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The present work evaluates the coefficient of friction (CoF), electrical resistivity, and electrical contact
resistance (ECR) of the electrodeposited single-layered Cu-SiC nanocomposite coating and five-layered Cu,
Cu-SiC functionally graded coating (FGC). Both the coatings have a similar thickness (60 pm) and same
composition at the top surface (7 vol.% reinforced SiC nanoparticles), while the FGC has a gradient of
composition and microstructure throughout the thickness. The Cu, Cu-SiC FGC has two layers of Cu-SiC
with a decrement in the content of SiC nanoparticles from 7 to 2 vol.% followed by three Cu layers with an
increasing crystallite size towards the substrate. The electrical resistivity of the Cu, Cu-SiC FGC is mea-
sured by the four-wire resistance measurement method and the value is observed to be 50% less than the
conventional nanocomposite coating. A linear reciprocating sliding wear test is carried out at 2, 5 and 8§ N
load at a constant frequency and stroke length of 10 Hz and 2 mm, respectively. The monitored value of
CoF is significantly less for the Cu, Cu-SiC FGC than the single-layered coating at 2 and 5 N loads and is
nearly equal at 8 N load. It is observed that before wear, the ECR values of both the coatings are higher

than the uncoated Cu and after wear the ECR value of Cu, Cu-SiC FGC is the lowest.

Keywords coefficient of friction, electrodeposition, electrical
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1. Introduction

The sliding electrical contact is an arrangement of similar or
dissimilar materials where one of the contacts is stationary with
respect to another. They are designed to have low electrical
contact resistance (ECR) and low coefficient of friction (CoF)
under contact forces with wear-resistant properties. The per-
formance of any electrical contact material is governed by its
surface, which has microscopic unevenness where the peaks are
called asperities. When the electrical contacts are in closed
condition, the real area of contact is at the sites of asperities,
which are distributed across the apparent area of contact (Ref
1). The electrical contact materials require stable contact
resistance in compact-complex spaces and prevention from
unavoidable vibrations resulting in an oscillatory motion, which
is known as fretting action (Ref 2-4). Under applied load
conditions, the contact pressure at the real area of contact is
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high and the fretting action results in surface wear, called
fretting wear (Ref 5, 6). It is reported that the transition from
fretting to sliding wear takes place at high amplitude, material
removal, and at a constant wear factor (Ref 7).

Cu is long being used as a cost-effective electrical contact
material with good formability, and high electrical and thermal
conductivity. However, its performance in pure form is limited
because of the low ultimate tensile strength and low yield
strength, resulting in inferior tribological properties. The
Copper Development Association has reported the physical
and electrical properties of the most common electrical contacts
used in some particular device (Ref 8). In general, sliding
electrical contacts undergo excessive mechanical wear due to
friction and sticking or cold welding at the asperities, which
increase the ECR (Ref 9). There is a requirement of nanocom-
posite coating on the commercially available electrical contact
material (Ref 10).

