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Abstract: Co–Ni/SiO2 alloy composite coatings were electrodeposited on copper substrate by scanning jet 

electrodeposition at various current densities to study its effect on the morphologies, texture orientation, 

microhardness, adhesion force, wear resistance, and corrosion resistance of Co–Ni/SiO2 alloy composite 

coatings. The structure and performance of the material were characterized using a scanning electron 

microscope, XRD diffractometer, nanoindentation, scratch tester, friction and wear tester, and 

electrochemical methods. The morphologies of the Co–Ni/SiO2 alloy composite coatings changed from 

sparse and slender structures to dense starfish structures with an increase in current density. A part of Co 

precipitated in the form of a face-centered cubic structure and formed a solid solution with Ni, while another 

part of Co precipitated in the structure of the composite coating in the form of a hexagonal close-packed 

structure. The Co–Ni/SiO2 alloy composite coating exhibited excellent adhesion force, wear resistance, and 

corrosion resistance when the deposition current density was 130 A/dm2. Once the current density was 

exceeded, some microcracks appeared on the surface of the composite coating, after which the adhesion 

force and corrosion resistance decreased. The present study suggests that current density at 130 A/dm2 is 

more suitable than low current density for jet electrodeposition to prepare high-density and high-quality 

composite coating. 
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1 Introduction 

Cobalt–Nickel (Co–Ni) alloy composite coatings have been widely used in the surface protection of 

engineering materials in recent years, due to their excellent mechanical, physical, and chemical properties 

[1–5]. Electrodeposition is a simple and economical manufacturing process and successfully in preparing 

numerous metal alloy composite coatings [6–10]. Jet electrodeposition is a circulating solution flow type of 

electrodeposition. Since it enables a selective localized deposition that can be used for the mobile repair of 

mechanical parts, jet electrodeposition has recently been widely considered by researchers [11–19]. The 

latter can improve the current density but can encourage tip discharge, thereby reducing the uniformity and 

flatness of the coatings. Researchers have used auxiliary processes to improve the growth uniformity of 

coatings [16–18]. C. Wang [15] proposed rotary interlaced jet electrodeposition to prepare Ni–CeO2 

nanocomposite coatings, using the rotating process to refresh the electrode surface discharge and to achieve 

uniform growth of the composite coatings. Y. Wang [16] used friction assisted jet electrodeposition to remove 

sharp points in the growth of the Ni–SiO2 nanocomposite coatings. W. Jiang [17] improved the uniformity 

of discharge on the surface of the jet electrodeposition by a magnetic field. K. Zhao [18] prepared a Ni–

Al2O3 composite coating with good uniformity through an intermittent discharge in jet electrodeposition. Q. 



 

 

Zhang [19] studied the effect of different flow rates and changes in the content of Co2+ and Ni2+ in the 

electrolyte on the deposition of Ni–Co alloy composite coatings.  

In this work, the impact of higher current densities on jet electrodeposition has been explored for the 

first time. The resulting alloy composite coatings have been analyzed in terms of morphologies, 

microhardness, adhesion force, wear resistance, and corrosion resistance. 

2 Experimental 

2.1 Experimental setup 

Fig. 1a shows the scanning motion diagram of the jet electrodeposition experimental system, Fig. 1b 

is a photo of the actual processing equipment. The device includes a control system, heating equipment, 

transmission system, power supply, and nozzle structure. Before the deposition processing experiment, the 

sample was fixed on the cathode stage, and the machining gap was adjusted by the computer control system. 

At the same time, the control system moved along the horizontal direction. Then, the electrolyte was pumped 

out from the storage tank and sprayed on the cathode surface through the pipe. The electrolyte was recycled 

repeatedly, and a filter screen was installed near the nozzle outlet to prevent the anode slag from blocking 

the flow channel. Finally, the external power supply was connected, and the nozzle realized synchronous 

scanning jet electrodeposition. 

 

Fig. 1. Scanning Jet Electrodeposition System: (a) schematic diagram, (b) photograph of the setup. 

