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Abstract. Cu–Ni alloys are widely used and implemented due to their remarkable mechanical and electrochemical properties in most of the engineering applications. The reinforcement of graphene nanoplatelets (Gr) in Cu–Ni alloy can be utilized
to enhance the properties of Cu–Ni alloy. In the present work, Ni as an alloying element and graphene nanoplatelets as
reinforcing element were co-deposited with Cu to prepare Cu–Ni/Gr composite coatings by electro-co-deposition method.
The influence of various current densities on surface morphology, composition, microstructure, crystallite size, lattice strain,
microhardness, coefficient of friction and corrosion resistance of the resulting composite coatings were investigated and
were presented in detail. Based on the experimental results, the coatings prepared at 6 A dm−2 , exhibit a reduced grain size
with enhanced mechanical properties and corrosion resistance.
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1. Introduction
Pure copper and its alloys are commonly used in a wide range
of automobiles and have extensive metallurgical applications
due to their remarkable properties [1–4]. Cu–Ni, an alloy
of copper, is mainly used in the applications of corrosive
environment, such as piping, marine hardware, boat hulls,
condensers and heat exchangers in seawater system due to its
corrosion resistance properties [5,6]. However, the incorporation of Al2 O3 , SiC and CNTs, enhanced the mechanical and
electrical properties of alloy [7–9].
Graphene, a 2D structure of sp2 hybridized carbon atoms,
has been mainly synthesized by chemical vapour deposition [10], mechanical exfoliation [11] and reduction of
graphene oxide [12]. Graphene nanoplatelets are composed
of short stacks of isolated single layers of graphite (called
graphene) [13]. Graphene nanoplatelets have been proved
as a promising reinforcing element due to its extraordinary
properties, such as huge surface area, high electrical conductivity, excellent mechanical properties and superior thermal
conductivity [14,15]. Thus, graphene nanoplatelets reinforced
metal matrix composites have gained considerable attention
in the past few years, due to its high potential for providing
high strength, superior corrosion resistance, high electrical
and thermal conductivities and light-weight to meet the challenges of extreme conditions in various engineering fields
[16,17].
Various processes like chemical vapour deposition, plasma
spraying, thermal spraying, electrodeposition and physical
vapour deposition have been used to form a composite coating on the different substrates [9]. The electrodeposition
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process is prominent in copper plating [9,18]. The surface
morphology, composition, microstructure, mechanical and
electrochemical properties of the plating directly rely on the
process parameters like electrolyte pH, current density, electrolyte bath composition, etc. [19–21].
In the present work, Ni as an alloying element and graphene
nanoplatelets as reinforcing element were co-deposited with
Cu to prepare Cu–Ni/Gr composite coatings by electro-codeposition method. The influence of various current densities
on the characteristics of Cu–Ni/Gr composite coatings was
examined.

2. Experimental
2.1 Materials
Copper sulphate pentahydrate (CuSO4 ·5H2 O), nickel sulphate hexahydrate (NiSO4 ·6H2 O) with the purity of 99% and
trisodium citrate dihydrate (Na3 C6 H5 O7 ·2H2 O) were supplied by Merck Specialties Pvt. Ltd. Graphene nanoplatelets
(with surface area ≈ 500 m2 g−1 ) used in this study were purchased from Alfa Aesar.
2.2 Electrodeposition process
In a citrate type bath, Cu–Ni/Gr composite coatings were
electrodeposited at various current densities. All the steps
involved are shown in figure 1. A volume of 250 cm3 of
citrate bath was composed of 21 g l−1 of copper sulphate pentahydrate as the copper source, 105 g l−1 of nickel sulphate
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Figure 1. Scheme of the electro-co-deposition of Cu–Ni/Gr composite coatings.
Table 1.

Used bath composition and operating conditions.

