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ABSTRACT

Nickel (Ni) is an interesting candidate for corrosion protection of copper (Cu) due to its present passive
area. Ni films with larger passive areas have better corrosion protection than those with smaller ones. In
the present research, Ni films were produced over Cu. A barreling apparatus was employed to support
the produced films in the sulphate solution. Various spinning speeds (0, 50, and 100 rpm) were used on
the barrel while it was being processed. Several investigations were conducted, such as deposition rate,
current efficiency, surface morphology, phase, film thickness, crystallographic orientation, and
electrochemical properties. Increased spinning speed resulted in a decrease in the deposition rate, current
efficiency, grain size, thickness, crystallite size, and exchange current density. Compared to a higher
spinning speed, the decrease in spinning speed caused an increase in the oxygen content, surface
roughness, and micro-strain. The higher speed of the barrel apparatus resulted in a lower corrosion rate
Ni film of 0.147 mmpy. Moreover, the lower speed of the barrel apparatus resulted in a higher exchange
current density Ni film of 0.997 A/lcm2.

doi: 10.5829/ije.2024.37.09c.11

NOMENCLATURE

Ccv Coefficient variant k Crystallite-shape factor constant

leorr Corrosion current density (A/cm?) A Diffractometer radiation source (nm)
K Corrosion rate constant (3272 mmpy) D Crystallite size (nm)

EW Equivalent weight (g) e Micro-strain value (%)

P Ni density (g/cm?) n Overpotential (V)

A Sample tested area (cm?) a Tafel intercept (V)

p Full width at half maximum (FWHM) value (°) b Tafel slope (\V/dec)

[ Phase peak angle (°) Jo Exchange current density (A/cm?)

1. INTRODUCTION

Several methods are conducted to fabricate Ni films,
including electroplating, chemical vapor deposition

Nickel (Ni) and its alloy are significant materials for
industrial ~applications, which include machine
components. Moreover, Ni is an interesting candidate for
corrosion protection of copper (Cu) due to its present
passive area (1). The smaller passive areas of Ni films
have less corrosion protection than the larger ones (2).

*Corresponding Author Email: fbudhi@unj.ac.id (F. B. Susetyo)

(CVD), and physical vapor deposition (PVD) (3-5).
Electroplating has a higher deposition rate than CVD and
PVD (6). Moreover, electroplating is one of the lowest
costs and eco-friendly to produce Ni films (7). There are
two ways to hold a part during electroplating: rack and
barrel (8). The choice is determined by the size of the

Please cite this article as: Susetyo FB, Widiyanto YA, Soegijono B, Yudanto SD, Ismarwanti S, Kriswarini R, Rosyidan C. Barrel-Spinning-Assisted
Nickel Plating onto Copper in Sulphate Solution to Enhance Corrosion Resistance. International Journal of Engineering, Transactions C: Aspects.

2024;37(09):1812-20.
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plated parts. Barreling plating is largely used in the
industrial sector for small parts (9). The components are
filled out into barrels, which spin in an electrolyte bath.
More than 70 % of industrial plating facilities use the
barrel technique to enable for full automation (10).
Several advantages of the barrel are more solution
transfer into a barrel, higher current density promoting a
faster plating process, reduced electrolyte concentration,
better plating for difficult alloy plating, and reduced
drag-out (11).

Several scientific researches have found that current
density, dosing electrolyte, and barrel rotation speed are
several factors that influence the quality of film produced
using plating. Sherwin et al. (12) investigated Ni plating
using a Watts solution with varying current density,
resulting in different surface morphologies and
thicknesses. Leiden et al. (13) investigated how to control
electrolyte dosing by using mathematical modeling and
found that the approach was successful in validating the
Zn-Ni barrel plating chain production process. Zhang
(14) applied a modified Watt solution to deposit MCrAIX
at a barrel speed of 7 rpm at 50 °C and a current density
of 20 mA/cm?2. This resulted in the production of
NiCrCoCrAlY, which has improved properties for cyclic
oxidation and hot corrosion. Hong et al. (15) optimized
barreling Ni-P plating by varying barreling speeds (1.5-
4.5 rpm), resulting in different film properties.

Previous research has indicated that the presence of
more salt in Ni baths makes waste treatment difficult (7).
As a result, the current investigation employed a sulfate
solution. Furthermore, three barrel speeds (0, 50, and 100
rpm) were utilized in this study. This research aims to
investigate the properties of Ni films that were made
using barreling plating. The investigation covered
deposition rate, current efficiency, surface morphology,
phase, film thickness, crystallographic orientation, and
electrochemical properties.

2. EXPERIMENTAL METHODS

2. 1. Material and Method  Electroplating of Ni on
Cu substrates (1.5 x 1.5 ¢cm) was conducted using a
barreling apparatus in 0.5 M NiSO4 solution (1500 ml).
The electrolyte solution was prepared by mixing NiSO4
with deionized water and stirring using a magnetic stirrer
for around 30 minutes to achieve better homogeneity.
Pure Cu and Ni were employed as the cathode and anode
components, respectively. Prior to electrodeposition, the
cathode was polished by abrasive paper and cleaned with
acetone. Electrodeposition was performed using a DC
power supply (MDB PS-305DM) with 25 mA of current
for 2 h at 30 °C. The samples were plated at 0, 50, and
100 rpm of barreling rotating, namely NiBO, NiB50, and
NiB100, respectively. The schematic apparatus for
barreling plating is shown in Figure 1.