SiC is used as reinforcement in the Cu matrix composite to
improve the mechanical and wear properties (Ref 11-13).
Bindal et al. (Ref 14) have reported that the hardness of pure Cu
increases with the addition of 3 wt.% of SiC, but the electrical
conductivity reduces from 91.7 to 66.4% International
Annealed Copper Standard (IACS). According to Guo et al.
(Ref 15), a Cu/SiC functionally graded material (FGM)
provides the required surface conductivity at Cu-rich end and
graded structure is beneficial for low surface ECR. It is reported
by Rahvard et al. (Ref 16) that for a Cu/NbC graded composite
material, the increase in the value of electrical conductivity is
two times than that of the traditional composite with the same
mechanical and tribological properties. Raheem and Ali (Ref
17) have reported that five-layered Cu-Al,O; FGM can
eliminate the microscopic interface and provides improved
wear resistance for electrical contact application. Thus, there is
a motivation to synthesize a FGM or a functionally graded
nanocomposite coating on any conducting surface as a potential
and novel electrical contact material.
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Electrodeposition is a well-established technique to tailor
the surface properties of an electrical contact material by
changing the parameters (Ref 18, 19). The electrodeposited
coatings on the surface of a conductive material can have a
varying number of layers, thickness, morphology, and crystal
shape (Ref 20-22). The incorporation of wear-resistant SiC
nanoparticles in the Cu matrix is reported to provide resistance
against sliding wear in the unlubricated conditions (Ref 23).
However, the nanocomposite coatings are rough, possess high
CoF and restrict the current flow to pass through a certain,
limited number of points and increase the contact resistance
(Ref 24). The high residual stress in the nanocomposite
coatings is also undesirable for the electrical contact application
(Ref 25). These properties can be improved by making the
surface smooth and the electrodeposited FGC is reported to be
highly efficient in sliding-wear-resistant application (Ref 26,
27). In our recent publication, electrodeposited Cu, Cu-SiC
functionally graded coating (FGC) on annealed Cu substrate is
reported to serve as a prospective electrical contact material for
large scale industrial application (Ref 28). This paper focuses
on the analyses of the CoF during the reciprocating sliding wear
under constant load of 2, 5, and 8 N and evaluates the electrical
properties of single-layered Cu-SiC nanocomposite coating and
Cu, Cu-SiC FGC. This work highlights five-layered function-
ally graded coating (FGC), which has improved physical
property (e.g., surface roughness and residual stress) with high
hardness when compared to single-layered metallic and
nanocomposite coatings (Ref 28). In the current work, the
wear-resistant property of Cu, Cu-SiC FGC coating is evaluated
and further, electrical properties are investigated before and
after wear conditions. It is reported that electrodeposited Ni-
based FG coating with a variation of microstructure or amount
of reinforced phase along the thickness, which has improved
wear and corrosion properties as compared to the single-layered
coating (Ref 29-31,32). However, to the best of our knowledge,
the suitability of such electrodeposited Cu, Cu-SiC FGC on Cu
based electrical contact for protection against reciprocating
sliding wear is not reported yet. Our work focuses on the
interdisciplinary research which includes tailoring the surface
related properties by optimizing the synthesis parameters of
electrodeposition of Cu based coating for wear-resistant
electrical contact applications.

2. Experimental Methods and Materials

A Cu block of area 4 cm? and 3 mm height was annealed at
400°C for 1 h and then air-cooled. In order to use it as a sample
for electrodeposition, it was polished as per the protocol
described in our previous publication (Ref 28). The details
about the substrate and bath preparation (plating bathl and 2),
and electrodeposition parameters were described in our earlier
publication (Ref 28). For the electrodeposition of Cu coating,
an aqueous acidic copper sulfate bath (plating bathl) was
prepared by wusing 0.8 M solution of CuS0O4.5H,O
(Loba Chemie, = 98%) and 1 M sulfuric acid. The pH of
the plating bath1 was adjusted to be less than 1 (0.12 + 0.02) at
23.7°C.

For the electrodeposition of 60-pm-thick, Cu-SiC nanocom-
posite coating with 7 vol.% of uniformly dispersed SiC
nanoparticles (Fig. 1a), a plating bath2 was prepared by adding
1 mM of cationic N-Cetyl-N,N,N trimethyl ammonium bro-
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mide (CTAB, SRL, 99%) surfactant and 10 g/L of SiC
nanopowder (Alfa Aesar, B-phase) to plating bathl. From the
plating bath2, a 60 pm thick, Cu-SiC nanocomposite coating
with 7 vol.% of uniformly dispersed SiC nanoparticles was
synthesized. A constant cathodic current density (CCD) of
200 mA/cm? and an anodic current density (ACD) of 66 mA/
cm? was supplied for 50 ms each, followed by a relaxation time
period of 50 ms after every current waveform. The plating
bath2 was agitated at 450 rpm in order to uniformly disperse
SiC nanoparticles in the Cu matrix during the deposition.

From plating bath1, the first three layers of Cu coating were
deposited by increasing the CCD (50, 100, and 200 mA/cm?),
while the ACD was kept one-third of the CCD. It was followed
by deposition of two layers of Cu-SiC nanocomposite coating
by introduction of plating bath agitation (350 and 450 rpm) at
CCD and ACD of 200 and 66 mA/cm?, respectively. This
resulted in a three layered Cu with decreasing crystallite size
followed by two layers of Cu-SiC with increasing amount of
SiC from 2 to 7 vol.% along the thickness of the coating. The
five-layered (each 12 pm thick) Cu, Cu-SiC FGC consists of
three layers of Cu coating and two layers of Cu-SiC nanocom-
posite coating (Fig. 1b).

