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In this paper, a Ni/NiO composite coating has been prepared by the pulse reverse current (PRC) plating
technique and the effects of parameters including average current density, pulse frequency, total duty
cycle, forward duty cycle, plating temperatures and NiO content on the micro-morphology of the
composite coating has been investigated. The results reveal that the composite coating prepared at an
average current density of 10 A«dm2, a pulse frequency of 100 Hz , total duty cycle of 80 % , forward
duty cycle of 60 % , plating temperature of 50 °C and 50 g-L of NiO addition exhibit a smooth and
dense structure, with uniformly distributed NiO particles.

Keywords: Pulse reverse plating, electrodeposition parameter, Ni/NiO composite coating, molten
fluorides.

1. INTRODUCTION

The molten fluoride salt is a new kind of desirable medium for heat transfer and storage ediums
in the field of high-temperature industrial applications, such as molten salt reactor (MSR), spent fuel
reprocessing and aluminium electrolysis. Molten fluorides have unique thermal chemical properties
and thermal physical properties such as high heat capacity and heat conductivity, excellent radiation
stability, low neutron capture cross section and low viscosity [1]. However, the molten fluorides at
high operating temperatures between 500 and 900 °C show strong corrosiveness. Structural materials
are prone to be corroded through the active dissolution of alloy elements into the melt [2]. To improve
the corrosion resistance of materials in molten fluorides, one of the most effective methods is to
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prepare coatings on the surface of matrix. Ni is a metal with excellent chemical stability in molten
fluoride. Olson et. al P! reported that Ni coating can significantly improve the corrosion resistance of
Cr-containing alloys in molten fluorides. However, the single Ni coating cannot inhibit the external
diffusion of Cr and other elements in alloys and the formation of voids during long-term immersion in
molten fluorides. Therefore, adding a diffusion barrier between Ni coating and matrix alloy to inhibit
the external diffusion of Cr from the matrix alloy can significantly improve the corrosion resistance of
Ni coating in molten fluoride. Metallic oxides, such as Cr20s [1] and Al2O3 [4], have shown great
potential for inhibiting the mutual diffusion of elements between the substrate and the Ni coating due
to the fact that the diffusion coefficient of Cr and Fe in the oxide ceramics is smaller than that in the Ni
[1,5,6].

At present, physical vapor deposition (PVD) [7, 8], thermal pre-oxidation growth P! and in-situ
growth [1,4] are commonly used to prepare oxide diffusion barriers. However, the micro-defects of the
coatings prepared by PVD are unavoidable. And the obtained coating is in physical bonding with the
substrate, which is detrimental during the long-term service of the coating [10]. Compared with PVD,
the pre-oxidation thermal growth and in-situ growth methods can form a chemical bonding between
oxide coating and substrate, which can significantly improve the adhesion of the coating. Xu et al.
prepared Al203 [4] diffusion barrier in cold-sprayed NiCrAlY/Ni multilayered coatings on 304SS
substrate by in-situ thermal growth method. Cold-sprayed Ni(O) composite coating between the
substrate and the upper NiCrAlY/Ni coating is made to supply the active O during the formation of
Al203 diffusion barrier. Xu et al. also reported an in-situ grown Cr20s3 [1] diffusion barrier between
cold-sprayed Ni coating and the 310SS substrate. The oxygen source for the growth of Cr203 diffusion
barrier is still from the cold-sprayed Ni(O) composite coating. They found that both the Al203 and
Cr20s diffusion barriers could effectively prevent the diffusion of Fe and Cr from the substrate to the
Ni layer. However, unconnected interfaces or micro-structures are inevitably existed in the Ni(O)
composite coating prepared by cold spray technology, which can be easily transmitted to the
subsequent formed diffusion barrier, resulting in the decreasing of the diffusion resistance property for
the diffusion barrier in the long-term service. Therefore, how to obtain continuous, dense diffusion
barriers with good chemical bonding between matrix and outer Ni layer is the key question to prepare
coatings in molten fluorides.

