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Abstract The effect of pressure on the friction and wear
properties of carbon nanotube—silver—graphite composite
with 10 A/em? and without electrical current has been
investigated. The results show that the wear of composite
increase with the increase of pressure under mechanical
wear, but the wear of composite varies with the pressure in
the shape of U under electrical wear. Pressure is a factor
related to both the electrical heating, friction heating and
abrasive wear. At a reasonable load without much increase
in the frictional heating and mechanical wear, the electrical
heating could be reduced which will result in lower total
thermal effect, and the resultant wear rate could arrive at a
minimum. The electrical wear is higher than mechanical
wear by 6-20 times. The differences between the no-cur-
rent and with-current wear is Joule heat released in the
friction zone which leads to breakdown of the lubricating
film, roughening of the brush surface, and intensification of
the adhesive interaction at the contact spots. The wear of
positive brush is higher than that of negative brush. The
friction coefficient of composite with current is greater than
that without current.

Introduction

Electrical sliding contacts are known to be moving
assemblies for which conventional lubricants cannot be
used and self-lubricating composite materials are consid-
ered as the most efficient way to solve the problem of
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current collection and wear resistance [1]. Silver—graphite
composite are typical electrical contact materials and
widely used in the electronics industry, automotive, rail-
way transport systems [2]. In electrical brush-rotor sys-
tems, currents pass between a brush and a rotor that slide
against each other and both the brush and slip ring expe-
rience wear. Since the brush material is softer than that of
the slip ring, the brushes wear out first. Excessive wear rate
has been observed for silver—graphite brushes due to the
combined effects of the high current density and the high
sliding speed. It is desirable for brush to operate with
minimum mechanical loss (low coefficient of friction),
minimum electrical loss (low contact resistance at the
sliding interface) and long brush life (low rate of wear)
[3-4].

Because of its excellent mechanical properties, physical
properties and low density as well as good wear and fric-
tion properties, carbon nanotubes (CNTs) offer tremendous
opportunities for the development of fundamentally new
material system [5—6]. Recently, preliminary research in
nanotube-based composite has been carried out on poly-
mer-or ceramic-matrix materials to improve their
mechanical properties (such as the elastic modulus, yield
strength, fracture toughness) [7-8]. However, investiga-
tions on the friction and wear performance of carbon
nanotube have been less focused and information regarding
the electrical friction and wear properties is not available
[9]. Considering the wide use of carbon fiber in brush, it is
thus rational to anticipate that composite reinforced with
carbon nanotubes, instead of graphite, would have higher
mechanical strength, electrical and thermal conductivities,
and wear resistivity.

The friction and wear properties in sliding electrical
contacts are the result of many factors, which include
contact pressure, electrical density, sliding speed, and
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material properties etc [10]. In previous researches less
effort has been put forth on the influence of pressure on the
basic friction and wear properties of electrical contact
materials and the metallurgical evidence for the electrical
wear process [11]. This paper investigates the effect of
pressure and electrical current on the friction and wear
properties of CNTs—Ag—G composite in high speed sliding
and the examination of worn surface.

Experimental procedure
Samples preparation

The multiwalled carbon nanotubes used in this work were
provided by Shenzhen Nanotech Port Co. Ltd. The diam-
eter of nanotubes is 30-50 nm, the length is 0.5-500 pm
and the purity is 95%. As carbon fiber-reinforced metal
matrix composites, the performance of the carbon
nanotubes-reinforced metal matrix composites is largely
controlled by the interface between the nanotubes and the
metal matrix and the dispersion of carbon nanotubes in
the matrix. Silver poorly wets carbon nanotubes, so that the
interface of carbon nanotubes—silver is extremely weak.
Our previous work shows that the surface treatment is an
effective way to improve interfacial adhesion of composite
and the dispersion of carbon nanotubes in the matrix [12].
So carbon nanotubes were first coated with a continuous
layer of silver by electroless plating treatment [13].

