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Metallic composite coatings with ceramic particles can be used to improve the mechanical and 

corrosion properties of steel. In the present research, Ni-ZrO2-TiO2 composite coating was 
fabricated on AISI 430 stainless steel through the electrodeposition method. The effect of the current 

density of electroplating (15, 17, 20, and 23 mA.cm-2) was investigated on the microstructure and 

mechanical behavior of coated steel. Scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) were used to study the morphology and phases. Micro-hardness was measured by the 

Wickers method, and wear behavior was evaluated by the pin-on-disk test. The results showed that 

the deposition of TiO2 and ZrO2 ceramic particles in the composite coating increased and then 

decreased by increasing the applied current density up to 20 mA.cm-2. Similar trends were observed 

for the variations in hardness and wear resistance of the composite coating. According to the results, 

the use of Ni-ZrO2-TiO2 composite coating on AISI 430 stainless steel improved the mechanical 
properties. 
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1. INTRODUCTION 
 

Composite coatings are deposited on various steel 

substrates to improve the properties such as corrosion 

and wear resistance. Stainless steel is among the most 

widely used types of steel in various industries, and 

therefore, a great deal of research has been done on the 

coating of stainless steel [1,2]. 
Metal-based composite coatings are fabricated 

throughout both electroplating and electroless method. 

Neutral particles (TiO2, ZrO2, SiO2, SiC, Al2O3, etc.) 

that are suspended in an electric bath can be 

coincidentally deposited during electroplating. The 

obtained composite coatings will have higher physical 

and mechanical properties, such as higher wear and 

corrosion resistance than pure metal coatings [3]. 

Since in the composite coatings the properties of the 

matrix and the secondary particles are combined, special 

properties such as good strength at high temperature, 

high thermal conductivity, and low thermal expansion 

coefficient are obtained [4]. 

                                                           
 Corresponding Author Email: m.zandrahimi@uk.ac.ir (M. Zandrahimi) 

In a study by Hong et al., it was reported that factors 

such as the concentration of particles in the plating bath, 

the applied current density, and the pH of the plating 

bath affect the amount of particle deposition in the 

coating, the crystalline size, and the mechanical 

properties of the coating considering the microstructure. 
Wang et al. investigated the effect of cathodic current 

density on the weight percent of TiO2 particles when the 

particle concentration in the electrolyte is 30 g.L-1. Their 

results showed that the weight percent of TiO2 particles 

initially increased with increasing cathodic current 

density until it reached the maximum value as much as 

5A.dm-2. As the current density increases, the amount of 

TiO2 particles decreases [5]. 

Qu studied the effect of current density on the amount 

of CeO2 particles deposited on Ni-CeO2 composite 

coatings. Their results showed that the amount of CeO2 

particles decreased as the current density increased [6]. 

Titanium oxide is one of the most important particles 

due to the low thermal expansion coefficient, favorable 

mechanical properties, and excellent chemical stability 

at all temperatures as reinforcement to nickel-
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phosphorus coatings [7]. Saravanan et al. [8] showed 

that titania particles have a great impact on the growth 

process and the phase structure of the nickel-phosphorus 

coating, which increases the corrosion resistance. They 

also showed that adding more amounts of alumina 

would increase the porosity of the coating and reduce 

the corrosion resistance. 

The reactive element and its oxides can greatly reduce 

the oxidation rate and increase the resistance of the alloy 

to cracking [9]. This is commonly known as the reactive 

element effect, and reactive elements are added to the 

surface by ion implantation or to the surface as oxide 

when added as metal alloying elements, oxide 

dispersion [10,11]. Zirconium is the common reactive 

element used in composite coatings. Studies have shown 

that coatings with ZrO2 significantly reduce the 

oxidation rate of stainless steel and increase the 

performance of SOFC interconnects [12]. 
Laszczyńska et al. [13] investigated the effect of ZrO2 

on the characterization of electrodeposited Ni-Mo-ZrO2 

composite coatings. They reported that ZrO2 oxide 

modified the structure and adhesion of Ni-Mo coating 

[13]. In the recent research by Khoran et al. [14], they 

investigated the addition of TiO2 oxide on the 

microstructure and oxidation behavior of Ni-TiO2 

composite coating. Their studies showed that the 

addition of TiO2 to nickel coating decreased in grain size 

and improvement of oxidation behavior [14]. In another 

study, Saiedpour et al. [15] investigated the effect of 

ZrO2 particles on oxidation and electrical behavior of Co 

coatings electroplated on ferritic stainless steel 

interconnect. Their results showed that the addition of 

ZrO2 to cobalt coating improved the structure and 

oxidation behavior of the steel [15]. 

