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ABSTRACT

THE EFFECT OF CURRENT DENSITY ON THE SURFACE MORPHOLOGY IN THE THIN-
COATING PROCESS OF NICKEL ON Zr-2 USING THE ELECTROPLATING METHOD. After the
Fukushima-Daiichi reactor accident in 2011, one of the research and development focuses of
nuclear fuel worldwide has been on coatings for Enhanced Accident Tolerant Fuels (EATF).
Chromium (Cr) coatings are considered suitable due to their high oxidation resistance; however, Cr
has limitations, particularly its poor diffusion on certain materials such as zirconium (Zr). Nickel
coatings are therefore used as an interlayer to overcome the diffusion problem of chromium on
zirconium substrates. Several surface coating methods are available, such as physical vapor
deposition (PVD), chemical vapor deposition (CVD), high velocity oxygen fuel (HVOF), detonation
gun (D-Gun), and electroplating. Electroplating was chosen in this study because of its high
productivity, simple equipment, and low cost. The purpose of this research was to investigate the
effect of current density on the surface morphology in the electroplating of Zr-2 with nickel.
Electroplating is a process in which metal ions in an electrolyte solution are driven by an electric
field to deposit onto a material. The electrolyte solution used in this study consisted of 200 g/L
NiSO,-6H.,0 as the nickel source, 35 g/L NiCl,-6H,0 as the activator, and 30 g/L H;BO; as the pH
buffer. The current densities applied were 0.015 A/cm?, 0.025 A/cm?, and 0.05 A/cm2 After
deposition, hardness tests were conducted, and the surface morphology was examined using SEM
and EDS. The results showed that increasing the current density led to larger average nickel grain
sizes, namely 4.68 um, 6.19 um, and 6.84 um, as well as larger pore areas on the surface, namely
6.5 um?, 20.85 uym?, and 27.98 uym?. Micro-Vickers hardness tests indicated that higher current
density increased hardness values, measured at 163.48 HV, 178 HV, and 234.25 HV, respectively.
Cross-sectional SEM analysis revealed that the coating produced at a current density of 0.015
A/cm? showed better quality compared to higher current densities. This was evidenced by smaller
pore areas, thinner coating thickness (7.44 ym compared to 19.17 ym and 8.42 um), and the
absence of defects at the coating—substrate interface, which were observed at 0.025 and 0.05
A/cm?2. To achieve thickness values closer to calculations, uniform spacing between the cathode
and anode as well as the use of a fresh electrolyte solution are recommended. The use of a nickel
interlayer can be a promising option to improve the surface performance of Zr-2.
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INTRODUCTION

Since the 1960s, zirconium-based
alloys have been widely used as nuclear fuel
cladding in light water reactors (LWRs), due to
their low thermal neutron absorption cross-
section, as well as their good oxidation
resistance, neutron irradiation resistance, and
ductility [1]. Following the Fukushima Daiichi
reactor accident, one of the major focuses of
nuclear fuel research and development
worldwide has been coatings for Enhanced
Accident Tolerant Fuels (EATF) [2][3]. In
accident scenarios, such as the loss of
coolant, the reactor core temperature can rise
sharply, leading to oxidation of the zirconium
cladding [4][5]. Once the fuel rod temperature
reaches approximately 700 °C, the fuel may
crack, exposing the interior of the zirconium
alloy to the coolant environment, which in turn
accelerates the temperature rise within the
reactor [6].

Research on zirconium surface
coatings has been carried out since the 1960s.
At that time, the main objective was to improve
the corrosion resistance of zirconium alloys
oxidized by CO, during reactor operation,
rather than to address loss-of-coolant
accidents (LOCA) [7]. Chromium (Cr) coatings
are considered suitable due to their high
oxidation resistance; however, Cr also has a
drawback, namely its poor diffusion capability
on certain materials such as zirconium (Zr). To
overcome this limitation, an intermediate
material between Zr and Cr is required, with
nickel (Ni) being one of the viable options
[8][9]. The poor diffusion between Cr coatings
and Zr substrates arises from differences in
crystal structure, lattice parameters, and
atomic radii. Cr has a body-centered cubic
(BCC) structure with a lattice parameter of
2.8839 A and an atomic radius of 0.1249 nm,
whereas Zr has a hexagonal close-packed
(HCP) structure with a lattice parameter of
3.2312 A and an atomic radius of 0.1585 nm
[10]. By first depositing a Ni layer onto the Zr
substrate followed by heat treatment, the
formation of Ni—Zr intermetallic phases can be
promoted [9][11]. Meanwhile, the Cr layer can
bond with the Ni layer through Iattice
matching.

Several coating techniques, including
magnetron sputtering [12], plasma spraying
[13,14], 3D laser cladding [15], arc ion plating
[16], detonation gun (D-Gun), and vacuum arc
plasma coating, present difficulties in
depositing Zr uniformly on the inner surface of

fuel cladding [10]. Electroplating was therefore
selected in this study, as it offers high
productivity, simple equipment requirements,
and relatively low cost [5].

