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Nickel and nickel alloy has good chemical and physical properties to enhance corrosion
resistance. Electrodeposited nickel layer are expected to improve the corrosion
resistance of copper as substrates. The difference distance crystal plane of Nickel and
Copper is about 0.02 - 0.03 Angstrom. The electrochemical behavior, structure, and
morphology of electrodeposited nickel on a copper substrate in a sulfate solution were
investigated. Electrodepositions of nickel layer were conducted at room temperature
with various current densities (10 mA/cm? 20 mA/cm? and 30 mA/cm?).
Electrochemical behavior, structure, and morphology of the samples were analyzed by
using a potentiostat, x-ray diffraction (XRD), and Scanning electron microscope (SEM).
The x-ray diffraction patterns show that the nickel has a cubic FCC crystal system and
space group Fm-3m. The current density during the electrodeposition process had
influenced the crystallite parameter, crystallite size, and micro strain of nickel film
deposited. Electrodeposited nickel with current density 30 m A/cm? shows the best
corrosion resistance.
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1. INTRODUCTION

corrosion resistance in  aggressive  aqueous

Electrodeposition is a simple process and low-cost
approach which was utilized extensively to fabricate
various metallic layers for different purposes [1-4].
Nickel and nickel alloy has good chemical and physical
properties materials to enhance corrosion resistance [5-
7]- The nickel layer's electrodeposition has been widely
used in many industrial fields to improve decorative,
protection, and wear properties [8-10].
Electrodeposition of nickel commonly are conducted on
sulfate [11], sulfamate [12], chloride [13], and citrate
[14] electrolyte solution.

Corrosion to metals occurs during an electrochemical
oxidation reaction. Nickel layer shows excellent

environments [9]. The stable passive film on the surface
of nickel gave advantages to excellent corrosion
resistance [15]. Moreover, the nickel layer shows better
corrosion resistance with decrease crystallite size.
Nasirpoury et al. had reported electrodeposition of
nickel from watts bath solution using direct current
(DC), pulsed current (PC), and pulsed reversed current
(PRC) technique resulting in the crystallite size 41 nm,
30 nm, 36 nm respectively. It also found that the sample
with the smallest crystallite size has the best corrosion
resistance [16]. On the other hand, besides the size of
crystallite and passive films, the nickel layer's corrosion
resistance is strongly influenced by the microstructure
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[17,18]. The microstructures of electrodeposited nickel
is closely related to electrodeposition parameter such as
current density [19-21], pH [22], and additive
[19,23,24]. Zhao et al. were conducted electrodeposition
of nickel with various current densities resulting in
various grain (crystallite) size [8].

Therefore, this present work aims to prepare the
electrodeposition nickel on Copper alloy using a sulfate
solution without additive addition at different current
densities. Nickels deposit to copper were one of the
crystal plane distance difference was about 0.02-0.03
Angstrom. Electrodeposited nickels were analyzed by
Potentiostat in 3.5% NaCl solution, Scanning electron
microscope, and X-ray diffraction to determine crystal
parameter. The results will show the necessity of Ni
plating on Copper Alloy in a severe environment.

2. EXPERIMENTAL

2.1. Material Preparation

The electrodeposition of nickel was prepared from a
sulfate bath at 250 ml fresh electrolyte solution. The
electrolyte solutions were consisting of Nickel (II)
sulfate hexahydrate (NiSO4.6H,0) with composition 0.25
M analytical grade chemical from Merck. The
electrodepositions of nickel were conducted using D.C
Power Supply for 2-hour durations to various samples.
The cathode was a copper alloy with composition in
Table 1, and the anode was a nickel plate (99.99%). The
cathode was cut 1 cm x 1 cm x 0.3 cm and embedded on
epoxy resin with 1 cm x 1 cm area of the surface is left
open. Before the electrodeposition process, the
cathode's surface was prepared using 1000 mesh up to
3000 mesh abrasive papers. It was followed by cleaning
cathodes with acetone in the ultrasonic cleaner for 10
minutes. Distance between the anode (nickel) and the
cathode (copper alloy) was maintained about 5 cm
during the electrodeposition process. The
electrodepositions of nickel were conducted with
various current densities of 10 mA/cm? 20 mA/cm?,
and 30 mA/cm?. The sample obtained at current density
ten mA/cm? 20 mA/cm? and 30 mA/cm* was
designated as Ni-10, Ni-20, and Ni-30, respectively.