According to previous studies and a survey of the 

literature, no Ni-ZrO2-TiO2 coating has been fabricated 

on AISI 430 steel substrate so far. The presence of 

titanium oxide and zirconium oxide is expected to 

improve the mechanical properties of the coating. 
In the present study, Ni-ZrO2-TiO2 composite coating 

was deposited on AISI 430 steel substrate by the 

electrodeposition method. Then, the effect of applied 

current density on microstructure and mechanical 

properties were investigated. Scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) were 

used to determine the microstructure. Finally, a pin on 

the disk test was performed to evaluate the wear 

behavior of these coatings. 
 

 
2. EXPERIMENTAL PROCEDURES  
 

In this study, AISI 430 stainless steel with the chemical 

composition was used that is given in Table 1. Samples 

with dimensions of 2mm×10mm×10mm were used as 

the substrate for coating and pure nickel sheet (purity 

above 99%) with dimensions as much as 20mm ×20 

were used as the anode. Pre-plating preparation of the 

samples was performed according to the ASTM B254 

standard by first polishing the steel plates with abrasives 

400, 600, 800, 1200, and 2500. 
 
TABLE 1. Chemical composition of AISI 430 stainless steel 

(wt%) 

 

Element Concentration  (wt.  %) 

C 0.12 

Cr 17.10 

Mn 0.92 

Si 0.50 

P 0.02 

S 0.023 

Fe Bal 

 
The samples were placed in an acetone solution for 10 

minutes after washing with distilled water. Then, they 

were washed again with distilled water and finally 

etched in 10% sulfuric acid solution for 90 seconds and 

washed with distilled water after extraction. The 

samples were placed in the coating bath immediately 

after preparation. The composition of the bath and the 

electroplating conditions for the Ni-ZrO2-TiO2 

composite coating are presented in Table 2. 

In this operation, the bath components were first 

weighed by a digital scale (GF-300 model), and then, 

added to a 100 ml beaker by adding distilled water. 

ALFA-HS860 magnetic stirrer was used to mix the 

materials. The PROVA 8000 power supply was used to 

generate power. The pH of the solution was adjusted 

using sulfuric acid or sodium hydroxide and the pH 

meter of model AZ 8686 was used to control it. Samples 

were plated at Watts bath at current densities as much as 

15, 17, 20, and 23 mA.cm-2. The samples were washed 

with distilled water and dried using a dryer after plating. 
Microscopic analysis of the samples was carried out 

using a Scanning Electron Microscope Model Cam Scan 

MV 2300 equipped with EDS analysis. The morphology 

of the samples was investigated by SEM at a voltage as 

much as 20KV. 

Phases were identified using a Philips X-ray diffraction 

device with Cu Kα radiation (λ=0.1542 nm). The XRD 

patterns of the samples were analyzed using X-Pert 

software. 

 

Two methods were applied to check the wear resistance 

of the coated samples. In the first method, each sample 

was weighed before and after the abrasion test by a scale 

of four decimal places. The wear behavior of Ni-ZrO2-

TiO2 composite coating was studied by the pin-on-disk 

wear. The wear test was performed by the pin-on-disk 

method with a distance of 100 and a disk rotation speed 

as much as 0.03 m.s-1. The mass change of the samples 

before and after the wear test was measured using a scale 

23 
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of four decimal places. The friction coefficient results 

were analyzed using CDT125 software. All wear tests 

were done based on ASTM G 99-17 and previous 

studies [8]. 

Microhardness of the samples was determined using a 

Shimadzu hardness tester and applied force as much as 

50g for 10s.  

 
 
TABLE 2. Composition and bath conditions for Ni-ZrO2-TiO2 

composite coating 

 

 

Coating Mixtures 

Electrodeposition 

Parameters/Materials 

 

NiSO4.6H2O 280.00  g/L Current 
density 

15, 17, 20, 23  
mA.cm−2 

NiCl2.6H2O 40.00  g/L pH 3.5 

H3BO3 40.00  g/L Plating time 20  min 

CoSO4.7H2O 6  g/L Plating 

temperature 

50±5  °C 

ZrO2 3, 5, 7, 9  g/L Cathode AISI  430  
stainless  steel 

TiO2 3, 5, 7, 9  g/L Anode Nickel  plate 

 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Influence of Current Density on Structure 
3.1.1. Deposition of ZrO2 and TiO2 Particles  
Figure 1 shows the impact of current density on the 

