement.

3.2. Using linear regression to identify the coefficient of
friction

The Coulomb friction law is defined by:

Ft = µFn, (2)
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Fig. 7. Force phase-plots of forces Fx,d and Fz,d.

Eq. (5) is valid if the coefficient of friction does not depend
on the magnitude of the normal force. The validity depen-
dence of the COF on the normal force will be researched
later.

Fig. 8 presents the phase-plot of the forces Fy,d and Fz,d.
By using linear regression we can find the COF that best suits
the measured data:

E =
n∑
i

(Fy,d,i − f (Fz,d,i))
2, (6)

where:

f (Fz) = µrFz + Fy,0. (7)

By minimizing Eq. (6) according to µr and Fy,0 we find:

E = −−∑
iFy,d,i

∑
iFz,d,i + n

∑
iFy,d,iFz,d,i

(
∑

iFz,d,i)
2 − n

∑
iF

2
z,d,i

. (8)

The Fy,0 is not defined here, but it was found to be close
to zero for all measurements.

Index τ is used to distinguish the linear regression COF
from the theoretical µ.

3.3. Does coefficient of friction depend on normal force?

d
s

here µ is the COF and Ft and Fn are the tangential and nor-
al forces, respectively. Because the axial force is negligible,

he following can be used:

y = µFz, (3)

In our case the contact force Fz is defined as the sum
f the static pre-stress and the measured dynamic force:
z = Fz,s + Fz,d (Figs. 6 and 7). By using the same principle

or the friction force in Eq. (3):

y,s + Fy,d = µ(Fz,s + Fz,d) (4)

nd further, by using Fy,s = µFz,s, we see that only the
ynamic forces are needed to identify the COF:

y,d = µFz,d. (5)
In Section 3.2 we used the usual assumption that the COF
oes not depend on the normal force. In this section mea-
ured data will be used to present methods for estimating

Fig. 8. Force phase-plots of forces Fy,d and Fz,d.
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Fig. 9. Coefficient of friction as a function of Fz,d. (- - -) µr linear regression
method, Eq. (8).

the influence of the amplitude of the normal force on the
COF.

In the first step the measured dynamic forces are re-sorted
according to the normal force Fz,d into 16 ranges from −1.36
to +1.12 N. In the second step Eq. (5) is used to obtain an
average COF in each range.

The results are presented in Fig. 9, we see that the COF
differs by less than 15%. In the ranges where the force Fz,d
is near zero – because of dividing by small numbers (5) – a
higher numerical error is present.

To decrease the division error we exclude the data with
Fz,d in the range −0.35 to +0.35 N.1 The mean COF at neg-
ative dynamic forces (from −1.36 to −0.35 N) would be
µa = 0.160. Similarly, the COF at positive dynamic forces
(from +0.35 to +1.12 N) would be µb = 0.155.

A similar analysis for the COF’s normal force was done
for each measurement and will be commented on in Section
4.

4. Results and discussion

4.1. Temperature dependency of the COF

To measure the COF’s dependency on temperature a sec-
ondary electric circuit is used (Fig. 1) to heat (Joule heating)
t
l
c
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t
C
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was measured only intermittently every 100–200 s; to mea-
sure the temperature the rotor needed to be stopped for a few
seconds (denoted with symbol � in Fig. 10).

In Fig. 10 the results of a 4060 s long experiment are
shown. The test starts at 155 ◦C; we can see that the COF
slowly decreased to a COF of approximately 0.1. However, at
1000 s, as the heating is increased, the temperature increased
up to 175 ◦C, and in the same time the COF increased from
0.1 up to approximately 0.15. As at approximately 2000 s
the heating decreased the COF decreased again to a level of
approximately 0.1. At approximately 3600 s the temperature
of the commutator surface decreased from 135 ◦C to approx-
imately 130 ◦C, and consequently the COF increased. At
approximately 3700 s the slightly increased heating raised the
temperature to 135 ◦C, as a consequence the COF decreased
again to 0.1. At the end of the experiment at 3950 s the heat-
ing was turned off and the temperature of the commutator
surface fell in approximately 1 min from 135 to 100 ◦C, at
the same time the COF increased from 0.1 to above 0.2.

From Fig. 10 we can also see that at high temperatures
the COF increases slightly with normal force: µa is approxi-
mately 10% lower and µb is approximately 10% higher than
the “average” µr. In the temperature range below 155 ◦C the
difference between µa and µb is much smaller and according
to Section 3.3 the COF identified by linear regression µr is
more accurate then in the region of high temperature (above
1

d
F
t
a
n
i
i
o
t
t
t
c
i

4

b
s
t
w
m
c
a
7
≈

t

he short-circuited commutator surface up to some particu-
ar temperature. It can be assumed that the brush tip in the
ontact zone is at a comparable average temperature to the
ommutator surface. The sliding velocity was 0.28 m/s and
he normal force on the pin was in the range from 2 to 6 N.
ompared to the heating energy (estimation 10–60 W) the
issipation of the friction energy (approximately 0.1 W) had
negligible influence on the average contact temperature.