Composite was fabricated by means of powder metal-
lurgy technique and the process included mixing powder,
compacting and sintering in H, protective atmosphere. The
silver powder (99.9% purity, 30 pm grain size), natural
flake graphite (98% purity, 20 pm grain size) and nanotu-
bes were homogeneously mixed by hand grinding using a
agate pestle and mortar for 30 min and the mixture was
pressed in steel dies under a pressure of 320 MPa for 5 min
and then isothermally sintered for 1 h in pure H, protective
atmosphere at 700 °C to form carbon nanotubes—silver—
graphite composite. Composite was then repressed at
400 MPa. The composition of brush was as follows:
60 vol% Ag, 5 vol% CNTs and 35 vol% G. The micro-
structure of composite is present in Fig. 1. Figure 1 shows
that brush has about 0.35 area fraction of graphite on a face
since the volume fraction is equal to area fraction for a
random two-dimensional section.

Friction and wear measurement
The brush-rotor type friction and wear test equipment

employed in this investigation is shown in Fig. 2. The
design allows for six brushes to be tested simultaneously

Fig. 1 Optical micrograph of CNTs—Ag-G composite

Fig. 2 Schematic of the electrical wear test equipment

on three separate tracks on the ring. The rings used in the
experiment were made of Cu-5%Ag alloy and had a
diameter of 320 mm and a width of 60 mm.

The hardness of ring was 105 HB. The ring was driven
by a 400 h.p. electrical motor and the brush current was
provided by a d.c. power supply which can provide a
maximum voltage of 100 V and a maximum current of
200 A. The normal load applied to the brush between the
brush and ring was provided by a constant-force spring.
The friction coefficient of composite is given by [14]:

P— Py

e 1
Ng-F,-ow-r, (1)

u

where Ng is the number of brush; F, is the normal load ap-
plied to the brush; r. is the radius of ring; w is the angular
speed of ring; Py is the available power of motor when there is
no contact between brushes and rings; P is the available
power of motor when brushes contact with rings. The wear
was calculated from brush height measurement. The speci-
men was 25 mm long, 12.5 mm thick, and 40 mm high. The
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sliding surface of both brush and ring was polished with a
very fine Al,O5; paper before each experiment. The worn
surface of the tested samples was observed using scanning
electron microscope (SEM) and these observations were
performed without cleaning in order to observe all the fea-
tures on the worn surface including the wear scar and the
surface film. The Distribution of elements on the brush sur-
face was analyzed with a Sirion 200. In this series tests, the
ring surface sliding velocity was 10 m/s, current density was
10 A/cm?, the brush pressure varied from 0.5 X 1072 MPa to
3 x 1072 MPa, and the total sliding time was 30 h.

Results and discussion

The wear of composite under a current density of 10 A/cm?
and a sliding velocity of 10 m/s as a function of pressure
are presented in Fig. 3. Figure 3 shows that the wear
marked increased in the initial state and then varies little
with the increasing sliding time. With the increase of
sliding time, the self-lubricating film formed as the
graphite and carbon nanotubes debris accumulated and
gradually spread out at the contact interface (Fig. 4). The
composition of self-lubricating film is about 90 wt% car-
bon and 10 wt% water absorbed from surroundings [15].
The film changed the nature of contact from metal-metal to
metal-lubricating film-metal, provided a low shear resis-
tance but allowing efficient electron conduction by tun-
neling and thus resulted in lower wear rate.

Figure 5 shows the influence of different pressure on the
wear of composite with-current and no-current. From
Fig. 5 we can see that the electrical wear of composite
under different pressure is higher than mechanical wear by
6-20 times and the difference between the no-current and
the with-current wear of composite is big. Since the real
contact area on an atomistic scale between the brush and
slip ring is only a small fraction of the overall geometrical
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Fig. 3 Variation of wear of CNTs—Ag-G composite with different
pressure
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Fig. 4 Lubrication film between brush and slip ring (t=5h,
P = 1.5 x 1072 MPa)
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Fig. 5 Effect of pressure on the wear of CNTs—Ag-G composite
under mechanical and electrical wear (t =30 h)

area of the contact and the electrical current is constricted
when it pass through a contact spot. This fraction consist-
ing of islands of atomistic contact is called “o-spot”. If the
contact spots are sufficiently far separated that interaction
effects can be neglected, the model expression for the
constriction resistance R, is [1]:

i:pb—’_ps

_ Py + Py % ” (2)

R.
2 2a

where p,, ps; are the brush and slip ring electrical
resistivity, o is the radius of contact spots. So the total
contact resistance R, for current conduction through an
a-spot can be written [1]:

+ps O
_PpTPs  OF (3)