deposition of ZrO2 and TiO2 particles in Ni-ZrO2-TiO2 

composite coating at concentrations of 5 g.L-1 ZrO2 and 

7 g.L-1 TiO2, and pH as much as 3.5. As can be seen the 

deposition is increased by increasing the current density 

up to 20mA.cm-2 due to the increased mobility of the 

ZrO2 and TiO2 particles. The maximum particle 

deposition amount was obtained at the current density as 

much as 20 mA.cm-2. The electrophoretic force for 

moving of ZrO2 and TiO2 particles toward the cathode 

is low at low current densities, resulting in lower particle 

deposition at low densities. 
According to the Guglielmi model [11,14], the particle 

inclusion in metal matrix from an electroplating solution 

occurs in two consecutive steps of adsorption, including 

the "loose adsorption" and "strong adsorption of the 

particles. The first step is a loose physical adsorption of 

the particles on the cathode with a high degree of 

coverage and without the discharge of electro-active 

ions adsorb on the particles. The fractional coverage 

follows a Langmuir adsorption isotherm. The second 

step is the strong electrochemical adsorption of the 

particles caused by the applied electrochemical field, 

which is accompanied by the discharge of electro-active 

ions. Both steps take place at the same time all over the 

cathode surface. If a particle is strongly adsorbed on the 

cathode, it will be embedded in the growing metal layer 

by the electrodeposition of free solvated electro-active 

ions from the plating bath.  

As stated by the Guglielmi model, the particle 

movement increases with increasing current density. 

This increase in particle movement causes the ZrO2 and 

TiO2 particles to leave the surface before the second 

stage adsorption is completed and the particle deposition 

decreases. Particles recede is due to the high activity of 

ZrO2 and TiO2. 
This is due to the high activity of the particles of ZrO2 

and TiO2 [16]. The nickel ions dissolved in the anode 

are transported faster than the ZrO2 and TiO2 particles 

traveling with mechanical turbulence at densities higher 

than the optimum current density (20 mA.cm-2), which, 

thus, reduces the particle deposition of ZrO2 and TiO2 in 

the coating. In the coating [17], the increase in current 

density causes the release of hydrogen on the cathode 

surface, which forms the hydrogen bubbles. These 

bubbles prevent the deposition of particles on the 

cathode surface and reduce the amount of Co absorption 

[18]. 
 

 
Figure 1. Particle deposition value as a function of current 

density at concentrations of 5 g.L-1 ZrO2 and 7 g.L-1 TiO2 and 

pH as much as 3.5 
 

 

 

3.1.2. Surface Morphology 
Figure 2 shows the effect of current density on the 

morphology of Ni-ZrO2-TiO2 composite coatings. As 

can be seen the content of ZrO2 and TiO2 particles in the 

coating increases by increasing the current density from 

15 to 20 mA.cm-2. There is a drop in the deposition of 

both particles at current densities more than 20 mA.cm-

2. The decrease in a deposition is due to the release of 

hydrogen at high current density. 
The XRD results of the Ni-ZrO2-TiO2 composite coating 

at different current densities at the concentration as 

much as 5 g.L-1 ZrO2 and 7 g.L-1 TiO2 in the electrolyte 

and pH=3.5 are shown in Fig. 3. As can be seen, the 

available phases are Ni (JCPDS, Card No. 001-1266), 

ZrO2 (JCPDS, Card No. 014-0534), and TiO2 (JCPDS, 

Card No. 021-1236). However, the observed peaks of Fe 
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(JCPDS, Card No. 003-1050) are related to the 

substrate. 
It is obvious that the grain size decreases with increasing 

current density. Figure 2a shows the SEM image of a 

sample electroplated at a current density as much as 15 

mA.cm-2. As shown, the coating is not uniform and 

some agglomeration is observed. At the current density 

as much as 17 mA.cm-2, the irregularity of the coating is 

less and the coating is more uniform than the obtained 

value at the current density as much as 15 mA.cm-2. The 

coating obtained at a density as much as 20 mA.cm-2 is 

uniform without cracking and agglomeration. The 

coating is not uniform at i=23 mA.cm-2 and the 

agglomeration is observed in some places. 
Maud software was employed to investigate the effect 

of current density on phase formations based on the 

XRD patterns. The amount of precipitated ZrO2 and 

TiO2 was calculated by Maud software. The outputs of 

the Maud software were consistent with the results of 

SEM images and XRD analysis. As can be seen the 

number of ceramic particles ZrO2 and TiO2 to the 

current density as much as 20 mA.cm-2 increased by 

increasing the current density. The SEM images also 

show that the grain size decreased and the structure was 

fine by increasing the concentration of ceramic particles 

ZrO2 and TiO2 up to the current density as much as 20 

mA.cm-2. As the current density increases, the peak 

intensity of the ZrO2 and TiO2 phases increases up to 20 

mA.cm-2, indicating an increase in the deposition of 

these particles in the composite coating. This was also 

observed in other studies [16,17].