Electric motor

Barrel basket

Clockwise rotation

Plating bath
Figure 1. Ni barreling plating schematic apparatus

2. 2. Characterization  The specimen was weighed
prior to and after barreling plating. The mass increment
was inserted into the previous research equation to
calculate the deposition rate and current efficiency (1).
Surface morphology, phase and film thickness were
investigated using scanning electron microscope-energy
dispersive spectroscopy (SEM-EDS) FEI Quanta 650.
The investigation of surface roughness was carried out
using MATLAB software and the captured SEM data
was converted into grayscale (0 to 225) and histogram.
Afterward, statistical analysis was employed to find the
coefficient variant (CV) using the following equation

(16).
Standard deviation
cv (%) =Tagex 100 (1)

PANalytical Xpert PRO was wused for
crystallographic orientation observations (Co Ko = 1.79
A, 40 kV, 15 mA) using step size 0.0217°. Using a Digi-
Ivy DY 2311 in 3.5% NaCl solution at 30 °C (10 mV/s),
electrochemical behavior, including open circuit
potential (OCP), anodic polarization (AP), and cathodic
polarization (CP), was investigated. Ni films as working
electrode with 1 cm? tested surface area. Ag/AgCl and
platinum are used as reference and counter electrodes.
Corrosion rate (Cor. Rate) was calculated using the
following equation (17).
IeorrXKXEW

Cor.rate (mmpy) = oA 2

3. RESULT AND DISCUSSIONS

3. 1. Deposition Rate and Current Efficiency The
calculated deposition rate and current efficiency are
shown in Figure 2. Since the barrel was not rotated,
higher current efficiency reached around 94.95 %. It
means that the combination between solution and current
density is perfectly chosen. Ahmadzadeh et al. (18)
reached 55% of electrodeposition efficiency when
electrodeposited Ni at 24 °C using 30 mA/cm? of current
density. Sherwin et al. (12) reach 100 % of current
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efficiency when Ni is electrodeposited using a Watts
solution (30 °C). Ibrahim and Al Radadi (19)
electrodeposed Ni using glycine as a complexing agent.
Their results showed that increasing glycine
concentration (from 0 to 125 g/l), pH (from 4 to 8), and
H3BOs (30 to 50 g/l) result in a decrease in current
efficiency.

A higher deposition rate and current efficiency were
observed in the NiBO sample. They have a similar
tendency; increasing the spinning speed decreases the
values. The barrel rotation promoted stirring of the object
and the plating solution (6). Therefore, the Ni?* ions
species find it difficult to reach the surface of the cathode.
Hence, the deposition rate and current efficiency
decrease. Hili et al. (20) found that the current density
influences the deposition rate; increasing the current
density leads to an increase in deposition rate. Increased
overpotential occurs when the current density is shifted
to higher. Ni?* ions can break through an obstacle rapidly
when current density accumulates to some extent.
Therefore, the deposition rate is increased.

3. 2. SEM-EDS and Film Thickness The surface
morphology investigation result is shown in Figure 3.
Increasing speed of spinning facilitated the transition of
pyramidal-like colonies to spherical colonies. A decrease
in grain size was also caused by increasing the spinning
speed. Compared to the deposition rate and current
efficiency section, change to a spherical one and decrease
the grain size due to the difficulty of Ni%* ion reaching
the cathode's surface. Moreover, grain size is obviously
related to the nucleation rate; a higher nucleation rate
promotes the formation of smaller grain sizes (20).

The surface morphology investigation presents
results that align with previous research (2). Sherwin et
al. (12) found that increasing a current density increases
current efficiency and promotes resulting wider grain
size. Similar results were also found in Wasekar et al.
(21) study. Wider grain sizes were formed due to

20 100
494.95
- F90 —
ET 80
8 12.97 - 5
[ r/ 51
o ‘ &
= M s
54,78 F60
= 10 e - =
w - c L
[=] el F 50 =
o . e 4199 =
a 7.48 \: k40 ~
5 -
T T 5;?4 30
NiB0 NiB50 NiB100
Sample

Figure 2. Deposition rate and current efficiency of Ni
plating

decreased Ni cation concentrations at the electrolyte-
cathode (21).

Figure 4 displays the results of the element
investigation. The EDS measurement showed that the Ni
film was perfectly added to the Cu substrate. Increasing
the spinning speed promoted an increase in the oxygen
content. As mentioned in previous research, many
factors, such as sample transport, storage and electrolyte
temperature, influenced the oxygen formation on the Ni
surface (7). Therefore, further investigation is needed
regarding the formation of oxygen in the present
research.

The results of the film thickness investigation are
shown in Figure 5. All films were deposited at similar
times and in bath compositions. The thickness of the Ni

B Spectrum 1
Wt% o

Ni 999 02
0.1 02

Powered by Tru-Q®

M Spectrum 1
Wt% o
Ni 994 02
0.6 02

Powered by Tru-Q®

B Spectrum 1

Powered by Tru-Q®

Figure 4. EDS result of Ni films of a) NiBO, b) NiB50, and
¢) NiB100
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50 pm
Figure 5. SEM cross-section of Ni films of a) NiBO, b)
NiB50, and ¢) NiB100

film is reduced due to a decreased deposition rate. The
average thickness of the film can be seen in Figure 6. The
standard deviation of samples NiBO, NiB50 and NiB100
are 9.19, 7.18, and 4.93 um, respectively. Hong et al. (15)
conducted barreling electroless plating of Ni-P and found
that plating thickness decreased with increasing barrel
rotating speed (from 2.5 to 4.5 rpm) at 30 minutes of
plating time.