R,
“ 4o o2

where oy is the resistance of unit area of the surface film
which separated the brush from the slip ring contact
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surface. As a result current densities in the small, real
contact areas of the brushes are several times higher than
the statistical average value. When a current I is conducted
through a brush moving at a velocity V relative to the slip
ring surface, against which it is pressed with the brush
force P, the total power loss W is the sum of electrical and
mechanical loss [16]:

W = R,I* + uVP (4)

where p is the coefficient of friction. The combined effects
of electrical and frictional heat caused extremely high local
temperature which caused the evaporation of water mole-
cules in the lubricating film, inhibited the ability of the film
to remain tightly bound to the base materials, damaged the
film partially and caused adhesion of the matrix materials
to the slip ring surface (Fig. 6). Another primary contri-
bution to wear of composite is that of microcutting and
grinding of brush surface by the abrasive wear products.
SEM revealed pronounced differences in morphology of
worn surface between mechanical wear and electrical wear.
The wear lines of electrical wear were wider and deeper
than those of mechanical wear (Fig. 7). Thus the large

Fig. 6 Morphology of worn surface of composite under electrical
wear (t = 30 h, P = 2.5 x 107> MPa)

Fig. 7 Morphology of worn
surface of composite (t = 30 h,
P = 3.0 x 1072 MPa)

mechanical wear

differences observed between the no-current and with-
current wear is Joule heat released in the friction zone
which leads to breakdown of the lubricating film, rough-
ening of the brush surface, intensification of the adhesive
interaction at the contact spots, and intensification of the
abrasive of the slip ring surface.

In Fig. 5, the wear of composite is plotted against pres-
sure. Figure 5 shows that the wear of composite without
current increased proportionally with the increase of the
pressure and the wear of composite with current decreases
with the increase of pressure, a minimum is reached when
pressure is 1.5 x 10 MPa and wear remains constant when
pressure is between 1.5 X 1072 MPa-2.5 x 1072 MPa, and
then increases when pressure is further increased. The total
wear of composite AV with current can be calculated by [1]:

AV = AV,, + AV, + AV, (5)

where AV, is the mechanical wear; AV, is the electrical
wear; AV, is the sparking wear. If we assume that the
contact is essentially “clean” and that the surface film has
similar properties everywhere, the total conducting contact
area A = nma’ is related to the hardness H of the composite
by [17]:

, P P

“F ©

A =nmna
where P is the average pressure at the contact spot; 7 is the
number of a—spot; ¢ is the constant and can vary between
zero and unity. So:

- (em) ”

When pressure is smaller than 1.5 X 1072 MPa, the
mechanical wear is low, but electrical current density
through contact spot is large because of small radius of
contact spots and the electrical wear of composite is high.
At same time at high speed the load P is too low to
maintain continuous contact between the brush and slip
ring in which case the brush “bounces” and this causes

electrical wear
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heavy sparking which results in pronounced damage to the
brush and slip ring surface and causes excess wear. Thus
the total wear of composite may abruptly increase. The
mechanical wear of composite increases with the increase
of pressure, but the real contact area between brush and slip
ring increases with the increase of pressure and the elec-
trical current density through contact spot decreases and
the electrical wear decreases and sparking wear disappears
because of the continuous contact between the brush and
slip ring. So the total wear may decrease with the increase
of pressure. When pressure is more than 2.5 x 107> MPa,
the lubrication film between brush and slip ring may seri-
ous break down, a microscopic brush-ring weld can form,
thereby permitting adhesion wear (Fig. 8), the total wear
may abruptly increased. Thus there could be an optimized
pressure for a certain application in high speed sliding
electrical contact because pressure is a factor related to
both the electrical heating, friction heating and abrasive
wear. At a reasonable load without obviously increase in
the frictional heating and mechanical wear, the electrical
heating could be reduced which will result in lower total
thermal effect, and the resultant wear rate could arrive at a
minimum.