The temperature test was made using the brush tip with
he 2 mm × 2 mm cross-section; the rotating speed of the
otor was 250 rpm. After each 10 s a measurement of 2 s
as acquired. The surface temperature of the commutator

1 For identifying the range the standard deviation of all samples can be
sed.
55 ◦C).
From the COF-versus-time and temperature-versus-time

iagrams we can draw a COF–temperature diagram, see
ig. 11. As the temperature increases from 160 to 175 ◦C

he COF increases, and later when the temperature decreases
gain the COF decreases also. However, as the contact zone
eeds time to revitalize we can observe a hysteresis dur-
ng the cooling down. At about 130 ◦C the COF tends to
ncrease steeply. According to Shobert [16] the evaporation
f adsorbed water films on the commutator surface could be
he reason for the friction reduction. As the glass-transition of
he electric brush material is at approximately 120–130 ◦C,
he reason for the abrupt decrease of the COF could be in the
hange of the mechanical properties and the contact dynam-
cs [29].

.2. Current density dependency of COF

To measure the COF’s dependency on current density the
rush tip with the 1 mm × 1 mm cross-section was used. The
maller cross-section makes it possible to achieve good con-
act situations and high current densities. To simulate the
orking conditions of the commutator-brush couple the com-
utator surface was heated with the secondary electrical

ircuit to 100 ◦C. The rotating speed was 250 rpm, each 10 s
2 s long measurement was made. The test duration was

00 s and the current density was increased step-wise from
2 A/mm2 up to ≈6.5 A/mm2, see Fig. 12.
In Fig. 12 we can see that as the current density increases

he COF decreases. It is interesting that the current density
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Fig. 10. COF and temperature in time.

Fig. 11. COF as a function of temperature.

below 3.4 A/mm2 has little effect on the COF. However, when
the current density is increased at 290 s to 3.4 A/mm2 the
COF decreased very quickly. A similarly quick decrease can
be observed when the current density is set to 4.5 A/mm2

when the COF reaches a minimum of approximately 0.1. If
the current density is increased even more, then the COF
increases steeply up to 0.25; in a matter of a second sparking
appears and the contact-zone is burned out and finally the
contact is lost.

By comparing the results of the influence of the tem-
perature and the current density we can see that there is a
temperature- and current-density-dependent optimum range
with a low COF. From the results it is believed that for a low
COF it is very important that the contact-zone temperature

is over the glass-transition temperature, but it should also be
below the temperature at which the bonding materials of the
graphite brush begin to burn out.

The surface temperature of the commutator could be mea-
sured only at the beginning and at the end of the test. Because
of the current in the primary electrical circuit the tempera-
ture of the commutator surface rose from 100 ◦C at start up
to 135 ◦C at the end (700 s); the real contact temperature of
the contact-zone was probably higher. We believe that the
current density changes the temperature of the contact zone
and that this changes the friction.

5. Conclusions

To identify the coefficient of friction other researchers usu-
ally measure only the tangential force, while the normal force
is determined by the compression of the spring. Because the
tangential forces are measured on the brush holder the uni-
lateral contacts between the brush and the brush holder are
not excluded, and consequently only the average tangential
forces can be measured.

In contrast to classical research this study presents a direct
measurement of the friction forces. As the electric brush
was attached to a forcemeter that was attached to rigid sur-
roundings we were able to directly measure the instantaneous
d
m

ensity o
Fig. 12. COF and current d
ynamic forces applied to the brush. With a direct measure-
ent of the dynamic forces it is possible to measure relatively

f the first electrical circuit.
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quickly the changes of the COF with temperature or current
density. Furthermore, by measuring the instantaneous forces
we were able to experimentally show that the COF under opti-
mum conditions is relatively constant with the normal force;
however, at increased temperatures, i.e., at a high COF, we
observed a slight increase of the COF as the normal force
increases.

The proposed measurement and analysis techniques for
the temperature and the current-density-dependent identifi-
cation of the COF are presented for an example of a graphite
brush. To achieve a dynamically stable friction regime, and
also a low amount of frictional energy, it is better to use
relatively low rotating speeds. The Pearson’s correlation coef-
ficient was found to be very useful for determining the quality
of the measurement.

It was experimentally observed that the COF of the ana-
lyzed electric brush is highly temperature dependent, with
an optimum temperature range approximately 30 ◦C wide
(above the glass-transition temperature). The influence of the
current density was also found to have an optimum range: by
increasing the current density the COF decreases to an opti-
mum level, and beyond that level of current density the COF
decreases sharply and sparking occurs. We believe that the
a-spot in the contact with the commutator locally warms to
a temperature above the glass-transition temperature of the
electric-brush; if the current density is, however, increased
f
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