3. 3. Roughness Analysis The surface roughness
result is shown in Figure 7 and tabulated in Table 1. SEM
micrograph is used to conduct roughness analysis using
MATLAB. Increased spinning speed promoted an
increase in roughness, confirmed by the CV value. The
film surface becomes rougher as the CV value increases.
This phenomenon is probably due to an increase
nucleation rate, which increases roughness. Accelerated
a nucleation rate promoted to increase grain growth (21).
Another possibility is that the oxygen content of the Ni
films is enhanced due to increasing the spinning speed,
which promotes more surface roughness. Huntz et al.
(22) study correlated oxidation and surface roughness
dependent on time, resulting in more oxidation duration
enhancing the surface roughness. Moreover, Bigos et al.
(23) have found that side cathodic reactions of hydrogen
influences decrease current efficiency and increase the
roughness of the Ni film surface.

3. 4. Crystallographic Orientation = XRD was used
to investigate the formation of the Ni film on the Cu

(3]
[=]

] 14.94 B0
B NiBsO
I NiBi100

(= o]
!

=141

[=2a S
1 1

6.59
5.08

4,
2
0-

Figure 6. Average thickness of Ni films

Thickness (wm

a surface roughness 3-D

200

[

position-y in pixel

original SEM 2-D

b surface roughness 3-D

0
position-y in pixel position-x in pixel

original SEM 2-D

position-x in pixel

Figure 7. Surface roughness and histogram of Ni films of a)
NiBO, b) NiB50, and c) NiB100

TABLE 1. Surface roughness analysis

Sample Average Standard deviation CV (%)
NiBO 146.37 45.93 31.38
NiB50 124.77 42.76 34.27
NiB100 141.64 49.41 34.89

substrate after the electrodeposition process. Figure 8
shows the Ni film diffractogram at 0, 50, and 100 rpm of
the rotating barrel. The indexed plane peaks (111), (200),
and (220) that represent the cubic Ni phase on a Cu
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substrate have been deposited. The Ni phase peaks
correspond to several previous researches (7, 24). The
diffraction pattern showed that the Cu substrate at the
indexed plane peaks (111), (200), and (220) was also
detected in the XRD test. The detector found the cubic
Cu phase at angles of 50.79, 59.35, and 88.81° from a Co
radiation source; these angles are similar to angles of
43.7,50.7, and 74.3° from a Cu source (25).

The barreling rotating rate increases, resulting in a
lower peak intensity of the Ni phase in (200) and (220)
planes. Increasing barreling speed is inversely
proportional to the peak intensity of the Ni phase,
resulting in an increase in the peak of the Cu substrate
phase. The SEM observation results (Figure 5)
demonstrate that the thinner the Ni layer deposited, the
higher the barrelling rate.

The Rietveld method was employed to calculate the
lattice parameters of the Ni phase deposited on a Cu
substrate using the diffraction pattern. The diffraction
pattern of the calculation results compared to the
observation results of the Ni films sample can be seen in
Figure 9. The calculation data input utilizes cubic Ni and
Cu phases with a space group of fm-3m. Using
calculations, the a-lattice parameters of the Ni phase for
samples NiBO, NiB50, and NiB100 were determined to
be 0.3519, 0.3516, and 0.3518 nm, respectively. Table 2
shows the lattice parameters for all samples.

Using the Williamson-Hall plot method, the
crystallite size estimate was calculated to determine how
rotating barreling affects the crystallite size of Ni films.
Williamson-Hall plot method with the following formula
(7, 26).

B.cos O = kAD + 4esin @ ?3)

Table 2 displays the B values of the Ni phase at the peaks
of the (111), (200), and (220) planes. The plot of 4 sinf
vs. B cosB of the Ni films is shown in Figure 10. This plot
is used to generate straight line equations for each
sample, as can be seen in the legend of Figure 10. The
value of the straight-line equation is the microstrain value
and the ¢ value is the slope used to determine the crystal

— NiB0
— NiB50
— NiB100|

Ni'(111)

Cu(111)
Cu (220)

i (220)

o

Cu (200)
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20 30 40 S0 60 70 80 90 100
26 ()
Figure 8. X-ray difractogram of the Ni films
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Figure 9. Plot of the observation pattern vs. calculation
pattern of the Ni films a) NiBO, b) NiB50, and c) NiB100

size. It can be seen from Table 2 that the higher the
barreling rotating rate, the more crystal refinement
occurs. SEM morphology observations in Figure 3
support this crystal refinement. The micro-strain of the
Ni films sample increases when the barreling rotating rate
is increased.

3. 5. Electrochemical Behavior The OCP
measurement in a 3.5% NaCl solution is shown in Figure
11. An increase in time measurement and Eocp has a
positive effect on achieving a steady state in all samples.
It can be assumed that oxide films form on the surface of
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Figure 10. Plot of 4 sinf vs. B cos6 of the Ni films
TABLE 2. Quantitatif analysis of Ni films

Source NiBO NiB50 NiB100

Lattice -a (nm) 0.3519 0.3516 0.3518

FWHM (111) (°) 0.243 0.233 0.322

FWHM (200) (°) 0.321 0.404 0.527

FWHM (220) (°) 0.609 0.810 1.100

D (nm) 70.12 28.52 21.86

& (%) 0.24 0.59 0.77

the Ni film and are promoted to form passive and
protective films. On the contrary, it moves towards the
negative direction, indicating the dissolution of the film
(27). Generally, increasing the barreling spinning speed
promoted a shift to the more positive OCP value at 300 s
measurement. The NiB100 sample is nobler due to its
more positive direction than others. The nobler sample
has the advantage of more corrosion resistance due to less
thermodynamic tendency to corrosion (28).