Table 1. The chemical compositions of copper

substrates.
Element Al (wt.%) Ni(wt.%) Cu (wt.%)
Concentration 2.977 29016 balance

2.2. Electrochemical Investigation

The electrochemical investigation was used cell of the
three-electrode (Digi-lvy DY2311) equipment made
from Austin Texas USA, where silver/silver chloride
(Ag/AgCl) as a reference electrode (RE) and platinum
wire (Pt) as a counter electrode (CE). The
electrochemical investigation was conducted with scan
rates of 50 mV/s. and scans from -1.5 V to 0.5 V, with
sensitivity 0.003 (A/V) in 100 mL 3.5% NaCl fresh
solution. The corrosion current density (leorr) and
corrosion potential (Ecr) can be determined by
extrapolating the linear portions of the potentiostat
polarization plots to the intersection. Meanwhile, the

corrosion rate can be calculated using corrosion current
density with the equation [25] :

CorrosionRate(mmpy) =C Mr:,cs” 1

Where, p=density of nickel (8.098 g/cm?),
Icor=corrosion current density (A/cm?), M=atomic
weight of nickel (58.69 g/mol), n=number of electrons
involved (2), and C=constant (3.27). Moreover, the
electrochemical investigation was used open circuit
potential measurements were carried out from 0 to
1200 seconds, with sampling retrieval time per 2
seconds.

2.3. Structure

The crystalline structure of the electrodeposited nickel
was identified by x-ray diffraction (PANalytical X-ray
Diffractometer (XRD) with CuKa_ radiation) and scans
from 20° to 90° with the resolution of 0.002°. Highscore
plus software was used to refine the XRD pattern to
obtained crystal parameters. The results of the X-ray
diffraction pattern refinement achieved with Rwp and
GOF below 10 % and two, respectively.

2.4. Surface Morphology

A scanning electron microscope (SEM) FE-SEMFEI
INSPECT F50 Analyzer was used to observe the surface
morphology of samples. The observations of the sample
conducted 25000 x magnifications were scanning
electron microscope connected to monitor of the PC
apparatus.

3. RESULTS AND DISCUSSION

3.1 Electrochemical Test

3.1.1. Potentiodynamic Polarization

The common test used to determine the corrosion
behavior of metals is potentiodynamic polarization. In
order to explore corrosion resistance, potentiodynamic
polarization measurements were employed to examine
samples in a simulated seawater solution containing 3.5
wt. % NaCl [26-28]. Figure 1 shows the
potentiodynamic polarization plot curve for the various
samples in a 3.5% NaCl aqueous solution at room
temperature and a describe typical active-passive-trans
passive corrosion behavior. These results seem similar
to other research conducted with the potentiodynamic
measurements of nickel [15,29]. Their corresponding
corrosion potential (Ecorr), corrosion current density
(Icorr), and corrosion rate were summarized in table 2,
where the corrosion rate was calculated used corrosion
current with equation (1).

The cathodic reaction at the potentiodynamic
polarization curve corresponded to the evolution of the
hydrogen, and the anodic polarization curve was related
to the corrosion resistance [30]. An active anodic
process for an electrodeposited nickel was observed
when applied potential shifted onto the anodic region.
For the Ni-30 sample, a corrosion potential (Ecorr) about
-0.841 V with current corrosion (Icorr) 1.64 x 10-> A was
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recorded. The Ni-30 sample has better corrosion
resistance than Ni-10 and Ni-20 sample (see table 2).

Table 2. Corrosion current density, corrosion
potential, corrosion rate and OCP potential
electrodeposited nickel at various current densities

Icorr Cor Rate

No Sample (A/cm?) Ecorr(V) (mmpy) Eoce(V)
1 Ni-10 2.64x 105 -0.787 0.285 -0.250
2 Ni-20 3.64x 105 -0.892 0.392 -0.224
3 Ni-30 1.64x 105 -0.841 0.177 -0.270

Corrosion potential (Ecorr) of the Ni-30 sample was
shifted positively about 51 mV compared with the Ni-20
sample. This indicated the Ni-20 sample more anodic
than the Ni-30 sample [31]. Moreover, the corrosion
potential of the Ni-10 sample is more anodic than a
various sample of electrodeposited nickel.
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Figure 1. Potentiodynamic Polarization curve of

electrodeposited nickel sample in 3.5% NaCl

aqueous solution: (a) Corrosion potential; (b)
Comparative passive region.

The passive region is presented in figure 1 (a), and
the comparative passive region is presented in figure 1
(b) resulting from potentiodynamic polarizations in
3.5% NaCl aqueous solution. This passive region is one
kind of factor that would be affecting corrosion
resistance behavior [32]. The nickel layer was in the
active state from corrosion potential (Ecorr) to about -0.6
V, and then in the passive state at potentials higher than
-0.6 Virrespective of the nickel layer from varies current

densities of electrodeposition. As we can see in figure 1,
(b) sample Ni-20 has shifted to negative log current,
followed Ni -10 and Ni-30 samples. Compared to figure 1
(b) with table 2, we can see the sample which shifted to
negative log current has less corrosion rate. This is
related to Park et al. work were investigating passive
films on the nickel [15].