The polarity effect is observed when brushes are oper-
ated with current. Figure 9 shows the wear at the positive
brush was higher than those at the negative brush. During
electrical wear, the current flows from one brush to ring
and then from ring to another brush. The following
nomenclature has been used in the discussion of polarity
effects: electrons enter the brush (leave the slip ring) at the
positive brush; the brush where electrons leave the brush
will be called the negative brush. Water molecules
adsorbed to brush and ring sliding contact surface
decomposed into hydrogen and hydroxide ion under the
influence of the electrical field:

Fig. 8 Morphology of worn surface of composite under electrical
wear (t = 30 h, P = 3 x 1072 MPa)
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Fig. 9 Wear of positive brush and negative brush under different
load (t=30h)

H,O = H' + OH™ (8)

Because the current flowed from positive brush to ring,
the hydrogen ions migrated to ring and the hydroxide ions
migrated to positive brush. The oxidation reaction occurred
between carbon and oxygen and weakened the bond
between the grains in the brush surface layer, thereby
contributing to spalling of the grains in the event of
mechanical inputs and increasing brush wear. Thus the
wear of positive brush was higher than that of negative
brush.

Analysis of sliding surface shows that the transfer of
materials during electrical wear depends on the polarity.
Transfer of materials takes place in a direction that can be
predicted for the positively charged ions. Silver transferred
from positive brush to slip ring and copper transferred from
slip ring to negative brush. So in positive brush we can only
found silver and carbon (Fig. 10), in negative we can found
not only silver and carbon but also copper and oxygen
(Fig. 11). This is the physical migration of the charged
particles under the action of the potential gradient.

From Fig. 12 we can see that the friction coefficient
without electrical load increases with the increasing pres-
sure. The friction coefficient with electrical load is big
when pressure is 0.5 x 10~ MPa, this is due to sparking
wear which results in pronounced damage to the brush and
slip ring surface and increases friction coefficient. From
Fig. 12 we also find the friction coefficient with electrical
load is bigger than that without electrical load. The reason
for this phenomenon is proposed: the electrical power loss
increases interface temperature and causes partial damage
of surface film. This lead to an increase in the adhesion and
in the tangential stress at the interface and so the friction
coefficient with electrical load is bigger than that without
electrical load.
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Fig. 10 Distribution of
elements on the positive brush
surface (a) Ag, (b) C

Fig. 11 Distribution of
elements on the negative brush
surface (a) Ag, (b) C, (c¢) Cu,
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Fig. 12 Effect of load on the friction coefficient of composites under
mechanical and electrical wear

The friction coefficient and wear are shown in Table 1
for the Ag-CNT-G composite and Ag-G composite,
respectively. It can be seen that the wear of CNT-Ag-G

Do400Em e .

" 400um

composite is lower than that of Ag—G composite made by
the same method although both of them have similar value
of friction coefficient. Carbon nanotube has high electrical
and thermal conductivity, the strength and elastic modulus
of carbon nanotube are higher than that of graphite. Thus
using carbon nanotubes instead of graphite not only do not
decrease antifriction of composite, but also increase the
strength, electrical and thermal conductivity of composite
[18, 19]. Thus the wear of CNT-Ag—G composite is lower
than that of Ag—-G composite.

Table 1 Friction and wear properties of composite under 10 A/cm?
current and 2 x 1072 MPa pressure

Sample Friction Wear (x10™° m?)
coefficient (t=30h)

Ag-35vol%G-5vol%CNT 0.38 21.9

Ag-40vol%G 0.37 26.3
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Conclusion

CNT-Ag-G composite brushes were fabricated by means
of powder metallurgy method. The effect of pressure on the
friction and wear properties of CNTs—Ag—-G composite
with 10 A/cm? and without electrical current has been
investigated. The results show that the wear of composite
increases with the increase of pressure under mechanical
wear, but the wear of composite varies with pressure in the
shape of U under electrical wear. Pressure is a factor
related to both the electrical heating, friction heating and
abrasive wear. At a reasonable load without obviously
increase in the frictional heating and mechanical wear, the
electrical heating could be reduced which will result in
lower total thermal effect, and the resultant wear rate could
arrive at a minimum. The electrical wear is higher than
mechanical wear by 6-20 times. The differences between
the no-current and with-current wear is Joule heat released
in the friction zone which leads to the breakdown of the
lubricating film, roughening of the brush surface, intensi-
fication of the adhesive interaction at the contact spots, and
intensification of the abrasively of the slip ring surface. The
wear of positive brush is higher than that of negative brush
because of oxidation reaction between carbon ions and
negative oxygen ions and the transfer of materials during
electrical wear. The friction coefficient of composite with
current is greater than that without current. Compared with
Ag—G composite, CNT-Ag—G composite have lower wear
and the similar value of friction coefficient.
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