Bath composition and operating conditions
Nickel sulphate hexahydrate
Copper sulphate pentahydrate
Trisodium citrate dihydrate
pH
Temperature
Steering
Graphene nanoplatelets
Current density
Plating time

hexahydrate as the nickel source and 59 g l−1 of trisodium
citrate dihydrate as a complex agent. For comparison, pure
Cu–Ni coating was also prepared. The citrate bath composition and operating conditions are given in table 1. All
electrolyte solutions were formed by reagent grade chemicals
and deionized water. The vacuum filtration was used to separate insoluble impurities from the electrolyte solution. Then,
100 mg l−1 graphene nanoplatelets were added to the electrolyte solution. A magnetic stirrer was used for agitation of
the electrolyte solution with 300 rpm for 15 min. After stirring,
ultrasonic treatment was given for 1 h to disperse the graphene
nanoplatelets uniformly in the solution. A stainless steel plate
of 20 × 20 × 1.5 mm3 was used as a cathode (substrate) and

Quantity
105 g l−1
21 g l−1
59 g l−1
4
35 ± 1◦ C
300 rpm (using magnetic stirrer)
100 mg l−1
2, 4, 6 and 8 A dm−2
90 min

a nickel plate was used as an anode. Stainless steel substrates
were polished with silicon carbide paper, degreased in acetone, and activated in nitric acid before use.
2.3 Characterization
The surface morphologies and elemental composition of the
Cu–Ni/Gr composite coatings were examined by using scanning electron microscopy (SEM) (FEI-Apreo S) attached
with energy dispersive spectroscopy (EDS). The energy used
for analysis was 10 kV. The effect of the current densities
on the microstructure of prepared coatings was examined
by X-ray diffraction (XRD) (Rigaku Mini Flex-II model)
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(Cu Kα radiation, λ = 0.15418 nm). The examination was
acquired from 10 to 80◦ 2θ for the Cu–Ni/Gr coatings.
The XRD experiments were done with a scanning rate of
0.05◦ s−1 . The average crystallite size of composite coatings
was estimated using the Scherrer technique. Also, the lattice
strain was determined from XRD data. The microhardness
measurements of the composite coatings were performed with
a period of 10 s and a load of 20 g by microhardness tester
(Innovatest Nexus 4303).
Wear tests of composite coatings were performed by reciprocating tribometer coupled with Kistler dynamometer with
a ball-on-disk arrangement. The steel ball of 3 mm diameter
was used for testing. The experiments were performed with a
standard load of 4 N, 5 Hz frequency and amplitude of 10 mm.
The coefficient of the friction was recorded continuously during the tests.
The corrosion resistance of prepared composite coatings
was examined by a technique called potentio-dynamic linear
polarization using CHI604E (Potentiostat/Galvanstate, USA)
instrument. The experimental tests were performed at room
temperature in 3.5 wt% aqueous solution of NaCl using a
conventional three-electrode system.