3.1.2. Cyclic Voltammetry

For the investigation of anodic and cathodic behavior of
the nickel layer, cyclic voltammetry was recorded with a
scan rate of 50 mV/s of various samples in 100 mL 3.5%
NaCl aqueous solution. Typical cyclic voltammetry for
various samples in room temperature solution is
presented in figure 2.

0,0002 4

0,0000 +

i(A)

-0,0002

-0,0004

Oxidation Peak

=0,0006

T T T
-0,8 -0,7 =06 0,5
Potential (V) vs Ag/AgCl

(a)

0,008

1st Reduction Peak

0,006

0,004

i(A)

0,002

0,000

-0,002 4

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2
Potential (V) vs Ag/AgCl

(b)

Figure 2. Cyclic Voltammetry curve of
electrodeposited nickel sample were conducted in
3.5% NaCl aqueous solution: (a) Oxidation region; (b)
Reduction region

The potential scan was initiated at -1.5 V to 0.5 V for
an anodic sweep and reversed for a cathodic sweep. On
the anodic sweep, oxidation commenced at about -0.75
V, followed by active anodic dissolution up to -0.45 V for
an electrodeposited nickel. Once the passive NiO film is
formed, the anodic dissolution becomes steady at about -
0.15 mA for Ni-30 sample, -0.2 mA for Ni-10 sample, and
-0.3 mA for Ni-20 sample (figure 2 (a)). As we can see in
figure 2 (b) after reversing scan 0.5 V to -1.5 V, the
reduction peak of the three samples has different
behavior. Sample Ni-10 has the biggest reduction peak
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than Ni-20 and Ni-30 samples, but sample Ni-10 has two
reduction peaks. This probably means two process
reductions as we can see on the following equation [33]:

NiO + Hz0 = Ni(OH): 2)
NiO + 2H* + 2¢ = Ni(OH): (3)

For the cathodic sweep sample Ni-10, reduction
commenced at about -0.1 V, followed by a cathodic
reduction up to -0.9-V. Moreover, for the cathodic sweep
sample Ni-20 and Ni-30, reduction commenced at about
-0.1V, followed by a cathodic reduction up to -0.5 V.

3.1.3. Open Circuit Potential

Figure 3 presents the open circuit potential of
electrodeposited nickel with different current density
starting from 0 to 1200 second in 3.5% NaCl aqueous
solution. The steady-state potential for Ni-10 sample (-
0.250 V) was attained within 300 seconds, and for Ni-20
and Ni-30 samples, it takes more than 1200 seconds to
reach a steady state.

Generally, the electrodeposited nickel sample shows
the continuous shift of the potential open circuit to
positive values, indicating additional passivation over
the period of measurement (1200 seconds).
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Figure 3. Open circuit potential curves of
electrodeposited nickel samples were conducted in
3.5%-NaCl.

Based on the electrochemical investigations, Ni-30
has better corrosion resistance, the highest negative OCP
voltage, lowest peak reduction, and shift to the left side
of the passive region. The lowest corrosion resistance is
on the Ni-20 with the lowest negative OCP voltage,
middle reduction peak, and shift to the right side of the
passive region.

3.2. X-Ray Diffraction

The XRD patterns of electrodeposited Nickel show in
figure 4, peaks diffractions of the three samples show
patterns of diffraction peaks of (111), (002), and (022).
The crystal system of samples is Cubic FCC with Space
Group Fm-3m obtained from Rietveld refinement
analysis using Highscore plus software with ICSD 98-
004-3379 (ref. Code). Various previous research

reported a similar pattern and crystal system with our
research [11,13,17,19,34].

The average crystallite sizes obtained from highscore
plus software are summarized in Table 3. It shows
various crystallite sizes of the electrodeposited nickel,
and they are not linearly with current density. These
results are contradictive with Zhao et al. report of
electrodeposition of nickel in sulfamate solution.

The crystallite size increases with the increase of the
current density [8]. The Ni-30 sample has the smallest
crystallite size, and the Ni-20 sample has a larger
crystallite size. It should be noted that the smaller
crystallite size would increase the corrosion resistance
of the nickel [11,16]. The correlation between crystallite
size and corrosion rates are presented in figure 5. It
shows the crystallite size closely linearly related to
corrosion resistance for the samples, and these are also
related to previous reports [35,36]. Furthermore,
shifting the crystallite size to a smaller value, lead to
higher microstrain and the density value of the
electrodeposited nickel (p=9,03 g/cm?).
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Figure 4. The XRD pattern of various current
densities electrodeposited nickel.