In our paper, the composite layer is prepared by pulse electroplating technology, which can
uniformly incorporated the metal oxide particles NiO into the Ni coating to supply the oxygen needed
during the in-situ formation of Cr203 diffusion barrier with some advantages over the cold spray such
as establishing a coat with the decreased internal stress, controlled composition, decreased
porosity[11]. In the pulse electroplating process, different parameters can affect the microstructure
[12], alloy compositions [13] and crystalline morphologies [14] of the composite layer, which in turn
affect the microstructure and property of the Cr203 diffusion barrier. Therefore, the main aim of the
present study is to employ pulse reverse electroplating to produce a Ni/NiO composite layer on a 316L
substrate. The effects of duty cycle, forward duty cycle, frequency and deposition temperature on the
composition distribution, structure and morphology of Ni/NiO composite layer will be explored. Other
investigations such as the diffusion barrier effect and corrosion resistance property of the coatings will
be further reported in the new future.
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2. EXPERIMENTAL PROCEDURES

A type 316L stainless steel was used as the substrate, whose composition is shown in Table 1.
The bulk metals were cut into samples with a size of 10 mm x 15 mm X 2 mm by an electric spark
cutter, followed by grinding down to 600 grit SiC paper and ultrasonic cleaning in acetone for 5
minutes, rinsing with distilled water.

The electrolyte for the electrodeposition of the outer Ni layer was composed of 250 geL
NiSO4-6H20, 40 g-L* NiCl2:6H20, 40 gsL* H3BOs3, 0.3 g-L™* C12H25S04Na, 2 geL* C7Hs03NS. The
pH of the electrolyte was about 4. The acidic plating solution can prevent the agglomeration of
metallic ions, which is beneficial to reduce the grain size [15]. For the electrodeposition of the inner
Ni/NiO composite layer and specific contents of particles of pure NiO (99.9%) with the values of 10,
20, 50 and 100 g-L"* were added to the above electrolyte using ultrasonic dispersion for 1 h to ensure a
good dispersion of NiO particles. The particle size of the NiO powders used in this experiment is not
uniform, with a range of about 50-100 nm, as shown in Fig. 1. All solutions were prepared by
analytical reagents and deionized water. The deposition electrolyte was stirred during the
electrodeposition of Ni/NiO composite layer using a magnatic stirrer to maintain the suspension of the
nanoparticles added in the bath [16].

In this paper, the pulse reverse current (PRC) electrodeposition was performed to obtain the
Ni/NiO composite coating in a two-electrode system using a Pt electrode as the counter electrode and
the prepared 316L stainless steel as the working electrode. The waveform of the PRC electrodeposition
in the experiment is shown in Fig. 2, in which the Jav represents the average current density, J+ positive
peak current density, J- reverse peak current density, t cycle time, ton positive pulse time, t'on reverse
pulse time, tofr Stop time, and t'ofr reverse stop time, respectively. The total cycle time was 200 s in all
cases during pulse plating. The parameters for the PRC electrodeposition are shown in Table 2. For the
electrodeposition of outer Ni layer, the average current density Ja was set to 3.5 A-dm?, the bath
temperature was kept at 45 °C, the frequency f was fixed at 100 Hz, the duty cycle was set to 40 %,
and the positive duty cycle was kept at 36%.

Table 1. Nominal chemical composition of the substrate (in wt.%).

element C Si Mn P S Ni Cr Mo
12.0- 16.0-
content <0.03 <1.00 <2.00 <0.035 <0.03 150 18.0 2.0-3.0

In order to explore the effects of average current density, duty cycle, forward duty cycle,
frequency and electroplating temperature on the microstructure of Ni/NiO composite layer, the
electrodeposition of the inner Ni/NiO composite layer was designed with the following parameters: (1)
Frequency of 50, 100, 500, 2000 Hz at fixed average current density (10 A-dm), electroplating bath
temperature (50 °C), duty cycle (80 %) and forward duty cycle (60 %). (2) Electroplating bath



Int. J. Electrochem. Sci., Vol. 15, 2020 244

temperature of 45, 50, 55, 60 °C at fixed average current density (10 A-dm?), frequency (100 Hz),
duty cycle (80 %) and forward duty cycle (60 %). (3) Duty cycle of 50, 70, 80, 90 % and forward duty
cycle of 40, 60, 80, 90 % at fixed average current density (10 A-dm3), frequency (100 Hz),
electroplating bath temperature (50 °C).

Scanning electron microscope (SEM) was used to characteristic the composite coatings.

Figure 1. The surface morphology of the NiO particles used in this experiment.
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Figure 2. Wave profile of the pulse reverse current (PRC) electrodeposition.