3. Results and discussion
3.1 Morphological and compositional characterizations
The surface morphology of Cu–Ni/Gr composite coatings
is depicted in figure 2. Figure 2 demonstrates the effect of
various current densities on the surface morphology of electrodeposited coatings. At the low current densities, a smooth
and compact morphology of the produced Cu–Ni/Gr coatings are clearly noticed as shown in figure 2a–d. A noticeable
change is observed in the surface morphology of Cu–Ni/Gr
coatings with less compactness and rough characteristics due
to the increase of current density from 6 to 8 A dm−2 as shown
in figure 2e–h. Prominently, at increased current densities, the
rate of deposition is high (like 6 and 8 A dm−2 ), which results
in less compactness and rough morphology [22].
As seen in figure 3, as the current density is increased,
the graphene content of the Cu–Ni/Gr composite coatings
is also increased gradually up to 6 A dm−2 and then started
decreasing with further increase in current density. At low
current densities, there are less metallic ions which would
be embedded with graphene nanoplatelets and deposited on
a substrate. At high current densities, metallic ion shows
high deposition rate compared to graphene nanoplatelets [23].
Hence, experimentally, it has been observed that the graphene
nanoplatelets content in Cu–Ni/Gr composite coatings is
gradually increased from 2 to 6 A dm−2 and then decreased
at 8 A dm−2 . However, Cu–Ni/Gr composite coating electrodeposited at 6 A dm−2 has higher graphene nanoplatelets
content.
Figure 4a and b shows SEM cross-sections of Cu–Ni/Gr
composite coatings, which depict proper bonding between
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the substrate and coating as no cracks are observed between
them. The thickness of Cu–Ni/Gr composite coatings electrodeposited at various current densities, is measured. The
effect of various current densities on the thickness of Cu–
Ni/Gr composite coating is shown in figure 4c. It is noticed
that the thickness increases with an increase in current density.
Figure 5 shows EDS mapping of the Cu–Ni/Gr coatings,
electrodeposited at various current densities. The different
elements present in the coatings are represented by various
colours. Figure 5c shows the presence of graphene platelets
in the composite. It is observed that the graphene nanoplatelets
and the nickel elements are distributed uniformly in the copper matrix. The EDS results are listed in table 2, which show
that the Cu–Ni/Gr composite coatings electrodeposited at the
current densities of 6 and 8 A dm−2 have lower copper content, in comparison with the 2 and 4 A dm−2 . On the other
hand, by increasing the current density, the content of nickel
in the electrodeposited coatings is increased. Cu2+ species are
discharged with mass transport control, and Ni2+ species are
discharged with activation control [24,25]. Therefore, with
the increase in the current density from 2 to 8 A dm−2 , the
relative content of nickel in the electrodeposited Cu–Ni/Gr
coating increases. The enhancement in the characteristics of
the electrodeposited coating relies on a homogeneous distribution of the graphene nanoplatelets in the coating [26]. The
highest graphene nanoplatelets content and the homogeneous
distribution of the elements are at 6 A dm−2 coating deposition is seen in figures 3 and 5c, respectively.
3.2 Microstructural characterization
Figure 6 shows the XRD spectrum of graphene nanoplatelets,
Cu–Ni and Cu–Ni/Gr composite coatings electrodeposited at
various current densities. On XRD spectrum of Cu–Ni, only
one peak of Cu–Ni is observed instead of two separate peaks
of Cu and Ni, which confirms the formation of Cu–Ni alloy in
all the coatings [27,28]. The major peak (111) corresponding
to Cu–Ni has been observed at 2θ = 43.6◦ , which is between
the 2θ values of pure copper at 43.35°(American mineralogist crystal structure database (AMCSD 0012903)) and pure
nickel at 44.53◦ (AMCSD 0011153) [29]. The peaks in XRD
pattern of Cu–Ni and Cu–Ni/Gr composite coatings are corresponding to the plane (111), (200) and (220), which confirm
the fcc structure of the electrodeposited coatings. The carbon
peaks belong to graphene nanoplatelets (around 2θ = 26◦ )
are not observed in XRD spectrum of Cu–Ni/Gr composite
coatings electrodeposited at various current densities, which
is due to very low graphene nanoplatelets content [30]. However, the peak intensity of the Cu–Ni/Gr composite coatings
has been weakened with the increase in current density due to
the lattice distortion of electrodeposited coatings by the incorporation of graphene nanoplatelets. In figure 6, the width of
the fcc reflections peaks are changed across the distinct samples due to the presence of graphene nanoplatelets. Moreover,
peak broadening indicates the small crystallite size of the coatings [7]. However, no impurity (such as Cu2 O) is observed
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Figure 2. Surface morphology of the Cu–Ni/Gr composite coatings electrodeposited at (a, b) 2 A dm−2 , (c, d)
4 A dm−2 , (e, f) 6 A dm−2 and (g, h) 8 A dm−2 .

in the XRD spectrum of Cu–Ni and Cu–Ni/Gr composite
coatings.
Also, there is a slight decrease in crystallite size of Cu–
Ni/Gr composite coatings with the rise in current density due
to the increase in the deposition rate. The crystal growth is
significantly inhibited due to the higher deposition rate.

Variation in crystallite size of Cu–Ni and Cu–Ni/Gr
composite coatings electrodeposited at various current densities is depicted in figure 7. According to the Scherrer equation
and XRD pattern, the crystallite size for the (111) reflection
was calculated [31]. Moreover, Cu–Ni/Gr composite coating
electrodeposited at 6 A dm−2 has the least crystallite size of
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about 8 nm. The embedded graphene nanoplatelets increase
active nucleation sites and hence, inhibit the crystal growth.
Hence, incorporation of graphene nanoplatelets serves as a
mechanism for grain refinement of electrodeposited composite coatings [17]. Also, the coating has high graphene content
at the current density of 6 A dm−2 , and the coating has the
least crystallite size.
Figure 8 shows the change in the lattice strain of Cu–Ni
and Cu–Ni/Gr composite coatings at various current densities.
The lattice strain was calculated with the help of XRD results
by using equation (1) [32]:

ε=

Figure 3. Graphene nanoplatelets content vs. current density of
Cu–Ni/Gr composite coatings.