 

    
 

    
 

Figure 2. Surface morphology of Ni-ZrO2-TiO2 coating deposited under different current densities. a) 15mA.cm-2, b) 17mA.cm-2,  

c) 20mA.cm-2, and d) 23mA.cm-2
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Figure 3. XRD results of Ni-ZrO2-TiO2 composite coating at 

different current densities 

 
 
3.1.3. Grain Size 
The grain size was calculated by the Williamson Hall 

equation using Equation (1) and Sigma Plot software 

[17, 18]: 
 

                            (1) 
 

where λ is the x-ray wavelength in angstrom (1.5406 Å), 

d is the crystallite size, β is the maximum peak width at 

half the height of the peak, θ is the brag angle 

corresponding to the peak, and A is a constant (usually 

one). 

Fig. 4 shows the effect of current density on the grain 

size of Ni-ZrO2-TiO2 composite coating at the 

concentration as much as 5 g.L-1 ZrO2 and 7 g.L-1 TiO2 

in the electrolyte and pH=3.5. As can be seen the grain 

size decreases by increasing current density from 

15mA.cm-2 to 20 mA.cm-2. Increasing the current 

density above 20 mA.cm-2 increases the grain size. The 

obtained grain size at the current density as much as 20 

mA.cm-2 is about 17nm. 

 

 
 

Figure 4.The Influence of current density on the grain size of 

Ni-ZrO2-TiO2 composite coating 

According to Equation 2, the nucleation rate increases 

by increasing current density overvoltage increases and 

according to equation 3 with increasing overvoltage. 

The grain size decreases with increasing nucleation rate. 

Also according to equation 4 the critical radius of 

nucleation decreases by increasing overvoltage [5,7]: 
 

                                      (2) 

 

                       (3) 

 

                                         (4) 
 
 

 

In Equation (2) η is the overvoltage, a and b are constant, 

and i is the current density. 

In equations (3) and (4), j is the nucleation rate, b is the 

geometrical factors of the cluster shape, s is the area 

occupied by an atom, ε is the specific edge energy, z is 

the ion capacity, e is Electron flux, k1 is constant and k 

is Boltzmann constant. 
In electrochemistry, overvoltage is the potential 

difference (voltage) between the determined 

thermodynamically reduction potential of half-reaction 

and the potential at which the redox event is 

experimentally observed [18,19]. The term is directly 

related to a cell's voltage efficiency. In an electrolytic 

cell, the existence of overvoltage implies the cell 

requires more energy than thermodynamically expected 

to drive a reaction. 
In fact, J was given by Equation (2) according to the 

classical theories on electrochemical phase formation 

and growth, the two dimensional (2D) nucleation rate. 

Regarding crystallization theory, crystallization in an 

electrodeposition process usually involves two steps. 

The first step is about the discharge of nickel ions and 

the generation of nickel atom. There are two scenarios 

in the second step, (i) the incorporation of nickel atom 

into the crystal and crystal growth, and (ii) the formation 

of the new nucleus when the rate of crystal growth may 

not be sufficient to cater for a generation of atoms. It has 

been proved that r is a function of the overvoltage in the 

critical radius of the surface nucleus [19-21]. 

On the other hand, the number of nucleation sites is 

increased with increasing particle deposition on the 

cathode surface, resulting in smaller grain size. The 

movement of particles and ions increase by increasing 

the current density up to 23 mA.cm-2. Therefore, prior to 

completing the second step according to Guglielmi's 

theory, they receded due to the high activity of ZrO2 and 

TiO2 as soon as they deposited. The amount of particles 

has reduced, the number of nucleation sites has 

decreased, and the previously formed nuclei have grown 

and resulted in more coarse grains [10]. 
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3.2. The Impact of Current Density on Mechanical 
Properties 
3.2.1 Microhardness of Coating 
Figure 5 shows the microhardness of the coatings as a 

function of applied current density at concentrations as 

much as 5 g.L-1 ZrO2 and 7 g.L-1 TiO2, and pH=3.5. As 

shown, the microhardness increases and reaches its 

maximum value at 20 mA.cm-2 by increasing the applied 

current density, which is 284.03 Vickers. Increasing the 

current density above 20 results in a decrease in 

microhardness. The microhardness reduces to 135.4 

Vickers at the current density as much as 23 mA.cm-2. 