Table 2. Operating parameters of pulse reverse current (PRC) electrodeposition.

fon foff t'on t ot
(ms) (ms) (ms) (ms)

PRC plating 4.8 3.2 0.8 1.2
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3. RESULTS AND DISCUSSION

3.1 Effects of pulse frequencies

Fig. 3 indicates the effect of pulse frequency on the morphology of the Ni/NiO composite layer.
As the figures show the Ni/NiO) composite coating prepared under the 100 Hz has compact, flat
surface and uniform microstructure (Fig. 3b). The surface of the coating becomes denser and, and the
dispersion of the NiO particles tends to more even when the c pulse frequency increases from 50 Hz up
to 100 Hz. As the NiO grains become more spherical and more dispersed due to an increase in the
pulse frequency [17-19]. While the pulse frequency increases from 100 Hz up to 2000 Hz, the
agglomeration of the NiO particles become more obvious and the surface of the coating becomes
rougher. Form Fig. 3d, it can be seen that when the frequency is extremely high, the surface is very
rough with large nodular and cauliflower shaped morphology and large areas of NiO particle
agglomeration, which can be related to the high deposition rate of NiO particles.

The higher the pulse frequency is, the more the numbers of periodic positive and negative
discharges per unit time and instantaneous peak current density are. As a result, loosely adsorbed
particles are easily removed by hydrodynamic forces before they are embedded in the coating. In this
way, the application of reverse pulse technique cannot achieve the expected promotion effect in terms
of changes in the electrodeposited morphology, and hindering the particles embedded in the coating
and making the coating rougher. On the other hand, if the number of periodic discharges is too few, the
chances of particles entering the coating will be very small, thus the content of incorporated particles
will be also reduced. In the process of pulse electroplating, the frequency reduction is closer to DC
polarization, which is not conducive to the compactness and smoothness of the coating [17]. It can
result in a tapered morphology on the surface of the coating, as shown in Fig. 3a.

Figure 3. Surface morphologies of the as-deposited Ni/NiO composite layer at different pulse
frequencies: (a) 50 Hz, (b) 100 Hz, (c) 500 Hz, (d) 2000 Hz.
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3.2 Effects of total and forward duty cycles

Fig. 4 shows the Ni/NiO morphologies at different total pulse duty cycles of 50, 70, 80, and
90%, while maintaining other conditions are the same. As shown in Fig. 4, when the total duty cycle is
80%, the surface of the obtained coating is flat and compact with no obvious holes (Fig. 4c).
Furthermore, the particles are evenly distributed. However, when the duty ratio is too large or too
small, the surface morphology of the obtained coating is not ideal, with increased roughness (Fig. 4a
and b) and formed micro-holes (Fig. 4d). This can be attributed to the fact that the parameter ton of the
current density increases with the increased duty cycle [20]. And the corresponding electrodeposition
Is increased and the incorporated NiO particles is also increased, the deposited coatings gradually
become flat and dense. However, if the duty cycle is too high, the metal ions precipitated in the
cathode cannot be timely supplemented within a relatively short time, resulting in a reduction in the
density of the obtained coating and the existence of holes. Similarly, if the duty ratio is too small and
the tofr time is too long, the metal ions consumed on the cathode surface have been replenished and the
system has returned to a stable state [21]. At that point, the extension of time is meaningless.

Furthermore, we also investigated the effect of the forward duty cycle on the microstructures of
deposited Ni/NiO composite coating. Fig. 5 illustrates the surface morphologies of the obtained
coatings deposited by continuous variations of forward duty cycle (from 40 % to 90 %) at the fixed
total duty cycle of 80%. The white particles on the surface indicate the presence of non-conductive
NiO particles in the coating [22]. It presents that when the forward duty cycle is kept at 40%, the SEM
micrograph exhibits a nodular structure with some micro-poles. When the forward duty cycle is further
increased to 60 %, the surface smoothness is increased, the nodular structure and the uniformity of the
distribution of NiO particles is refined. However, when the forward duty cycle increases to 80 %, the
SEM micrograph transfers form nodular structure to needle-like morphology [17,23]. Furthermore, the
aggregation of the incorporated NiO particles is evident. Some pin-holes and unevenly distributed NiO
particles are also found at forward duty cycle of 90 %. Therefore, the optimum value of forward duty
cycle is 60 %.

The changes of surface morphology can be ascribed that, with the increasing of forward duty
cycle, the peak current density increases, the electrodeposition processes of Ni* and NiO particles are
enhanced [24]. At the same time, the dissolution rate of the coating is accelerated by the reverse pulse
current, and some particles with large particle size will be desorption from the surface of the electrode,
making the surface smooth and fine. However, excessive extension of duty cycle makes the power
supply mode of pulse power supply similar to that of DC power supply. The obtained coating will
show rough surface, the particle distribution is extremely uneven, and even a small number of holes
exist, as shown in Fig 5¢ and d, which may be due to that Ni?* and NiO particles consumed at cathode
cannot replenished at some extent during the short anodic pulse working time.
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Figure 4. Surface morphologies of the as-deposited Ni (NiO) composite coatings at different duty
cycles: (a) 50 %, (b) 70 %, (c) 80 %, (d) 90 %.