The Ducom linear reciprocating tribometer was used to
perform the reciprocating wear where, the E-52100 hardened
steel (grade G24, ~ 8.5 GPa) ball of 6 mm diameter was used
as a sliding counter material. The image of the equipment is
shown in Fig. 2(a). The reciprocating sliding wear test was
conducted for 6000 cycles at 25 £+ 1°C under normal loads of
2, 5 and 8 N and with a periodic displacement of 2 mm and
frequency of 10 Hz. The CoF was continuously monitored with
the number of cycles. The test was conducted according to
ASTM international standards (Ref 33). The volume loss in
each sample was calculated from the dimensions of wear scar,
which were obtained by using the non-contact mode of 3D
optical surface profilometer (Contour GT, Bruker, Germany).
The measurement of wear scar length, width and depth values
was done thrice with three set of samples and the average value
was used to calculate the volume loss.

The microstructural characterization and elemental mapping
of the electrodeposited coatings were carried out using field
emission scanning electron microscope (FESEM (Merlin, Carl
Zeiss Microscope GmbH, Germany) equipped with an energy-
dispersive x-ray spectrometer at an operating voltage of 20 kV.

The ECR measurement was made by using a D.C. two-wire
circuit at room temperature in accordance with the ASTM
standard test methods for measuring contact resistance of
electrical connections (Static Contacts) (Ref 34). A setup was
developed in which the ECR of the annealed, uncoated, and
coated samples was measured using the sample holder, where
two cube-shaped samples touch each other as illustrated in
Fig. 2(b). When subjected to a force ‘F’, the samples were
pressed against flat Cu surface (surface roughness of 0.1 pm),
which was held in a fixed position and the ECR was measured
at 100 mA.

The electrical resistivity of the electrodeposited coatings was
measured by Keithley 2812 nano voltmeter and Keithley 2400
sourcemeter. The four-wire resistance measurement setup was
developed (Fig. 2¢). In this setup, there was a spacing of
0.2 cm between each gold-plated wire. A current of 0.2 mA
was passed through the current probe by using a source meter
and the voltage drop between the two middle probes was
recorded by using a highly precise nanovoltmeter. Typical size
of the samples used in this measurement was 6 cm x 1 cm X
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Fig. 1 Schematic representation of single-layered Cu-SiC nanocomposite coating and Cu, Cu-SiC FGC
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Fig. 2 (a) Reciprocating wear machine used in this investigation, (b) A schematic presentation of the contact resistance measurement setup (Ref
34) and (c) A schematic representation of the electrical resistivity setup

60 pum. In this study, the sample’s electrical resistance (R) was thickness (7) and width of the sample (w) with R, which is
calculated by dividing the voltage difference between the inner divided by probe spacing (s). The measurement of sample’s R
probes (AV) with current (/) passing through the outer probes. and p value was done thrice with three set of samples and
The resistivity (p) value was calculated by taking a product of average value was reported.
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3. Results and Discussion

Figure 3 shows the variation of CoF with the number of
cycles at 2, 5 and 8 N loads for the annealed, uncoated Cu. An
annealed Cu is soft with large grain size and readily oxides in
air. It is observed from Fig. 3(a) that the CoF is initially low
because the contact is between the counter hardened steel ball
and the oxidized Cu surface, which has low shear strength and
lubricating nature. With increase in cycles, the CoF increases
because the oxide film is partially removed from the Cu surface.
The metallic contact takes place between the Cu surface and
counter steel ball, which increases the real area of contact and
hence, the CoF increases. This period can be defined as ‘run in
time’ marked as region I (Fig. 3a-c). After the ‘run in time,” the
CoF increases suddenly and this period is defined as ‘transition
period’ (Region II) as shown in Fig. 3(a-c). The oxide layer is
completely removed from the surface and metallic Cu surface is
in contact with the counter hardened steel ball. With further
increase in the number of cycles, the wear debris starts forming
and results in an increase in the abrasive friction. However, at
the same time, the real area of contact decreases, which leads to
the decrement in the adhesive friction. Both seems to nullify
each other and results in constant CoF with slight serrations.
This period is defined as ‘steady state’ (Region III) as shown in
Fig. 3(a-c). Lee and Kim have reported a reciprocating sliding
friction model for the electrodeposited coatings and classified
the evolution of CoF (Ref 35). During reciprocating sliding
wear, the debris formed between the counter ball and the
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sample is either swept away from the wear scar or piles up at
the edges (Ref 36).

