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Abstract: Cu/Ag/Graphite coating was deposited on steel substrates by a plasma spraying process. The tribological behavior of
Cu/Ag/graphite coating under different currents has been tested using a HST-100 pin-on-disc friction and wear tester in air
atmosphere with humidity of about 50%. The coating microstructure, phase composition, wear surface and debris were characterized
by field emission scanning electron microscope (FESEM), energy dispersive X-ray spectrum (EDS) and X-ray diffraction (XRD).
The results show that Cu/Ag alloy forms a continuous metal network in the as-received coating and the deposited graphite particles
possess an obvious orientation direction parallel to the substrate. With the increasing current from 0 A to 50 A, the wear rate of
Cu/Ag/Graphite coating increases and is related closely with the pin contact pressure and sliding velocity. It is interesting to note that
the friction coefficient of the Cu/Ag/graphite coating can not be affected by the increasing currents under the same contact pressure
and velocity in this work. Graphite transfer film and oxidization layer are the main reasons for the stable electrical sliding process.
Under the condition without current, abrasive wear is the main wear mechanism. However, the electrical wear would become the
main wear mechanism with the increase of current intensity during the electrical sliding process.

Key words: Cu/Ag/graphite; composite coating; electrical sliding; wear

As an electrical contact material, the copper-graphite
composite material has attracted much attention in the field
of sliding electrical contact™®. That is due to the high
electrical conductivity and good lubrication provided by
copper and graphite, respectively. Many studies have shown
that the electrical sliding tribological behavior of copper-
graphite composite is affected by many factors, such as
contact force (to ensure continuous contact), sliding velocity,
contact temperature, contact surface roughness, humidity,
electrical conductivity and thermal conductivity “®. The
wear mechanisms involve abrasive wear, arc erosion,
oxidation wear, transfer film, etc. However, it can be seen
that much more studies focus on the copper-graphite bulk
materials, and the research on copper-graphite coating is
insufficient.

In order to investigate the electrical sliding tribological
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behavior of the copper-graphite coating, we firstly
deposited the copper-silver-graphite composite coating by a
plasma spraying technique using the reconstituted powder
of Cu-1wt%Ag alloy powder and flaky Cu-coated graphite
particle. The using of Cu-1wt%Ag alloy as raw material is
to improve the electrical conductivity of the as-received
coating. The experiment on electrical sliding tribological
characteristics of the as-received coating was conducted
using a HST-100 pin-on-disc friction and wear tester under
different currents. The objective of this work is to evaluate
the effects of different currents on wear behavior of the
as-received Cu/Ag/graphite composite coating under two
typical contact pressures and two sliding velocities.

1 Experiment

The reconstituted powder for spraying process was
prepared by drying using the spherical or near spherical
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shape Cu-1wt%Ag alloy powder (~47 pum ) and the
Cu-coated flaky graphite particle (~53 pm). The
composition of reconstituted powder in mass fraction was
65%Cu, 1%Ag and 34% graphite.

The Cu/Ag/graphite composite coating was deposited by
air plasma spraying using 9MB Plasma Gun (Sulzer Metco,
American) with mechanical arm (ABB, Zurich, Switzerland)
under the power of 30 kW, spray distance of 100 mm,
powder feed rate of 50 g/min, primary gas (Ar,) of 50 L/min
and secondary gas (H,) of 6 L/min. The coating was
deposited on the end face of cylindrical pin (C45E4 steel
with the diameter of 16 mm and length of 20 mm) with the
coating thickness around 425 pm. Before the electrical
sliding test, the pin specimen was hand-polished using 1200#
sand paper and then heat treated at 350 °C for 2 h in a
vacuum furnace for stress relief and structure modification.
The disc of AISI 52100 ball bearing steel (diameter of 180
mm) was also polished to the R, value of 0.06. The schematic
structure of the pin-on-disc test machine is presented in Fig.1.
The test current, sliding speed and contact pressure can be
continuously adjusted up to 200 A, 100 m/s and 500 kPa,
respectively.

To ensure the measurement of steady-state wear, the pre-
worn process was conducted. After the pre-worn process,
the formal wear test was started in air atmosphere with
humidity of about 50%. The mass of pin specimen before
and after wear test was measured by an analytical balance
with accuracy of 0.0001 g. The wear rate was defined as the
mass loss of the materials per unit sliding distance.

The friction coefficient L for the couples was calculated
from torque, by the following equation:

_T 1

=T @
where, T is the torque, which was continuously recorded
over the test by computer. P is the applied load, and R is the
outer radius of the rotational disk. The test parameters were
summarized in Table 1.

