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Abstract In this research, Ni-Co/Gr nanocomposite coating was applied on a low carbon steel substrate
based on electrodeposition method under pulse-reverse current using watt plating solution in the presence of
saccharin with 0.05 g/L graphene. For better graphene distribution, the plating solution was sonicated. The
microstructure of the coating was examined by scanning electron microscopy, atomic force microscopy, and
X-ray diffraction, and its corrosion resistance was assessed by polarization and Electrochemical Impedance
Spectroscopy (EIS) analysis. The results showed that the coating included Ni-Co/Gr alloy with a smooth surface
morphology and contained about 26 % by weight of cobalt. Graphene reinforcing particles were co-deposited
on the surface. The average grain size of the Ni-Co/graphene composite coating was obtained as about 7 nm,
indicating the formation of a very fine-grained structure. The hardness value of the sample increased from 220
HV (microhardness of the substrate) up to 496 HV followed by nanocomposite coating application. The results
of the corrosion tests showed that the corrosion resistance of the coated sample was much higher than that of the
uncoated steel. As a result of applying this coating, the corrosion rate decreased from 0.611 mm/y to 0.0029

mm/y.
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1. INTRODUCTION

Pulse current electrodeposition method is a new
method for plating metals, alloys, and Metal Matrix
Composites (MMC). This method can guarantee more
advantages than its Direct Current (DC) counterpart.
Pulse current (PC) and Reverse Pulse Current (PRC)
methods increase the deposition rate and form a
microstructure with more uniform and granular deposits
that consequently, compared to the DC method, can
notably improve the corrosion resistance and increase
the mechanical properties. For this reason, in recent
years, PRC and PC electrodeposition methods have
received considerable academic attention [1]. For
instance, Liu et al [2], through synthesis of Co/GO
nanocomposite coating, concluded that addition of
graphene nanosheets to the cobalt matrix could affect the
morphology, phase structure, average grain size, and
corrosion and wear properties. Kumar et al. [3] produced
nickel-graphene coating by electroplating and showed
that the presence of graphene in the nickel coating by
electroplating increased the nucleation rate and
decreased the growth rate of the coating, thus decreasing

the average grain size which in turn led to the improved
performance of the coating against corrosion.

In this research, nickel-cobalt/graphene
nanocomposite coating with constant graphene
concentration was applied on a low carbon steel using
reverse pulsed current, and the microstructure, corrosion
properties and hardness of the coating were investigated
as well.

2. MATERIALS AND METHODS

A 99.9 % pure nickel sheet with dimensions of 50 mm
x 30 mm X 3 mm and a carbon steel with the cross-
section dimensions of 2 x 2 cm? were used as the anode
and cathode (substrate), respectively. Graphene powder
with an average diameter of 5 microns and specific
surface area of 300 m%g (XG sciences, grade C) was
used as the reinforcement.

The substrate was grinded before being placed in the
electrolyte. Then, it was washed with distilled water and
placed in 10 % hydrochloric acid for 20 seconds to be
deoxidized. Next, the sample was placed in the Watts
electrolyte  solution, and electrodeposition was
performed through the PRC method at the temperature
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of 25 °C and pH = 3.5, current density of 7.5 A/dm?, and
speed of 400 rpm for 20 minutes on a hot plate.

For microstructural analysis, AFM test, the Field
Emission Scanning Electron Microscope (VEGA XMU-
TESCAN, FESEM), Atomic Force Microscope (ICON,
Bruker, AFM), and X-ray diffraction ((D8) advanced
Bruker) were used. To analyze the corrosion behavior, a
potentiostat-galvanostat-impedance analyzer (VSP300
Potentiostate-Galvanostat) was used. Olympus micro-
hardness tester FM-700 was also used to measure
hardness under the load of 50 g based on the Vickers
hardness testing method.
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3. RESULTS AND DISCUSSION
3.1. Microstructure analysis

In Figures 1 (a-c), Scanning Electron Microscope
(SEM) images of the nickel-cobalt/graphene composite
coating are depicted at three different magnifications.
Given the morphology depicted in these images, the Ni-
Co coating has a uniform surface. As shown in Figure 1
(d), the graphene reinforcing particles are placed in the
matrix of the coating, thus confirming the presence of
graphene sheets in the nickel-cobalt matrix.
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Figure 1. SEM images, (a to c): nickel-cobalt/graphene composite coating at three different magnifications and (d) high-
magnification SEM image of graphene sheets on the coating surface

3.2. Corrosion behavior of nanocomposite coating

Figure 2 shows the polarization potentiodynamic
curve of the uncoated and coated steel samples in the
3.5% NaCl solution. The corrosion data of the corrosion
potential (Ecor), corrosion current density (icorr),
corrosion rate, and polarization resistance were
extracted from thepolarization diagrams using Nova
software, the results of which are listed in Table 1.
According to this table, the coated steel sample enjoys a
nobler corrosion potential than the uncoated steel while
the corrosion current density of the coating decreased
from 1.2 x 105 to 1.12 x 10 The decrease in the
corrosion current density is indicative of the increase in
the corrosion resistance of the coated sample, compared
to that of the steel [4]. In addition, the corrosion rate
decreased from 0.611 to 0.0029 mm/year, which is a
very significant amount.
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Figure 2. Potentiodynamic curves of the steel polarization

without and with nickel-cobalt composite coating

Table 1. Corrosion data obtained from polarization diagrams

Sample Icorr (A/cm?) Ecorr (v) | Corrosion rate (mm/year) Polarization resistance (€2.cm?)
Steel 2.1 %103 -0.74 4.3 %107 1.48 x 103
Coating 1.1 x10° -0.47 2.9 %103 2.62 x 10*
4. CONCLUSION 5. ACKNOWLEDGEMENT

In this research, Ni-Co/Gr nanocomposite coating was
successfully applied on the carbon steel substrate based
on electrodeposition method, under reverse pulsed
current, using Watts plating solution. The sample
hardness increased from 220 Hv (hardness of steel) up
to 496 Hv by creating a nanocomposite coating. The
corrosion resistance of the steel sample greatly increased
by applying Ni-Co/Gr nanocomposite coating.
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