05
— —NiBO
G 06 NiB50
< 061 NiB100 E
=0 OCP
<
2 .07-
S ———
5 08 /
=
3
2 091
1.0 :

0 50 100 150 200 250 300

Time (s)
Figure 11. OCP measurement result of NiBO, NiB50, and
NiB100
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The AP measurement in 3.5 % NaCl is shown in
Figure 12. Active, passive, and trans-passive regions are
seen in various samples. Corrosion occurs in passive
regions, oxide forming in passive regions such as NiO
and starting of trans-passive regions indicating a value of
the pitting potential (Epi), which means aggressive
species in 3.5 % NaCl penetrate the films (27). According
to Khalid et al. (29) chloride ions could damage passive
films.

By increasing the spinning speed, there was a shift
towards a more positive pitting potential and a larger
passive area. According to the EDS result, NiB100 has
more oxygen, which is likely to result in a bigger passive
region. A larger passive area is seen in the NiB100
sample, promoting better surface protection. More
negative Epit is shown in the NiBO sample promoted to
easier form pitting in the Ni surface.

The AP result is shown in Table 3. Tafel extrapolation
methods found corrosion potential (Ecorr) and corrosion
current density (lcor), and then the corrosion rate was
found using expression (2). Increasing the spinning speed
promoted a shift to more positive corrosion potential
values. Moreover, an increase in a corrosion current
density increases the corrosion rate. The lower corrosion
rate is seen in the sample NiB100, probably due to a
larger passive area and nobler. Raghupathy et al. (30)
found that the nobler sample tends to lower the corrosion
rate. Moreover, Basori et al. (27) found that a larger
passive area promoted more protection for the test
specimen and led to a lower corrosion rate.

Wider grain size also contributes to the corrosion rate.
Mahmood et al. (31) have found film with smaller grain
size is lower porosity promoted to decreasing the
corrosion rate. Compared to the SEM result, it can be
seen that a small grain size is found in the NiB100;
therefore, it has a lower corrosion rate.

Figure 13 shows the CP curve of samples in 3.5 %
NaCl at 30 °C (sweep potential range from 0to -1.3 V vs
Ag/AgCI). The NiB0O and NiB50 showed a small onset
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Figure 12. AP curve of NiB0, NiB50 and NiB100
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TABLE 3. AP measurement result

Sample  Ecorr (V) vs AG/AQCH  leore (A/cm?)  Cor. rate (mmpy)

NiBO -0.912 1.45x10* 1.56
NiB50 -0.870 1.69x10* 1.82
NiB100 -0.745 1.36x10° 0.147

overpotential of -0.940 and -1.007 V, which was shifted
to more positive than the NiB100 sample (-1.024 V) for
the hydrogen evolution reaction (HER). Small onset
potential indicates higher HER activation energy (32).
Ng et al. (32) stated the onset potential was defined as a
point where the corrected reduction current deviated
from the baseline with more than 1 mA/cm?2,

Tafel plots of various samples were recorded with the
linear regions fitted into the following Tafel equation
(33), shown in Figure 14.

n=a+b logj, 4)

The Tafel intercept and Tafel slope of HER for all
samples can be seen in Table 4. Shifting to a higher
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Figure 13. CP curve of NiB0O, NiB50 and NiB100
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Figure 14. Tafel plots of NiB0, NiB50, and NiB100

TABLE 4. Kinetic parameters of the HER on NiBO, NiB50 and
NiB100

Sample a(Vv) b (V/dec) nw) Jo (Alcm?)
NiBO 0.040 26.79 -0.940 0.997
NiB50 0.050 22.71 -1.007 0.995
NiB100 0.052 21.78 -1.024 0.994

spinning magnet increases the intercept and decreases the
Tafel slope. Protsenko et al. (33) stated Tafel intercept is
dependent to the exchange current density. Moreover, the
following equation could calculate the exchange current
density (33).

log(Jo) = —7 )

The exchange current density values for NiBO,
NiB50, and NiB100 with a deposition time of 2 hours are
presented in Table 4. The exchange current density
values were 0.997, 0.995, and 0.994 A/cm2 for NiBO,
NiB50, and NiB100, respectively. With the increased
spinning speed, the promoting exchange current density
decreased, affecting hydrogen production less efficiently
on film surfaces. The higher exchange current density
indicates the best hydrogen production (34).

Xie et al. (35) found porous Ni has less charge
transfer resistance and the highest exchange current
density. Lowest charge transfer resistance, indicating
films more easily corroded (27). It seems that corrosion
resistance correlates with exchange current density.
When corrosion resistance is lower, the exchange current
density is higher. Nikolic et al. (36) found that shifting to
a lower charge transfer resistance promoted a higher
exchange current density. Compared to the AP and CP
results, a higher corrosion rate and exchange current
density are seen in the NiBO sample, which perfectly
agrees with the Nikolic et al. (36) report, which means
the NiBO sample is easy to corrode but has higher
hydrogen production.