The morphology of cross section of the as-sprayed coating,
wear surface and wear debris was observed using FESEM
(S-4800). The composition of the as-received coating and

the wear debris was detected by XRD (D/MAX-2500PC).
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Fig.1 Schematic illustration of pin-on-disc test machine structure
for electrical sliding test

Table 1 Wear test parameters

Contact Sliding Sliding
Current/A pressure/kPa  velocity/m s distance/m
10, 20, 30, 40, 50 150, 250 5,10 500

2 Results and Discussion

2.1 Microstructure of the as-received coating

Fig.2 shows the microstructure and element content of
cross section of the as-received composite coating. It can be
seen from Fig.2b that the Cu element forms a continuous
metal network, and such a network of Cu element can be
regarded as an electrical conductive network which
provides a higher electrical conductivity®™!. Fig.2c reveals
that graphite particles are enclosed into Cu metal network
with a nearly homogenous distribution and the obvious
orientation almost parallel to the substrate.

Fig.3 presents the XRD pattern of the as-received coating.
It can be seen that new diffraction lines corresponding to
the Cu,O phase appear in the as-received coating, indicating
that some Cu elements have been oxidized into Cu,O during
the spraying process. No other new phases are observed.
2.2 Effects of current intensity, contact pressure and

sliding velocity on friction coefficient
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Fig.2 FESEM image of cross section of as-received coating (a); distribution of element Cu (b) and element C (c)
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Fig.3 XRD pattern of as-received coating

It is well known that the current plays an important role in
the electrical sliding process. It can lead to severe electrical
wear, such as arc erosion due to the unstable contact,
unsuitable contact press and roughness. The satisfactory
result is that the mechanical and electrical power losses are
kept in the minimum states when the current passes through
the contact surface. In this work, the roughness of the disc is
R. = 0.06, and the pin is R, = 0.2 after polishing by 1200#
sand paper. Before the formal test, the pre-worn process has
been conducted in order for stable sliding state. Under these
test conditions, the effect of current intensity was evaluated
and presented in Fig.4. It is interesting to note that with the
increases of current intensity from 0 A to 50 A (Fig.4a), the
friction coefficient of Cu/Ag/graphite composite coating does
not show an obvious fluctuation with the current. Under
different test conditions, the four curves of friction
coefficient appear to be almost parallel to each other. These
results indicate that the electrical sliding processes of
as-received coating are in stable sliding states.

The effects of current on friction and wear can be
attributed to the changes of contact surface microstructure
during the electrical sliding process. When the currents flow
through the contact surface from the pin to the disc, some
currents would be inevitably converted into electrical
resistance heat, which is much more sensitive to the contact
conditions between the coated pin and the disc.

According to the reports **¥, the electric current intensity
can increase the number of contact asperities and lead to a
low real contact area. This results directly in the increase of
contact resistance, and more electrical heat is formed. With
higher current density, more electrical current would be
converted into electrical contact heat. Under the action of
more electrical heat, the softness and plastic deformation of
Cu matrix become easier on the contact surface. This
deduction is verified in this work. Fig.5 presents the typical
wear surface morphologies under different currents at the
same contact pressure and velocity.
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Fig.4 Friction coefficient (a) and wear rate (b) versus current
intensity

It can be seen from Fig.5 that there are obvious differences
between these wear surface morphologies. When no current
passes through the contact surface, the wear track is slight
and no intensive plastic deformation of Cu matrix is observed
on the wear surface (Fig.5a). When the current increases to
10 A (Fig.5b), the wear track becomes smooth and the groove
becomes deeper than that of 0 A. When the current increases
to 30 A, the wear track is much smoother than that of 10 A. It
can be seen that the grooves are wide and smooth. Obviously,
the plastic deformation of Cu matrix of wear surface is
closely related with the current intensity. When the current
increases to 50 A, the molten sphere particle appears on the
wear surface, indicating that the arcing occurs during the
electrical sliding process (Fig.5d).

With the plastic deformation of Cu matrix, graphite
particle would emerge easily on the wear surface and be
crushed, resulting in the formation of graphite transfer film
covering the contact surface. This is verified by the debris
analysis. Fig.6 presents the typical wear debris morphology.
It can be seen that the Cu matrix debris is always the long
and thin slice shape and the graphite is typically irregular
platelike particle.

Once the transfer film of graphite is formed, the friction
process would be in stable states and the friction coefficient
would be also in stable states.
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Fig.5 FESEM morphologies of wear surfaces under 250 kPa, 5 m/s and different currents: (a) 0 A, (b) 10 A, (c) 30 A, and (d) 50 A

However, it can be found from Fig.4a that the friction
coefficient is closely related with the contact pressure and
sliding velocity. When the contact pressure and sliding
velocity increases from 150 kPa to 250 kPa and 5 m/s to 10
m/s, respectively, the friction coefficient of the as-received
coating decreases obviously with the same current intensity.
The maximum and minimum friction coefficients are
obtained at the conditions of 5 m/s, 150 kPa, and 10 m/s, 250
kPa, respectively.