In the electroplating process, the
sample is connected to the negative pole
(cathode), while the coating material or
another conductive material, such as
platinum, is connected to the positive pole
(anode), as illustrated in Figure 1 [16]. The
deposition time required for the process was
determined using Faraday’s law. After the
plating duration was established, Ni was
deposited onto Zr-2 substrates through the
electroplating method. The surface
morphology of the resulting Ni coatings was
subsequently characterized using a scanning
electron microscope (SEM).
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Figure 1. Electroplating process [17]..

Electroplating requires careful control
of several parameters to achieve the desired
coating quality. The primary parameters
influencing the process include current
density, electrolyte pH, and deposition time. In
addition to these, other factors such as the
addition of surfactants, particle concentration,
and particle type can also affect the coating
performance [18]. In general, the coating
thickness increases proportionally  with
deposition time and applied current. According
to Faraday’s law, the total electric charge (Q)
in the electrolyte is directly proportional to the
current (1) and the time (t) [19].

This study aims to investigate the
effect of current density on the surface
morphology of Ni coatings deposited on Zr-2
using the electroplating method.
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METHODOLOGY

For the preparation of the Ni electrolyte
solution, the following chemicals were used:
200 g/L NiSO,-6H,0 as the nickel source,
35 g/L NiCl,-6H,0 as the activator, and 30 g/L
H;BO; as the pH buffer. The composition of
the electrolyte solution and the parameters
applied during the electroplating process are
summarized in Table 1.

This study using three samples with
different current densities: sample 1 at
0.015 A/cm?, sample 2 at 0.025 A/cm?, and
sample 3 at 0.05 A/cm?. The deposition time
during the electroplating process was
determined using Faraday’s law, as
expressed in equations (1), (2), and (3), under

layer on a Zr-2 substrate with a surface area
of 2 cm? were 19 minutes for sample 1,
11 minutes for sample 2, and 6 minutes for
sample 3.

_ Ixtxe
W= 96500 (1)

Deposit weight (gram)
Volume (cm?®)

Density = (2)

Volume (cm?®)
Surface Area (cm?)

Thickness =

©)

With W as the deposit weight (g), | as the
current (A), t as the deposition time (s), and e

the assumption of a uniform surface formation as the electrochemical equivalent
[20]. Based on these equations, the calculated (M.A/valence).

deposition times required to obtain a 6 ym Ni

Table 1. Composition of the electrolyte solution and process parameters.

Component Concentration (g/L) Function
NiSO4.6H20 200 Nickel source
NiCl2.6H20 35 Activator
H3sBOs 30 Buffer
Plating Conditions
pH 4
Temperature <25°C
Anode Platina
Zr-2 surface area 2.cm?

Current densities

0.015 A/cm?; 0.025 A/cm?; and 0.05 A/cm?

Surface morphology was characterized
using a Phenom-Pharos Desktop Scanning
Electron Microscope (SEM), while
microhardness measurements were
performed using the Vickers method at the
Testing Laboratory of Radiometallurgy
Installation — Nuclear Fuel Installation
(IRM-IBBN), Tangerang Selatan.

RESULT AND DISCUSSION

The deposition of Ni on the Zr-2
surface via the electroplating method was
examined using SEM. The SEM images were
further processed using ImagedJ software to
quantify the pore area (highlighted in yellow),
as shown in Figure 2. The analysis revealed
pore areas of 6.5 ym? for Sample 1, 20.85 ym?
for Sample 2, and 27.98 ym? for Sample 3. It
was observed that increasing current density
resulted in larger pore areas.

From the SEM results shown in Figure
2, the nickel coating forms irregular nodular
structures on the surface. A total of 25 nodules
were randomly selected for measurement,
and their average diameters were calculated
using Imaged software. The results of the
Imaged analysis are summarized in Table 2.
The average nodule diameter for Sample 1
was 4.68 um, for Sample 2 was 6.19 ym, and
for Sample 3 was 6.84 ym. The nodule size
was found to increase proportionally with
current density, indicating that higher current
densities promote the formation of larger
nickel nodules.

Meanwhile, the surface composition
was analyzed using Energy Dispersive X-ray
Spectroscopy (EDS), and the results are
presented in Figure 3. All three samples
exhibited similar EDS spectra, indicating a
homogeneous distribution of Ni across the
Zr-2 substrate surface.
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Figure 2. SEM image analysis using ImageJ, (a)

Table 2. Average diameter of Ni nodules
obtained from ImageJ analysis.