Table 3. Crystal parameter of various current
densities electrodeposited nickel.

Sample

Parameter Ni-10  Ni-20 ___ Ni-30
Crystal System Cl;lé) (I:C Cubic FCC  Cubic FCC
Space Group Fm-3m Fm-3m Fm-3m
a=b =c(A) 3.5182 3.5208 3.5077
V (A3) 43.568 43.642 43.157
Density, p (g/cm?) 8.95 8.93 9.03
Crystallite size (nm) 38.78 49.82 23.82
Micro strain (%) 0.131 0.081 0.165
Rwp (%) 8.08 9.83 7.77
GOF 1.38 1.85 1.19

The crystallite sizes of the nickel layer were probably
influenced by (002) crystal plane peak intensity. The
increase of (002) peak intensity would affect the
crystallite size. This was also reported by other
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researchers [8]. The (002) peak intensity of Ni-10, Ni-20,
and Ni-30 samples are 2041, 2389, and 1873
respectively. The peak intensity of (111) for FCC metal
also gives a contribution to the corrosion resistance. If
the (111) peak is higher, it will be increased corrosion
resistance [37].

0.4
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Figure 5. The correlation between crystallite size
and the corrosion rate of electrodeposited nickel.

As we can see in table 4, the peak intensity (111) of
sample Ni-10, Ni-20, and Ni-30 are 2441, 2069, and
2789 respectively. The sample of Ni-30 shows the
highest peak than the Ni-10 and Ni-20 samples. This
means that the sample Ni-30 would have less corrosion
rate than Ni-10 and Ni-20 samples. By comparing the
peak intensity of (111) in table 4, It is clearly seen that
the corrosion rate is closed linearly with the (111) peak
intensity. Shifting to higher current density would affect
the decreasing intensity of (022) peak.

Table 4. Peak intensity electrodeposited nickel sample
at various current densities.

Intensit Intensi Intensit
No  Sample = /44 Y (002)ty (022) ’
1 Ni-10 2441 2041 4176
2 Ni-20 2069 2389 4095
3 Ni-30 2789 1873 3066

Table 5 is the FWHM of electrodeposited nickel
sample at various current density. As we can see the Ni-
30 sample have higher FWHM than others. The smallest
FWHM are seen on Ni-20 sample.

Table 5. FWHM electrodeposited nickel sample at
various current densities.

No  Sample FWHM FWHM FWHM
(111) (002) (022)

1 Ni-10 0.2437 0.2562 0.3320
2 Ni-20 0.2337 0.2450 0.3004
3 Ni-30 0.3269 0.3346 0.4133

3.3 Scanning Electron Microscope Observation
The surface morphology of the electrodeposited nickel
with different current densities was studied by Scanning

Electron Microscope. The depositions time were
conducted for a fixed time about 120 min for
electrodeposited nickel sample at room temperature.

Figure 6 shows the surface morphology of sample Ni-
10, Ni-20, and Ni-30 were collected from Scanning
Electron Microscope with magnification 25000 X. It
seems that the Ni-20 has to show larger grain than other
samples, as shown in figure 6 (b). The samples Ni-10
show clearly smooth and compact surface with fine
granules, as we can see in figure 6 (a). The sample Ni-30
shows small grain that is distributed on large grain. This
phenomenon probably correlated with the FWHM in
table 5. The highest average FWHM is in the Ni-30
sample that shows a compact small grain around the big
grain. The surface morphology of material would affect
the corrosion rate of the sample [17]. Based on Table 2,
the Ni-20 sample has resulting highest corrosion rate
than the other electrodeposited nickel samples. This
behavior was caused by surfaces of sample Ni-20 has a
larger grain than the other electrodeposited nickel
samples.

Figure 6. Scanning electron microscope images of
samples were show comparison of various
electrodeposited nickel at different current

densities: a)Ni-10, b)Ni-20, c)Ni-30.

4. CONCLUSION

The X-ray diffraction patterns show that the nickel has
crystal system Cubic FCC and space group Fm-3m. The
current densities are affecting the reduction of crystal
parameter and increase the density and lead to a
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reduction in crystallite size. The increase of density is
probably due to Crystal plane distances of nickel tend to
be forced close to a crystal plane of Copper, which as a
substrate during electrodeposition, where Copper
crystal plane distance is smaller. The crystallite size and
peak intensity of (111) has a correlation with the
corrosion resistance. Smallest crystallite size and
highest peak intensity of (111) are affecting the better
corrosion resistance. Electrodeposited nickel with
current density 30 mA/cm? shows the best corrosion
resistance.
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