4. CONCLUSSIONS

Ni films made of barreling plating techniques were
successfully made. Increasing spinning speed decreases
deposition rate, current efficiency, grain size and film
thickness due to Ni?* ions species' difficulty reaching the
cathode's surface. In contrast, decreasing spinning speed
increases oxygen content, surface roughness, and micro-
strain. The accelerated nucleation rate promoted
increasing the roughness of the film. Moreover, increased
oxygen content resulted in a larger passive area and
nobler film. A larger passive area, more noble, and less
grain size are seen in the NiB100 sample, promoting
better surface protection and less corrosion rate. When
corrosion resistance is lower, the exchange current
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density is higher. The higher exchange current density
indicates the best hydrogen production.
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ABSTRACT

Nickel (Ni) is an interesting candidate for corrosion protection of copper (Cu) due to its present passive
area. Ni films with larger passive areas have better comrosion protection than those with smaller ones. In
the present research, Ni films were produced over Cu. A barreling apparatus was employed to support
the produced films in the sulphate solution. Various spinning speeds (0, 50, and 100 rpm) were used on
the barrel while it was being processed. Several investigations were conducted., such as deposition rate.
cumrent efficiency, surface morphology. phase, film thickness, crystallographic orientation, and
electrochemical properties. Increased spinning speed resulted in a decrease in the deposition rate., current
efficiency. grain size, thickness, crystallite size, and exchange current density. Compared to a higher
spinning speed, the decrease in spinning speed caused an increase in the oxygen content. surface
roughness, and micro-strain. The higher speed of the barrel apparatus resulted in a lower corrosion rate
Ni film of 0.147 mmpy. Moreover, the lower speed of the barrel apparatus resulted in a higher exchange
current density Ni film of 0.997 Ajem?®.

doi: 10.5829/ije.2024.37.09c.11

NOMENCLATURE
cv Coefficient variant k Crystallite-shape factor constant
Lo Corrosion current density (A/cm?) i Diffractometer radiation source (nm)
K Corrosion rate constant (3272 mmpy ) D Crystallite size (nm)
EwW Equivalent weight (g) £ Micro-strain value (%)
ri Ni density (g/cm?) n Owverpotential (V)
A Sample tested area (cm?) a Tafel intercept (V)
ﬂ Full width at half maximum (FWHM) value (%) b Tafel slope (Videc)
i} Phase peak angle (*) Ja Exchange current density (Alcm?)
1. INTRODUCTION Several methods are conducted to fabricate Ni films,

Nickel (Ni) and its alloy are significant materials for

industrial  applications,  which

including electroplating, chemical vapor deposition
(CVD), and physical vapor deposition (PVD) (3-5).
Electroplating has a higher deposition rate than CVD and

include  machine

components. Moreover, Ni is an interesting candidate for
corrosion protection of copper (Cu) due to its present
passive area (1). The smaller passive areas of Ni films
have less corrosion protection than the larger ones (2).

*Corresponding Author Email : fhudhi@unj.ac.id (F. B. Susetyo)

PVD (6). Moreover, electroplating is one of the lowest
costs and eco-friendly to produce Ni films (7). There are
two ways to hold a part during electroplating: rack and
barrel (8). The choice is determined by the size of the

Please cite this article as: Susetyo FB, Widiyanto YA, Soegijono B, Yudanto SD, Ismarwanti S, Kriswarini R, Rosyidan C. Barrel-Spinning-Assisted
Nickel Plating onto Copper in Sulphate Solution to Enhance Corrosion Resistance. International Journal of Engineering, Transactions C: Aspects.

2024;37(09):1812-20.




F. B. Susetyo et al. / [JE TRANSACTIONS C: Aspects Vol. 37 No. 09, (September 2024) 1812-1820 1813

plated parts. Barreling plating is largely used in the
industrial sector for small parts (9). The components are
filled out into bamels, which spin in an electrolyte bath.
More than 70 % of industrial plating facilities use the
barrel technique to enable for full automation (10).
Several advantages of the barrel are more solution
transfer into a barrel, higher current density promoting a
faster plating process, reduced electrolyte concentration,
better plating for difficult alloy plating, and reduced
drag-out (11).

Several scientific researches have found that current
density, dosing electrolyte, and barrel rotation speed are
several factors that influence the quality of film produced
using plating. Sherwin et al. (12) investigated Ni plating
using a Watts solution with varying current density,
resulting in  different surface morphologies and
thicknesses. Leiden et al. (13) investigated how to control
electrolyte dosing by using mathematical modeling and
found that the approach was successful in validating the
Zn-Ni barrel plating chain production process. Zhang
(14) applied a modified Watt solution to deposit MCrAlX
at a barrel speed of 7 rpm at 50 °C and a current density
of 20 mA/em®. This resulted in the production of
NiCrCoCrAlY, which has improved properties for cyclic
oxidation and hot corrosion. Hong et al. (15) optimized
barreling Ni-P plating by varying barreling speeds (1.5-
4.5 rpm), resulting in different film properties.

Previous research has indicated that the presence of
more salt in Ni baths makes waste treatment difficult (7).
As a result, the current investigation employed a sulfate
solution. Furthermore, three barrel speeds (0, 50, and 100
rpm) were utilized in this study. This research aims to
investigate the properties of Ni films that were made
using barreling plating. The investigation covered
deposition rate, current efficiency, surface morphology,
phase, film thickness, crystallographic orientation, and
electrochemical properties.