It is also observed in Fig. 3(a) that the CoF value decreases
after certain number of cycles, which can be due to the
following reasons:

1. With continuous reciprocation, the entrapped wear debris
particles between the counter ball and sample surface act
as a third body and the adhesive friction decreases. The
abrasive friction also decreases when some amount of the
wear debris is embedded in the wear scar, which reduces
its roughness and due to this the attack angle of the wear
debris is lowered. This may cause a reduction in the va-
lue of CoF.

2. Due to the continuous mechanical deformation the shape
of the wear debris between the mating surfaces changes
to spherical, which starts rolling on the surface and de-
creases the CoF.

At 5 and 8 N loads (in Fig. 3b and c), it is observed that the
steady state is attained in a less number of cycles as compared
to the 2 N load. It may be because of the high contact pressure,
which wears out the top oxide layer at a faster rate. From
Fig. 3(d), it is observed that the CoF value at 5 and 8 N is lower
than that at 2 N load because the embedding of wear debris is
more than 2 N load, which further reduces the attack angle of
wear debris and decreases the abrasive friction.

Figure 4(a-c) shows the variation of CoF with the number of
cycles for the single-layered Cu-SiC nanocomposite coating at
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Fig. 3 Coefficient of Friction (CoF) with number of cycles for annealed, uncoated Cu at (a) 2, (b) 5, (c) 8 N loads and (d) comparison of a, b

and ¢
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Fig. 4 Coefficient of Friction (CoF) with number of cycles for the
(a-c) single-layered Cu-SiC nanocomposite coating and (d-f) Cu, Cu-
SiC FGC at (a and d) 2, (b and e) 5 and (c and f) 8N load

2, 5 and 8 N loads. Due to the presence of SiC nanoparticles,
the single-layered Cu-SiC nanocomposite coating has a high
hardness (3.4 GPa) and high surface roughness (1.8 pm) (Ref
28). Such surface tends to have a negligible adhesive contact
and the CoF is produced mainly due to resistance to abrasion.
The mechanical interlocking occurs between the counter ball
and the asperities in the single-layered Cu-SiC nanocomposite
coating, which results in a sudden rise in CoF. The CoF
becomes almost constant once the asperities spall out.

From Fig. 4(d-f), it is observed that increase in load
decreases the CoF, and this trend is similar to the observations
in uncoated Cu and Cu-SiC nanocomposite coating on Cu.
Although the top surface of the Cu, Cu-SiC FGC has 7 vol.% of
uniformly dispersed SiC as in the case of single-layered Cu-SiC
nanocomposite coating, the CoF is lower than the latter. The
surface of Cu, Cu-SiC FGC (0.9 um) is smoother than the
single-layered Cu-SiC coating (Ref 28) and the soft under
layers of Cu provides cushioning effect, which makes it easier
for the ball to traverse on a hard surface. It is reported that the
presence of graded microstructure provides cushioning effect
(Ref 37).

At 2 N load (Fig. 4a and d), only the top sites of the
asperities spall out from the surface. The 2 N load is not high
enough to plow material and due to high surface roughness,
again and again mechanical interlocking occurs resulting in
high CoF. At 5 N load (Fig. 4b and ¢), the adhered contacting
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sites are sheared and the surface smoothens, which decreases
the CoF value. At 8 N load (Fig. 4c and f), the surface
smoothening is faster as compared to 2 and 5 N loads and after
surface smoothening, there is little abrasive wear because of the
high hardness of the coating.