β
4 × tan θ


× 100,

(1)

where β is the full width at half maximum (FWHM) and θ the
Bragg’s angle corresponding to fcc (111) peak. As shown in
figure 8, the lattice strain increases up to 6 A dm−2 and then

Figure 4. SEM cross-sections of Cu–Ni/Gr composite coatings electrodeposited at (a) 4 A dm−2 , (b) 8 A dm−2 and
(c) the thickness of Cu–Ni/Gr composite coatings electrodeposited at various current densities.
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Figure 5. EDS mapping of the Cu–Ni/Gr coatings electrodeposited at (a) 2 A dm−2 , (b) 4 A dm−2 , (c) 6 A dm−2 and (d) 8 A dm−2 .

Table 2. EDS data of Cu–Ni and Cu–Ni/Gr composite
coatings electrodeposited at various current densities.
Description
Cu–Ni
Cu–Ni/Gr (2 A dm−2 )
Cu–Ni/Gr (4 A dm−2 )
Cu–Ni/Gr (6 A dm−2 )
Cu–Ni/Gr (8 A dm−2 )

Cu (wt%)

Ni (wt%)

C (wt%)

67.86
65.92
64.68
63.84
66.18

32.14
28.76
29.34
29.55
29.84

—
5.32
5.98
6.61
3.98

decreases. Also, the smaller the crystallite size, the higher
the lattice strain [33]. The generation of defects, such as
voids, twins, vacancies and dislocations can increase the lattice strain [32].

3.3 Microhardness testing
Figure 9 illustrates the microhardness variation of Cu–Ni
and Cu–Ni/Gr composite coatings electrodeposited at various current densities. The measured hardness of Cu–Ni/Gr
composite coatings is higher than Cu–Ni composite coating. The improved microhardness of Cu–Ni/Gr composite
coatings is mainly due to the grain size refinement and an
increase in the percentage of grain boundaries after incorporation of graphene nanoplatelets, as well as extraordinary
mechanical properties of graphene nanoplatelets [34]. The
movement of dislocation in the Cu–Ni/Gr composite coating is hindered by graphene nanoplatelets, which tends to
increase the deformation resistance and lattice distortion
energy [35,36]. As shown in figure 9, the microhardness of
Cu–Ni/Gr composite coating first increases up to 6 A dm−2 ,
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Figure 6. XRD spectrum of graphene nanoplatelets, Cu–Ni and
Cu–Ni/Gr composite coatings electrodeposited at various current
densities.
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Figure 8. Change in the lattice strain of Cu–Ni and Cu–Ni/Gr
composite coatings electrodeposited at various current densities.

Figure 9. Variation in microhardness of Cu–Ni and Cu–Ni/Gr
composite coatings electrodeposited at various current densities.
Figure 7. Change in the crystallite size of Cu–Ni and Cu–Ni/Gr
composite coatings electrodeposited at various current densities.

3.4 Tribological performance

then decreases with an increase in current density. The
adsorption force of graphene nanoplatelets surrounded by
positive ion cloud (Cu2+ and Ni2+ ) in the bath is increased
with an increase in current density within a certain range [8].
Hence, the content of graphene nanoplatelets in the coatings is gradually increased up to 6 A dm−2 as observed in
figure 3. However, with further increase in current density
to 8 A dm−2 , independent metal ions (Cu2+ and Ni2+ ) are
quickly attracted to the substrate, the content of incorporated
graphene nanoplatelets decreases [37,38]. Thus, the microhardness of Cu–Ni/Gr composite coating decreases at current
density of 8 A dm−2 .