2. EXPERIMENTAL METHODS

2.1. Material and Method  Electroplating of Ni on
Cu substrates (1.5 x 1.5 cm) was conducted using a
barreling apparatus in 0.5 M NiSO4 solution (1500 ml).
The electrolyte solution was prepared by mixing NiSO4
with deionized water and stirring using a magnetic stirrer
for around 30 minutes to achieve better homogeneity.
Pure Cu and Ni were employed as the cathode and anode
components, respectively. Prior to electrodeposition, the
cathode was polished by abrasive paper and cleaned with
acetone. Electrodeposition was performed using a DC
power supply (MDB PS-305DM) with 25 mA of current
for 2 h at 30 °C. The samples were plated at 0, 50, and
100 rpm of barreling rotating, namely NiB0, NiB50, and
NiB100, respectively. The schematic apparatus for
barreling plating is shown in Figure 1.

Electric motor

Barrel basket

Clockwise rotation

Plating bath

Figure 1. Ni barreling plating schematic apparatus

2. 2. Characterization  The specimen was weighed
prior to and after barreling plating. The mass increment
was inserted into the previous research equation to
calculate the deposition rate and current efficiency (1).
Surface morphology, phase and film thickness were
investigated using scanning electron microscope-energy
dispersive spectroscopy (SEM-EDS) FEI Quanta 650.
The investigation of surface roughness was carried out
using MATLAB software and the captured SEM data
was converted into grayscale (0 to 225) and histogram.
Afterward, statistical analysis was employed to find the
coefficient variant (CV) using the following equation
(16).

v (%) :.Stcmdj:::::;:aﬁon % 100 oh)

PANalytical Xpert PRO  was used for
crystallographic orientation observations (Co Ko = 1.79
A 40KV, 15 mA) using step size 0.0217°. Using a Digi-
Ivy DY 2311 in 3.5% NaCl solution at 30 °C (10 mV/s),
electrochemical behavior, including open circuit
potential (OCP), anodic polarization (AP), and cathodic
polarization (CP), was investigated. Ni films as working
electrode with 1 cm? tested surface area. Ag/AgCl and
platinum are used as reference and counter electrodes.
Corrosion rate (Cor. Rate) was calculated using the
following equation (17).

corr XK KEW

I
Cor.rate (mmpy) = oy 2)

3. RESULT AND DISCUSSIONS

3. 1. Deposition Rate and CurrentEfficiency  The
calculated deposition rate and current efficiency are
shown in Figure 2. Since the barrel was not rotated,
higher current efficiency reached around 9495 %. It
means that the combination between solution and current
density is perfectly chosen. Ahmadzadeh et al. (18)
reached 55% of electrodeposition efficiency when
electrodeposited Ni at 24 °C using 30 mA/cm? of current
density. Sherwin et al. (12) reach 100 % of current
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efficiency when Ni is electrodeposited using a Watts
solution (30 °C). Ibrahim and Al Radadi (19)
electrodeposed Ni using glycine as a complexing agent.
Their results showed that increasing glycine
concentration (from 0 to 125 g/1), pH (from 4 to 8), and
H:BO; (30 to 50 g/l) result in a decrease in current
efficiency.

A higher deposition rate and current efficiency were
observed in the NiBO sample. They have a similar
tendency: increasing the spinning speed decreases the
values. The barrel rotation promoted stirring of the object
and the plating solution (6). Therefore, the Ni** ions
species find it difficult to reach the surface of the cathode.
Hence, the deposition rate and current efficiency
decrease. Hili et al. (20) found that the curmrent density
influences the deposition rate; increasing the current
density leads to an increase in deposition rate. Increased
overpotential occurs when the current density is shifted
to higher. Ni** ions can break through an obstacle rapidly
when current density accumulates to some extent.
Therefore, the deposition rate is increased.

3. 2. SEM-EDS and Film Thickness The surface
morphology investigation result is shown in Figure 3.
Increasing speed of spinning facilitated the transition of
pyramidal-like colonies to spherical colonies. A decrease
in grain size was also caused by increasing the spinning
speed. Compared to the deposition rate and current
efficiency section, change to a spherical one and decrease
the grain size due to the difficulty of Ni** ion reaching
the cathode's surface. Moreover, grain size is obviously
related to the nucleation rate: a higher nucleation rate
promotes the formation of smaller grain sizes (20).

The surface morphology investigation presents
results that align with previous research (2). Sherwin et
al. (12) found that increasing a current density increases
current efficiency and promotes resulting wider grain
size. Similar results were also found in Wasekar et al.
(21) study. Wider grain sizes were formed due to
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Figure 2. Deposition rate and current efficiency of Ni
plating

decreased Ni cation concentrations at the electrolyte-
cathode (21).

Figure 4 displays the results of the element
investigation. The EDS measurement showed that the Ni
film was perfectly added to the Cu substrate. Increasing
the spinning speed promoted an increase in the oxygen
content. As mentioned in previous research, many
factors, such as sample transport, storage and electrolyte
temperature, influenced the oxygen formation on the Ni
surface (7). Therefore, further investigation is needed
regarding the formation of oxygen in the present
research.