Sample 1 Sample 2 Sample 3
(um) (Um) (Um)
6.67 6.23 4.66
5.02 4.79 7.32
6.68 6.51 7.84
5.11 6.79 5.53
4.31 6.06 9.79
3.69 5.27 6.72
3.43 7.56 4.44
5.09 5.15 6.36
4.81 4.06 7.87
5.41 6.15 6.90
4.97 5.54 6.18
3.69 5.17 6.52
3.68 7.54 7.44
4.33 4.49 10.61
5.08 5.51 6.49
4.96 7.33 7.34
3.82 717 7.46
4.65 6.05 5.53
1.82 7.02 5.73
4.53 4.93 6.98
3.53 7.35 6.45
5.92 7.77 7.23
6.90 5.40 6.87
413 7.75 6.57
4.69 7.22 6.11
4.68 6.19 6.84

Meanwhile, the surface composition
was analyzed using Energy Dispersive X-ray
Spectroscopy (EDS), and the results are
presented in Figure 3. All three samples
exhibited similar EDS spectra, indicating a
homogeneous distribution of Ni across the
Zr-2 substrate surface.

S
()
" c)

Figure 3. EDS results: (a) Sample 1; (b)
Sample 2; and (c) Sample 3.

To evaluate the effect of current
density on surface hardness, micro-Vickers
hardness testing was conducted, and the
results are presented in Figure 4 and Table 3.
The results indicate that current density
significantly influences surface hardness; as
the applied current density during the
electroplating  process increases, the
hardness values also increase.
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. Figure 4. Micro-Vickers hardness test results, (a) Sample 1; (b) Sample 2; and (c) Sample 3

Table 3. Micro-Vickers hardness test results.

Sample D1 D2 Average
(Um)  (um) RV
4246  48.11
43.79  46.88
Sample 1 4519 5127 163.48
47.76  48.40
41.87  44.87
43.53  45.98
Sample 2 4434 4532 178.35
44.77  46.97
35.83 36.10
38.07 40.75
Sample 3 40.80 38.83 234.25
4159 41.18
After the surface morphology

observations, cross-sectional analysis was
conducted to determine the coating thickness
using SEM at a magnification of 2500%, as

(a)

Mounting

shown in Figure 5. The cross-sectional results
revealed that Sample 1 exhibited no defects in
the coating layer, whereas Samples 2 and 3
showed defects at the Ni-Zr-2 interface,
indicated by the arrows in Figure 5. In addition
to these defects, thin gaps between the
coating and substrate were also observed in
Samples 2 and 3, while Sample 1 showed no
visible gaps.

The coating thickness was further
measured using Imaged. The thickness of
Sample 1 was 7.44 pm, Sample 2 was
19.17 ym, and Sample 3 was 8.42 ym. The
variation in thickness values, which did not
correspond well with the theoretical
calculations, may be attributed to several
factors, including the non-uniform distance
between the anode and cathode and the
reduction in electrolyte concentration, which
could affect the ion deposition rate.

©)

Mounting
A andla T

Impurity

19,17 ym
Zr-2 ﬁ defect
defect defect
T~

Figure 5. Cross-sectional SEM images: (a) Sample 1; (b) Sample 2; and (c) Sample 3.

The defect observed in Figure 5(b)
was further analyzed using EDS, which
revealed the presence of trapped oxygen and
carbon, as shown in Figure 6. The presence of

oxygen at the coating—substrate interface
likely occurred during the electroplating
process, leading to reduced adhesion
between the substrate and the Ni layer.
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Additionally, oxygen at the interface
contributed to the appearance of carbon
contamination during polishing with SiC paper.

The impurities observed in the cross-
sectional SEM of Figure 5 are therefore
attributed to sample preparation prior to SEM

0 1
182,250 counts in 30 seconds

analysis. This interpretation is supported by
the comparison with the surface EDS results
in Figure 3, where the Ni layer was found to be
uniformly distributed, in contrast to the
localized impurities detected in the cross-
section.

Figure 6. EDS analysis of Sample 2

As shown in Figure 7, the EDS line-
scan analysis confirmed the presence of Ni,
C, and Zr. The green region corresponds to
the Zr-2 substrate, which is highly dominant
on the right side. The yellow region
represents Ni, which is strongly concentrated
in the middle, corresponding to the coating
area. The detection of Ni and Zr-2 signals
outside the coating region is attributed to the

100.0% 100.0%

Ni @C @z Ni ®@zr #C @0

polishing process of the samples. The blue
region indicates a high concentration of
carbon on the outermost surface of the
coating, which originated from contamination
and the use of SiC during polishing. In
addition, the oxygen layer observed in Figure
7(b) is likely the result of electroplating
reactions or subsequent oxidation of the
sample by the environment.

100.0%

Ni ®zr ®C

(a) (b) (c)
Figure 7. EDS line-scan results: (a) Sample 1; (b) Sample 2; and (c) Sample 3.

CONCLUSION
An increase in current density leads to

provides superior coating quality compared to
higher current densities, as defects and
larger nickel grain size and higher pore area on interfacial gaps were observed at 0.025 and
the coating surface. Higher current density also 0.05 A/cm2 To minimize surface
enhances the surface hardness of the nickel contamination, ultrasonic cleaning should be
layer. However, cross-sectional SEM analysis performed prior to SEM characterization.
revealed that a current density of 0.015 A/cm?
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