The average coefficient of friction graph of Cu–Ni and Cu–
Ni/Gr composite coatings electrodeposited at various current
densities is given in figure 10. The semiconductor strain
gauges measured the frictional forces for 500 cycles. From
the ratio of tangent force to the normal force, the coefficient of
friction was calculated. The measured average coefficient of
friction for Cu–Ni/Gr composite coatings is lower than Cu–Ni
coating. The Cu–Ni/Gr composite coating electrodeposited
at 6 A dm−2 has a lower value of the average coefficient
of friction compared to the remaining current densities. The
reduction of coefficient of friction is attributed to the role of
graphene nanoplatelets in the Cu–Ni/Gr composite coatings
[39,40]. The graphene nanoplatelets present in the coating
act as a lubricant and mating surface slides easily over each
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Figure 10. The average coefficient of friction graph of Cu–Ni and
Cu–Ni/Gr composite coatings electrodeposited at various current
densities.
Table 3. Calculated corrosion results of Cu–Ni and Cu–Ni/Gr
composite coatings electrodeposited at various current densities.
Description

E corr (V)

Icorr (μA)

Cu–Ni
Cu–Ni/Gr (2 A dm−2 )
Cu–Ni/Gr (4 A dm−2 )
Cu–Ni/Gr (6 A dm−2 )
Cu–Ni/Gr (8 A dm−2 )

−0.432
−0.426
−0.424
−0.411
−0.428

96
52
63
31
87

other [41]. In addition, according to Archard’s equation, the
wear rate of a material is inversely proportional to its hardness [42]. The Cu–Ni/Gr composite coating electrodeposited
at 6 A dm−2 has higher microhardness; thus, it controls the
plastic deformation of coating and helps to reduce the coefficient of friction. However, the increase in the coefficient of
friction in the other electrodeposited coatings is due to the
decrease in graphene nanoplatelets content in the coatings.
From figure 3, it is clearly seen that when current density
increases up to 6 A dm−2 , the graphene content in the coating
increases gradually and hence, the average coefficient of friction also decreases with increase in graphene content, which
can be seen in figure 10.
3.5 Corrosion performance
The potentio-dynamic linear polarization graphs of Cu–Ni
and Cu–Ni/Gr composite coatings electrodeposited at various
current densities are given in figure 11 and the corresponding calculation are shown in table 3. In a potential range of
+0.4 to −0.9 V at the scan rate of 0.01 V s−1 , the electrode
kinetics of the electrodeposited coatings were examined. The
corrosion resistance of the Cu–Ni/Gr composite coatings is
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Figure 11. Potentio-dynamic linear polarization graph of Cu–Ni
and Cu–Ni/Gr composite coatings electrodeposited at various current densities.

affected by the current density, which is displayed in table 3
and figure 11. The Cu–Ni/Gr composite coatings electrodeposited at 6 A dm−2 shows lower corrosion current and higher
corrosion potential. The low rate of corrosion is the cause of
lower corrosion current, and high rate of corrosion is the cause
of lower corrosion potential. At 6 A dm−2 current density,
the Cu–Ni/Gr composite coating gives lower anodic current,
which shows that higher corrosion resistance of the prepared
coating.
There are many reasons for enhancement in the corrosion
resistance of the nanoparticles-reinforced composite coatings
[43–45]. Incorporated graphene nanoplatelets avoid the initiation and growth of corrosion by filling the gaps and microholes
in the composite coatings [17]. Cu–Ni/Gr composite coating
deposited at 6 A dm−2 has high graphene content; therefore,
it shows higher corrosion resistance. Moreover, the composite
coating deposited at 8 A dm−2 has high surface roughness and
less graphene, results in high surface area exposed to the corrosive environment and decrease in corrosion resistance [44].
4. Conclusion
In the present study, Cu–Ni/Gr composite coatings were successfully electrodeposited at various current densities (such
as 2, 4, 6 and 8 A dm−2 ). The influence of various current
densities on the different characteristics of Cu–Ni/Gr composite coatings was examined, and the results were reported
as follows:
1. The crystalline structure was fcc for the electrodeposited
Cu–Ni and Cu–Ni/Gr composite coatings.
2. In the coating area of Cu–Ni/Gr composite, the graphene
nanoplatelets were homogeneously distributed.
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3. The amount of graphene nanoplatelets in Cu–Ni/Gr
composites coatings was increased up to 6 A dm−2 and
then decreased.
4. The incorporation of graphene nanoplatelets in Cu–Ni
coating influenced the crystallite size. As the graphene
nanoplatelets content was increased, the crystallite size of
the coating decreased, which in turn increased the microhardness, corrosion resistance and decrease the coefficient
of friction of the coating.
5. Cu–Ni/Gr composite coating reached the maximum values
of desirable properties at 6 A dm−2 of current density.
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