The results of the film thickness investigation are
shown in Figure 5. All films were deposited at similar
times and in bath compositions. The thickness of the Ni

Figure 3. SEM capture of. Ni films of a) NiBO, b) NiB30,
and ¢) NiB 100

B Spectrum 1
Wik o
N %98 02
02

Figure 4. EDS result of Ni films of a) NiB0, b) NiB50, and
c) NiB100
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50 pm
Figure 5. SEM cross-section of Ni films of a) NiBO, b)
NiB30, and ¢) NiB100

film is reduced due to a decreased deposition rate. The
average thickness of the film can be seen in Figure 6. The
standard deviation of samples NiBO, NiB50 and NiB100
are 9.19,7.18, and 4.93 jem, respectively. Hongetal. (15)
conducted barreling electroless plating of Ni-P and found
that plating thickness decreased with increasing barrel
rotating speed (from 2.5 to 4.5 rpm) at 30 minutes of
plating time.

3. 3. Roughness Analysis The surface roughness
result is shown in Figure 7 and tabulated in Table 1. SEM
micrograph is used to conduct roughness analysis using
MATLAB. Increased spinning speed promoted an
increase in roughness, confirmed by the CV value. The
film surface becomes rougher as the CV value increases.
This phenomenon is probably due to an increase
nucleation rate, which increases roughness. Accelerated
a nucleation rate promoted to increase grain growth (21).
Another possibility is that the oxygen content of the Ni
films is enhanced due to increasing the spinning speed,
which promotes more surface roughness. Huntz et al.
(22) study correlated oxidation and surface roughness
dependent on time, resulting in more oxidation duration
enhancing the surface roughness. Moreover, Bigos et al.
(23) have found that side cathodic reactions of hydrogen
influences decrease current efficiency and increase the
roughness of the Ni film surface.

3.4. Crystallographic Orientation = XRD was used

to investigate the formation of the Ni film on the Cu
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Figure 6. Average thickness of Ni films
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Figure 7. Surface roughness and histogram of Ni films of a)
NiB0, b) NiB350, and ¢) NiB 100

TABLE 1. Surface roughness analysis

Sample Average Standard deviation CV (%)
NiBO 14637 45.93 31.38
NiB50 12477 4276 3427
NiB100 141 .64 49.41 3489

substrate after the electrodeposition process. Figure 8
shows the Ni film diffractogram at 0,50, and 100 rpm of
the rotating barrel. The indexed plane peaks (111),(200),
and (220) that represent the cubic Ni phase on a Cu
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substrate have been deposited. The Ni phase peaks
correspond to several previous researches (7, 24). The
diffraction pattern showed that the Cu substrate at the
indexed plane peaks (111), (200), and (220) was also
detected in the XRD test. The detector found the cubic
Cu phase at angles of 50.79, 59.35, and 88.81° from a Co
radiation source; these angles are similar to angles of
437,507, and 74.3° from a Cu source (25).

The barreling rotating rate increases, resulting in a
lower peak intensity of the Ni phase in (200) and (220)
planes. Increasing barreling speed is inversely
proportional to the peak intensity of the Ni phase,
resulting in an increase in the peak of the Cu substrate
phase. The SEM observation results (Figure 3)
demonstrate that the thinner the Ni layer deposited, the
higher the barrelling rate.

The Rietveld method was employed to calculate the
lattice parameters of the Ni phase deposited on a Cu
substrate using the diffraction pattern. The diffraction
pattern of the calculation results compared to the
observation results of the Ni films sample can be seen in
Figure 9. The calculation data input utilizes cubic Ni and
Cu phases with a space group of fm-3m. Using
calculations, the a-lattice parameters of the Ni phase for
samples NiBO, NiB50, and NiB100 were determined to
be 0.3519, 0.3516, and 0.3518 nm, respectively. Table 2
shows the lattice parameters for all samples.

Using the Williamson-Hall plot method, the
crystallite size estimate was calculated to determine how
rotating barreling affects the crystallite size of Ni films.
Williamson-Hall plot method with the following formula
(7,26).

f.cos8 = kAD + 4esiné (3)

Table 2 displays the  values of the Ni phase at the peaks
of the (111), (200), and (220) planes. The plot of 4 sinf)
vs. 3 costh of the Ni films is shown in Figure 10. This plot
is used to generate straight line equations for each
sample, as can be seen in the legend of Figure 10. The
value of the straight-line equation is the microstrain value
and the c value is the slope used to determine the crystal
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Figure 9. Plot of the observation pattern vs. calculation
pattern of the Ni films a) NiB0, b) NiB50, and ¢) NiB100

size. It can be seen from Table 2 that the higher the
barreling rotating rate, the more crystal refinement
occurs. SEM morphology observations in Figure 3
support this crystal refinement. The micro-strain of the
Ni films sample increases when the barreling rotating rate
is increased.

3. 5. Electrochemical Behavior The OCP
measurement in a 3.5% NaCl solution is shown in Figure
11. An increase in time measurement and Eocp has a
positive effect on achieving a steady state in all samples.
It can be assumed that oxide films form on the surface of
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Figure 10. Plot of 4 sinf vs. f cosB of the Ni films
TABLE 2. Quantitatif analysis of Ni films
Source NiB0O NiB50 NiB100
Lattice -a (nm) 03519 0.3516 03518
FWHM (111) (") 0243 0233 0322
FWHM (200) (") 0321 0404 0.527
FWHM (220) (") 0.609 0810 1.100
D (nm) 70.12 28.52 2186
£ (%) 024 059 0.77
the Ni film and are promoted to form passive and

protective films. On the contrary, it moves towards the
negative direction, indicating the dissolution of the film
(27). Generally, increasing the barreling spinning speed
promoted a shift to the more positive OCP value at 300 s
measurement. The NiB100 sample is nobler due to its
more positive direction than others. The nobler sample
has the advantage of more corrosion resistance due to less
thermodynamic tendency to corrosion (28).
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Figure 11. OCP measurement result of NiB0O, NiB50, and
NiB100

The AP measurement in 3.5 % NaCl is shown in
Figure 12. Active, passive, and trans-passive regions are
seen in various samples. Corrosion occurs in passive
regions, oxide forming in passive regions such as NiO
and starting of trans-passive regions indicating a value of
the pitting potential (Eu), which means aggressive
species in 3.5 % NaCl penetrate the films (27). According
to Khalid et al. (29) chloride ions could damage passive
films.