Figure 5 shows the FESEM micrographs and the mapping
of oxygen from the wear scar of annealed, uncoated Cu surface
under an applied load of 2 N. Figure 5(a) shows that the wear
scar is ellipsoid in shape. Figure 5(b-e) shows the magnified
different regions of Fig. 5(a). Due to the plowing action, sliding
marks are formed on the surface and wear debris is formed and
gets accumulated around the counter ball. During reciprocation,
the material at the outer edge of the ball is either thrown away
from the scar or gets piled up at the edges of the scar. The
material at the inner side of the ball gets embedded within the
wear scar in the form of patches. The presence of oxygen shows
that some of the wear debris is oxidized and embedded in the
oxide form (Fig. 5f). Figure 5(g) shows the 2D and 3D surface
profilometry results of the wear scar in uncoated Cu, which
correlates with the FESEM micrograph in Fig. 5(a). It is
observed that at 2 N load, the wear scar is shallow with a pile-
up at the edges and the depth of the wear scar is due to the
material loss.

Figure 6 shows the FESEM micrographs and the mapping
of oxygen from the wear scar of annealed and uncoated Cu
surface under an applied load of 5 N. With increase in load, the
contact pressure increases, which leads to the generation,
accumulation and embedding of more wear debris in the scar
and it results in patches as shown from the Fig. 6(b-¢), which
are the magnified different regions of Fig. 6(a). The pile-up and
oxide formation at the edges and patch formation in the middle
areas of the wear scar are also observed. The presence of
oxygen shows that some of the wear debris is oxidised and
embedded in the oxide form (Fig. 6(f), corresponding to 6a).
Figure 6(g) shows the 2D and 3D surface profilometry results
of the wear scar in uncoated Cu, which correlates with the
FESEM micrograph in Fig. 6(a). With increase in load to 5 N,
the contact pressure increases, which leads to the generation,
accumulation and embedding of more wear debris in the scar.

Figure 7(a) and (c) shows the FESEM micrograph and
mapping of oxygen in the center of the scar from the annealed,
uncoated Cu surface under an applied load of 8§ N. The image
(Fig. 7a) shows that the shape of the wear scar is irregular,
unlike those observed in Fig. 5(a) and 6(a). The magnified
image (Fig. 7b) of the edge in the wear scar shows pile-up as
well as patch on the wear scar surface. It is observed from the
micrographs that irregularities are present in the surface after
wear due to the abrasive action of SiC particles. Plowing action
at 8 N load is more compared to 2 and 5 N loads. The
elemental mapping (Fig. 7c corresponding to 7a) shows that the
oxide formation is present only in the center of the scar.
Figure 7(d) shows the 2D and 3D optical surface profilometry
results of the wear scar in uncoated Cu, which correlates with
the FESEM micrograph in Fig. 7(a). It can be observed that
some material is accumulated in the center of the scar.

Figure 8 shows the micrographs from the wear scar of
single-layered Cu-SiC nanocomposite coating and Cu, Cu-SiC
FGC at 2, 5 and 8 N loads. The image of the wear scar (Fig. 8a)
shows wear at mating sites, which results in surface smoothen-
ing due to the grinding of asperity. Due to the high surface
hardness of Cu-SiC nanocomposite coating, plowing action is
negligible, asperities detach from the surface and the broken
asperity acts as wear debris. Figure 8(b) shows that the
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Fig. 5 (a) FESEM image of the wear scar formed under an applied load of 2 N on the annealed, uncoated Cu, (b-e¢) magnified different regions
of (a), (f) mapping of oxygen corresponding to (a) and (g) surface profilometry result of the wear scar

morphology of the wear scar at 5 N load is similar to that of the
scar at 2 N load. With further increase in load to 8 N (Fig. &c),
the wear scar dimensions increase on the surface due to high
abrasion by third body, i.e., wear debris. Figure 8(g), (h) and (i)
show the 2D and 3D surface profilometry results of the wear
scar in the single-layered Cu-SiC nanocomposite coating,
which correlates with the FESEM micrograph in Fig. 8(a), (b)
and (c), respectively. It can be observed that at low load, the
debris gets accumulated in the rough surface of the nanocom-
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posite coating. However, with increase in load, the ball
plastically deforms the Cu matrix and the loose SiC nanopar-
ticles further increase the unevenness of the coating.