The effect of contact pressure on friction coefficient can be
explained by Egq.(1). According to Eq.(1), the friction
coefficient is proportional to the torque and inversely
proportional to the applied load. As discussed above, the
formation of transfer film of graphite can keep the sliding in
a stable state, i.e. the torque can be kept as a constant value
under the same contact pressure and sliding velocity. If the
applied load (proportional to contact pressure) on the coated
pin increases, the friction coefficient will decrease.

The effect of sliding velocity on friction coefficient can be
attributed to the friction heat. Friction heat is another
important factor during friction process. It plays the same

role as contact resistance heat in the electrical sliding process.

The higher sliding velocity, the more friction heat is formed.
Holm et al. ™ pointed out that the increase of friction
surface temperature would reduce the energy of the bonds
between the oriented graphite flakes, resulting in the easy
cleavage of graphite. Under the actions of the higher
temperature, cleavage occurs more easily in the graphite
particle than that with the slower sliding velocity. It has been
verified that when the graphite particle possesses the
orientation parallel to the sliding direction, it is very
beneficial for the cleavage of graphite particle and forming

of graphite transfer film (see Fig.2). Another important effect
of higher temperature on wear surface is the formation of a
thick oxidation layer, which can significantly enhance the
lubrication of graphite transfer film of the as-received
coating during sliding process, leading to a lower friction
coefficient.

2.3 Effects of current intensity, contact pressure and

sliding velocity on wear rate

From Fig.4b, it can be seen that the wear rates of the
as-received composite coating are gradually increased with
the increase of current intensity, compared with that of no
current. When the current intensity is more than 30 A, the
wear rate increases rapidly. This change trend means that the
electrical wear plays the key role in electrical sliding process.
The wear rates of the as-received coating are nearly the same
under the three test conditions of 0 A, 10 m/s and 150 kPa; 0
A, 5 m/s and 250 kPa; 0 A, 10 m/s and 250 kPa, indicating
that the influence of mechanical wear on wear rate is nearly
the same in this work.

When the contact pressure and sliding velocity are kept
constant, the reason why the wear rate increases with the
increasing current can be attributed to the effects of electrical
resistance heat.

With the increasing current intensity, more electrical
resistance heat is produced. This will result in not only the
softness of Cu matrix, but also some Cu and graphite
oxidization. The softness of Cu matrix will make the cutting
of Cu matrix easily from the wear surface; the oxidization of
Cu and graphite will result in the formation of a thicker oxide
layer, and the ability of oxide layer to remain tightly bound to
the matrix will be reduced with the increase of electrical
resistance heat. These will lead to a higher wear rate.
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If the arcing erosion occurs during sliding process, the
wear rate would be dramatically increased. It can be found
from Fig.5d that the wear surface microstructure has been
destroyed by arcing erosion, and severe arc erosion causes
the Cu matrix melted, even Cu and graphite vaporized,
resulting in the poor contact between the coated pin and disc
and the higher mass loss.

It should be noted that if the contact pressure or sliding
velocity increases, the electrical wear rate can be reduced
(see Fig.4b). When the current is larger than 20 A, the wear
rate will be decreased with the increase of contact pressure
from 150 to 250 kPa or sliding velocity from 5 m/s to 10 m/s.

The effect of contact pressure on wear rate lies in the
improvement of contact area. According to the electrical
contact theory, when the current flow passes through the
contact area, it is constricted to the narrow metal-to-metal
contact area, called “a-Spots”. In fact, the real electric

contact area of “a-Spots” is only 1% of the total apparent
electric contact area ™. With the increasing of contact
pressure, the real contact area will be increased, the contact
resistance will be decreased, and the influence of contact
resistance heat will be reduced accordingly, which
decreases the electrical wear. Under the larger contact
pressure, if the sliding velocity increases, the friction heat
would cause the higher temperature on wear surface and the
formation of oxidization layer. Oxidization layer can be
pressed into the softened Cu matrix under higher contact
pressure, improving the bond ability to the matrix
significantly, which leads to a lower wear rate in this work.
2.4 Wear mechanism

In the present work, it can be found that if no current is
applied, the main wear mechanism is abrasive wear, as
shown in Fig.7a. In the condition of no current, the friction
process is smooth and the wear rate is lower due the formation
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Fig.6 Typical debris SEM morphologies and EDS spectra: (a) graphite debris and (b) Cu matrix debris

Fig.7 Representative SEM micrographs of wear surface of coated-pin before (a) and after (b) arc erosion
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