By increasing the spinning speed, there was a shift
towards a more positive pitting potential and a larger
passive area. According to the EDS result, NiB100 has
more oxygen, which is likely to result in a bigger passive
region. A larger passive area is seen in the NiB100
sample, promoting better surface protection. More
negative Epa 1s shown in the NiB0 sample promoted to
easier form pitting in the Ni surface.

The AP result is shown in Table 3. Tafel extrapolation
methods found corrosion potential (Eco) and corrosion
current density (Icon), and then the corrosion rate was
found using expression (2). Increasing the spinning speed
promoted a shift to more positive corrosion potential
values. Moreover, an increase in a corrosion current
density increases the corrosion rate. The lower corrosion
rate is seen in the sample NiB100, probably due to a
larger passive area and nobler. Raghupathy et al. (30)
found that the nobler sample tends to lower the corrosion
rate. Moreover, Basori et al. (27) found that a larger
passive area promoted more protection for the test
specimen and led to a lower corrosion rate.

Wider grain size also contributes to the corrosionrate.
Mahmood et al. (31) have found film with smaller grain
size is lower porosity promoted to decreasing the
corrosion rate. Compared to the SEM result, it can be
seen that a small grain size is found in the NiB100;
therefore, it has a lower corrosion rate.

Figure 13 shows the CP curve of samples in 3.5 %
NaCl at 30 °C (sweep potential range from 0 to-1.3 V vs
Ag/AgCl). The NiBO and NiB50 showed a small onset
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Figure 12. AP curve of NiB0, NiB50 and NiB100
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TABLE 3. AP measurement result

Sample E.. (V) vs Ag/iAgCl 1, (A/em?)  Cor.rate (mmpy)

NiBO 0912 145x10% 1.56
NiB50 0870 16910 182
NiB100 ).745 136x10° 0.147

overpotential of -0.940 and -1.007 V, which was shifted
to more positive than the NiB100 sample (-1.024 V) for
the hydrogen evolution reaction (HER). Small onset
potential indicates higher HER activation energy (32).
Ng et al. (32) stated the onset potential was defined as a
point where the corrected reduction current deviated
from the baseline with more than 1 mA/em?.

Tafel plots of various samples were recorded with the
linear regions fitted into the following Tafel equation
(33), shown in Figure 14.

n=a+b logf, 4

The Tafel intercept and Tafel slope of HER for all
samples can be seen in Table 4. Shifting to a higher
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Figure 13. CP curve of NiB0O, NiB50 and NiB 100
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Figure 14. Tafel plots of NiB0O, NiB50, and NiB 100

TABLE 4. Kinetic parameters of the HER on NiB0, NiB30 and
NiB100

Sample aiVv) b (V/dec) n(V¥) Jo (Adem?)
NiBO 0.040 2679 -0.940 0997
NiB50 0.050 2271 -1.007 0995
NiB100 0.052 2178 -1.024 0994

spinning magnet increases the intercept and decreases the
Tafel slope. Protsenko et al. (33) stated Tafel intercept is
dependent to the exchange current density. Moreover, the
following equation could calculate the exchange current
density (33).

a

log(Jo) = —3 (5)

The exchange current density values for NiBO,
NiB50, and NiB 100 with a deposition time of 2 hours are
presented in Table 4. The exchange current density
values were 0.997, 0995, and 0.994 Ajcm? for NiBO,
NiB50, and NiB100, respectively. With the increased
spinning speed, the promoting exchange current density
decreased, affecting hydrogen production less efficiently
on film surfaces. The higher exchange current density
indicates the best hydrogen production (34).

Xie et al. (35) found porous Ni has less charge
transfer resistance and the highest exchange current
density. Lowest charge transfer resistance, indicating
films more easily comoded (27). It seems that corrosion
resistance correlates with exchange current density.
When corrosion resistance is lower, the exchange current
density is higher. Nikolic et al. (36) found that shifting to
a lower charge transfer resistance promoted a higher
exchange current density. Compared to the AP and CP
results, a higher corrosion rate and exchange current
density are seen in the NiBO sample, which perfectly
agrees with the Nikolic et al. (36) report, which means
the NiBO sample is easy to corrode but has higher
hydrogen production.

4. CONCLUSSIONS

Ni films made of barreling plating techniques were
successfully made. Increasing spinning speed decreases
deposition rate, current efficiency, grain size and film
thickness due to Ni** ions species' difficulty reaching the
cathode's surface. In contrast, decreasing spinning speed
increases oxygen content, surface roughness, and micro-
strain. The accelerated nucleation rate promoted
increasing the roughness of the film. Moreover, increased
oxygen content resulted in a larger passive area and
nobler film. A larger passive area, more noble, and less
grain size are seen in the NiB100 sample, promoting
better surface protection and less corrosion rate. When
corrosion resistance is lower, the exchange current
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density is higher. The higher exchange current density
indicates the best hydrogen production.
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