Figure 8(d-f) shows the FESEM images from the wear scars
of Cu, Cu-SiC FGC at 2, 5 and 8 N load. The surface hardness
and roughness of Cu, Cu-SiC FGC is 3.8 GPa and 0.9 um,
respectively (Ref 28). Although the top surface of single-
layered Cu-SiC nanocomposite coating and Cu-SiC FGC is
same, but CoF of the latter is less due to the smooth surface of
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Fig. 7 (a) FESEM images of the wear scar formed under applied load of 8 N on polished, uncoated Cu, (b) magnified different regions of (a)
and (c) elemental mapping of oxygen corresponding to (a) and (d) surface profilometry result of the wear scar

Cu, Cu- SiC FGC and ductile Cu interior, which provides the
cushioning effect. In the case of single-layered Cu-SiC
nanocomposite coating, it is observed that the electrical
resistivity is quite high (Table 1). It is due to the uniform
dispersion of 7 vol.% nano-sized SiC particles in the Cu matrix
throughout the 60 pm thick sample, which act as a scattering
center to the path of electron flow and consequently decreases

3936—Volume 29(6) June 2020

the effective area for the current conduction and degrades the
conductivity. The Cu, Cu-SiC FGC has lower resistivity than
the single-layered Cu-SiC nanocomposite coating at room
temperature. The volume fraction of the scattering sites in Cu,
Cu-SiC FGC is less, because the SiC is restricted to the first two
layers (i.e., 7 vol.% in the first 12 um thick layer coating and 2
vol.% in the next 12 pm thick layer) of the entire coating.

Journal of Materials Engineering and Performance
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Fig. 8 FESEM images of the (a-c) single-layered Cu-SiC nanocomposite coating and (d-f) Cu, Cu-SiC FGC at (a and d) 2, (b and e) 5, (c and
f) 8 N load. Surface profilometry results of (g-i) single-layered Cu-SiC nanocomposite coating and (j-1) Cu, Cu-SiC FGC at (g and j) 2, (h and
k) 5, (iand 1) 8 N load
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Table 1 Electrical resistivity of Cu-SiC nanocomposite coating and Cu, Cu-SiC FGC at room temperature and

comparison with the commercially available materials

Material

Electrical resistivity, pQcm

Hardness, GPa

Elastic modulus, GPa

Cu-7 vol.% SiC nanocomposite coating (present work)
Cu, Cu-SiC FGC (present work)

Cu-10% Zn®

Cu-2% Ag®

Cu-1% Cd®

Cu-1% Cr®

8.05 + 0.3 3.5%7 135+ 4
471 + 0.1 3.8%7 141 £3
4 0.6-1.1 125
2 0.5-1.3 123
3.5 0.95-1.4 124
22 0.8-1.5 112

Figure 8(j), (k) and (1) show the 2D and 3D surface profilom-
etry results of the wear scar in the single-layered Cu-SiC
nanocomposite coating, which correlates with the FESEM
micrograph in Fig. 8(d), (e) and (f), respectively. It can be
observed that the hard SiC nanoparticles are flown away from
the wear scar along with the debris and get accumulate at the
edges.

Figure 9 shows the volume loss at various loads for the
uncoated Cu, single-layered Cu-SiC nanocomposite coating
and Cu, Cu-SiC FGC. It is observed that with increase in load,
the volume loss increases in all the samples. In the uncoated
Cu, the loss of material is significant with increase in load.
However, in single-layered Cu-SiC nanocomposite coating and
Cu, Cu-SiC FGC, the volume loss is less as compared to the
uncoated sample due to the addition of hard SiC nanoparticles
(Ref 27). The amount of volume loss of Cu, Cu-SiC FGC is
less than single-layered Cu-SiC nanocomposite coating because
of high surface roughness of the latter, which leads to high
number of contact points. Thus, the total pressure exerted by
counter ball is more in Cu-SiC nanocomposite coating than the
Cu, Cu-SiC FGC. This results in the wearing away of surface
irregularity to form a smooth surface and the debris becomes a

- Uncoated Cu

part of the scar by either embedding back into it or adding in
the volume loss.