 

 
 
Figure 5. Microhardness changes as a function of current 

density at concentrations 5 g.L-1 ZrO2 and 7 g.L-1 TiO2, and 

pH=3.5 
 

One of the mechanisms that increase the microhardness 

of the composite is the Orowan mechanism. In the 

Orowan equation (relation 5), λ is the distance between 

scattered particles, G is shear stress, and b is burgers 

vector. The smaller the distance between the scattered 

particles, the greater the shear strength. As a result, an 

increase in dispersed particles decreases the value of λ, 

which increases σ. This increase in stress increases the 

amount of microhardness (Equation 5). 

 

 

                                       (5) 

 

 

High current density levels are not suitable for 

deposition and coating properties [20]. 
 

 
3.2.2. Coefficient of Friction 
Figure 6 shows the effect of the concentration of ZrO2 

and TiO2 particles on the kinetic friction coefficient of 

Ni-ZrO2-TiO2 composite coating. μk is the kinetic 

friction coefficient that opposes the range of relative 

motion. The kinetic friction coefficient decreases with 

increasing the current density up to 20 mA.cm-2. This 

decrease is due to the high-deposited amounts of ZrO2 

and TiO2 particles on the Ni-ZrO2-TiO2 composite 

coating at a current density as much as 20 mA.cm-2. At 

the mentioned density, the highest amount of ZrO2 and 

TiO2 particles are obtained by the uniform distribution. 

As a result, the coating is fine-grained and has the 

highest microhardness. The presence of particles in the 

coating reduces the contact area between the pin and the 

coating surface, and reduces the coefficient of friction. 

The coefficient of friction increases by increasing 

current density to 23 mA.cm-2 due to the decrease in 

particle deposition [21]. 
 

 
 

Figure 6. Influence of current density on kinetic friction 

coefficient at 100m 
 

 
3.2.3. Wear Resistance 
Figure 7 shows the weight loss of Ni-ZrO2-TiO2 

composite coating based on current density. The weight 

of the samples decreases by increasing the current 

density up to 20 mA.cm-2. The lowest weight loss at the 

current density as much as 20 mA.cm-2 is 0.2 mg. This 

procedure follows Archard's Law (Equation 6) [22]: 

 

 

                          (6) 

 
Where W is the sample weight loss after wear test, k is 

coefficient of wear, Pn is normal pressure in wear test, 

L is the distance traveled in wear test, and H is the 

hardness of the sample. 

According to Archard's interface, the weight loss of the 

sample under abrasion is directly related to the sample 

pressure and slips distance, which is inversely related to 

the hardness of the sample under abrasion. Thus, the 

weight loss of the sample decreased with increasing the 

microhardness. 
Another reason is the Hall-Patch mechanism, which is 

based on grain size. The highest microhardness was 

observed at the current density as much as 20 mA.cm-2. 

The microhardness and wear resistance decreases with 

increasing the distance from each side as the grain size 

increases and the deposition rate of ZrO2 and TiO2 

particles decreases. 
Another reason is that according to the Orowan 

equation, the particles in the coating prevent the plastic 

deformation of the coating by preventing the 
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deformation of the particles. This is due to the dispersion 

of the particles in the coating, and consequently, 

increasing the microhardness and wear resistance [23].  

 
Figure 7. The Influence of current density on the weight loss 

of Ni-ZrO2-TiO2 composite coating 

 
 

 

4. CONCLUSION 
 
The Ni-ZrO2-TiO2 composite coating was fabricated on 

AISI 430 stainless steel at different current densities as 

much as 15, 17, 20, and 23 mA.cm-2, and the following 

results were obtained: 

 

1. Their deposition amount was increased by 

increasing the current density up to 20 mA.cm-2 due 

to the increased mobility of the ZrO2 and TiO2 

particles. The maximum particle deposition value 

was obtained at the current density as much as 20 

mA.cm-2. 
2. The number of nucleation sites increased with 

increasing particle deposition on the cathode surface 

and the grain size was decreased as the number of 

nucleation sites increased. 

3. The lowest kinetic friction coefficient was obtained 

for the coated samples at the current density as much 

as 20 mA.cm-2. This was due to the highest 

deposition of ZrO2 and TiO2 particles on the Ni-

ZrO2-TiO2 composite coating at a current density as 

much as 20 mA.cm-2. 

4. The wear resistance was increased by increasing the 

current density of coating up to 20 mA.cm-2. Wear 

resistance was increased by increasing the 

microhardness due to the increase in ceramic 

particles of ZrO2 and TiO2. 
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