Figure 5. Surface morphologies of the as-deposited Ni (NiO) composite coatings under different
forward duty cycles: (a) 40 %, (b) 60 %, (c) 80 %, (d) 90%.

3.3 Effects of the plating temperature

The surface morphologies of the specimen prepared at different plating temperatures of Ni/NiO
composite coatings are shown in Fig. 6. As can be seen from the figure, temperature is another key
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factor affecting the quality of the coating. With the increase of temperature, the concentration of
particles involved in the reaction increases, the diffusion rate increases, and the content of particles
entering the coating increases, which leads to the compactness of the coating [25-27] . When the
temperature is set at 50 °C, the obtained composite coating is smooth and dense, with uniformly
distribution of NiO particles. While the temperature is increased gradually to 60 °C, the surface of the
coating gradually becomes loose and even crack appears, as shown in Fig. 6¢ and d, which may be due
to the intensification of hydrogen evolution reaction and polarization of electrodes.

Guglielmi [28] proposed the famous two-step adsorption model: weak adsorption and strong
adsorption are two stages in the composite electroplating process. The diffusion dynamics and
adsorption model can be used to explain the nanocomposite electroplating process in our experimental
process with temperature as the main influencing factor. By increasing the bath temperature, the
movement of particles in the solution increases and the probability of collision among particles will
also be increased. Thus, the adsorption of particles on the cathode can be improved and the nucleation
rate is increased. However, the phenomenon of hydrogen evolution will also become more and more
serious with the increasing temperature, resulting in that the surface of the plating layer is rougher,
even with cracks.

Figure 6. Surface morphologies of the as-deposited Ni (NiO) composite coatings at different plating
temperatures: (a) 45 °C, (b) 50 °C, (c) 55 °C, (d) 60 °C.

3.4 Effects of NiO addition

As the final purpose of the preparation of Ni/NiO) composite coating is to supply sufficient
oxygen resources for the subsequent in-situ grown of Cr20s diffusion barrier. Therefore, the effect of
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the NiO particles content in electroplating solution on the preparation of Ni/NiO composite coating is
studied. In Fig. 7, the morphologies of Ni/NiO composite coatings are presented under different NiO
powder additions. It can be observed that by gradually increasing powder additions from 10 to 100
geL?, the flatness of Ni/NiO composite coating increases firstly and then decreases. Increasing the
concentration of particles in the plating bath is beneficial to the formation of dense and uniform thick
coatings.?” Particularly, the surface shows a large number of cellular structures in Fig. 7d at 100 gL
of NiO in the bath solution, which seriously affect the uniformity and compactness of the coating.

According to MTM [29] theory, during particles deposition process under pulse-reverse
electroplating technique, NiO nanoparticles are absorbed to suitable sites by interfacial electric field
force and hydrodynamic. If there are too many particles in the solution, the ion reduction rate adsorbed
on the surface of the particles cannot keep up with the embedding speed of the particles in the coating,
which will lead to the particles cannot co-deposit with nickel ions. Furthermore, the adsorption
capacity of the cathode surface is limited. With the further increase of particle concentration, the
adsorption capacity of the particles on the cathode surface will be weakened, and the particles can be
taken away easily by the flowing electroplating solution, leading to the reduction of particle content in
the coating and the surface of the coating becomes rough [30]. By comparing the morphology of
Ni/NiO composite coatings with the same magnification, it can be concluded that 50 geL of NiO in
the plating solution results in a spherical and denser morphology, which can be ascribed to the proper
number of nucleation sites.

Figure 7. Surface morphologies of the as-deposited Ni/NiO composite coatings under different NiO
particles addition: ()10 g-L%, (b) 20 g-L%, (c) 50 g-L%, (d) 100 g-L™.
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4. CONCLUSIONS

A Ni/NiO composite coating has been electrodeposited by pulse electrodeposition. The
following conclusions can be drawn from this study: the pulse frequency, duty cycle, temperature and
particle content have dual effect on the smoothness of the surface and the uniformity of particle
distribution. As these parameters increase in a range, there is an optimal value. The optimized PRC
electrodeposition parameters of Ni/NiO composite coating at the constant current density of 10 A«dm
are obtained: the total duty cycle is 80%, the positive duty cycle is 60%, the pulse frequency is 100 Hz,
and the bath temperature is 50 °C.
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