In the literature, it is shown that the values of electrical
resistivity for the alloys (bulk material) based on Cu is in the
range 2-5 nQcm®. The measured electrical resistivity values of
single-layered Cu-7vol.% SiC nanocomposite coating and Cu-
Cu,SiC FGC are slightly higher than the various other alloys of
Cu (Table 1). However, other properties (hardness and elastic
modulus) are significantly high, which play an important role in
improving the life of electrical contact. Therefore, it becomes
evident that these nanocomposite coatings can be useful for
various electrical applications. The thickness of these coatings
is the critical parameter for determining the resistivity of the
fabricated coatings. Thus, one can play with the coating
thickness to reduce the values of electrical resistivity further to
obtain an optimum range and the present approach provides a
direction to tune the electrical properties of the nanocomposite
coatings.

Figure 10 shows the ECR values measured before and after
wear for all the samples. It is observed that before wear
(Fig. 10a), the ECR decreases with load in all the samples
because the contact area increases with increase in the contact

I single layered Cu-SiC nanocomposite coating

I Cu. Cu-SiC functionally graded coating

30

225
.
g
E
2

3 15
9
g
=
o
-

75

0

2 5 8
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Fig. 9 Volume loss vs. load of uncoated Cu, electrodeposited single-layered Cu-SiC nanocomposite coating, and Cu, Cu-SiC FGC
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(a) Before Wear

214 B Annealed, uncoated Cu
1 ~ [ SL Cu-SiC nanocomposite coating
18+ B FG Cu-SiC coating

Electrical contact resistance (ECR) (m@))

2N 5N 8N
Load (N)

(b) After Wear

21 I Annealed, uncoated Cu
1 [ SL Cu-SiC nanocomposite coating
Il FG Cu-SiC coating

Electrical contact resistance (ECR) (mQ)

2N 5N 8N
Load (N)

Fig. 10 ECR of uncoated Cu, single-layered Cu-SiC nanocomposite coating and Cu, Cu-SiC FGC at room temperature (a) before and (b) after

wear. The error bar shows the standard deviation

pressure. The ECR value of the uncoated annealed Cu surface
is lower than the coated Cu because it is finely polished, which
provides more contact sites. The ECR of single-layered Cu-SiC
is more when compared to the uncoated Cu because of higher
electrical resistivity and smaller real area of contact between the
asperities and the counter surface. The ECR of Cu, Cu-SiC
FGC is significantly lower than the single-layered Cu-SiC
because of the smoother surface and lower resistivity than the
latter. It is reported that the ECR depends on the resistivity,
normal force, working voltage and state of contact zone (Ref
38).

The ECR values of all the samples increase after wear
(Fig. 10b) because the metallic bridges are sheared away due to
reciprocating sliding, which results in the formation of wear
debris. This wear debris accumulated at the edges and other
parts of the scar are difficult to remove from the contact area
within a short period of time during traversing. With increase in
load to 5 N, the ECR value decreases due to high contact
pressure. On further increasing the load to 8 N, the wear debris
gets embedded and seals off the contact zone and increases the
ECR value in all the samples.

After wear at low load, it is observed that there is no
significant change in the ECR values of single-layered Cu-SiC
nanocomposite coating and Cu, Cu-SiC FGC when compared
with the values before wear. At high load, there is an increment
by 5 mQ in the ECR value for both single-layered and FGC.
However, the value still remains a lot less for Cu, Cu-SiC FGC
than that for single-layered Cu-SiC nanocomposite coating.

4. Conclusions

e The value of electrical resistivity of Cu, Cu-SiC FGC is
observed to be 50% less than the conventional nanocom-
posite coating.

e The CoF decreases with increasing applied load from 2 to
8 N in reciprocating sliding wear for all set of samples.

e The monitored value of CoF at 2 and 5 N loads is signifi-
cantly less for Cu, Cu-SiC FGC than the single-layered
coating and is nearly equal at 8 N load.

Journal of Materials Engineering and Performance

e At low load, the ECR values of both the coatings do not
change significantly. However, at high load, this value is
lot less for Cu, Cu-SiC FGC than Cu-SiC single-layered
nanocomposite coating.
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