2.2 Parameters 

The electrolyte composed of 1.0 M NiSO4, 0.2 M NiCl2, 0.2M CoSO4 and 0.6 M H3BO4. Analytical 

reagents and distilled water were used to prepare the plating solution. The nano-SiO2, with an average 

particle diameter of 20 nm, was added to the electrolyte by ultrasonic vibration before electrodeposition, and 

the addition amount was 3g/L, mainly to refine the grains of the composite coating. NiSO4 and CoSO4 were 

the main salts of the electrolyte. NiCl2 prevented the passivation of the anode. H3BO4 adjusted the pH of the 

electrolyte to 5.0. Copper was used as the cathode substrate with a size of 10 mm× 10 mm × 0.2 mm. It was 

polished with sandpaper and placed in dilute hydrochloric acid to remove the surface oxide layer before the 

experiment. The substrate was deposited in a constant current mode. The current density was calculated 

based on the nozzle exit size of jet electrodeposition. Table 1 shows the operating conditions of scanning jet 

electrodeposition. 



 

 

Table 1. Operating conditions of scanning jet electrodeposition. 

Operating conditions Value 

Temperature (◦C) 50 

Machining gap (mm) 4.0 

Scanning speed (mm/s) 6.0 

Electrolyte flow rate (L/h) 100 

Plating time (min) 25 

Current densities(A/dm2) 70/100/130/160/190 

2.3 Characterization 

The surface morphology of the Co–Ni/SiO2 alloy composite coating was observed by the field emission 

scanning electron microscope (Hitachi S-4800). The element distribution was determined by energy 

dispersive spectroscopy (Oxford INCA) to evaluate the element content and distribution in the alloy coating. 

The texture orientation of the coating was tested by the X-ray diffractometer (DMAX-2500PC), and the 

average grain size of the coating was estimated according to the Scherrer formula. The test conditions were 

40 kV and 150 mA by Cu-Kα radiation (λ=1.5406 Å) to determine the phase composition and crystallite size. 

The microhardness of the coatings was measured with a Micro-hardness Tester (LEITZ Mini-Load Vickers) 

with the diamond tester tip and a maximum applied load of 500 g, at an applied load of 100 g for 20 s. The coating 

adhesion force was evaluated using the friction method with a scratch instrument (WS-2005). The load was 

30 N with a rate of 30 N/min, the length of the scratches was 3 mm, the length of the dead load was 2 mm, 

the reciprocation frequency was 1 Hz, and the static pressure time was 30 s. Five measurements were 

conducted on each sample and the results were averaged to obtain the coating micro-hardness and 

adhesion force. The wear resistance of the composite coating was tested by the friction and wear tester 

(MMW-1), the load was 40N, and the wear time was 5mins. The corrosion behavior of the coatings was 

investigated by potentiodynamic polarization on an electrochemical workstation (CHI660C) by using a 3.5 

wt% NaCl corrosive medium without agitation at room temperature. The reference electrode was a saturated 

calomel electrode, and the counter electrode was a platinum electrode. The samples were immersed in the 

corrosive medium for about 30 mins to attain the open circuit potential (Eocp). Potentiodynamic sweeping 

was then performed in the potential range of ±500 mV for the Eocp at a sweep rate of 1 mV/s.  

3 Results and Discussion 

3.1 Morphologies 

Fig. 2 indicates the surface morphologies of the Co–Ni alloy composite coatings under different current 

densities. The surface morphologies of the coatings change significantly with the current density. When the 

processing current density was as low as 70 A/dm2, the surface of the Co–Ni/SiO2 alloy composite coating 

presented as sparse and slender structures, as shown in Fig. 2a. Fig. 2b shows that the sparse structures 

decreased and began to grow in a starfish crystal structure on the Co–Ni/SiO2 alloy composite coating when 

the current density was increased to 100 A/dm2. Fig. 2c shows that the porosity of the alloy composite coating 

decreased and the structure became much denser at 130 A/dm2. However, as the current density exceeds 130 

A/dm2, in Fig. 2d (160 A/dm2) and Fig. 2e (190 A/dm2), some microcracks occurred at the grain boundaries 

of the Co–Ni/SiO2 alloy composite coatings.  



 

 

 

Fig. 2. Surface morphologies of Co–Ni/SiO2 alloy composite coatings under different current densities. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e) 190 A/dm2 

Fig. 3 shows the composition of the Co–Ni/SiO2 alloy composite coating deposited by scanning jet 

electrodeposition at 130 A/dm2. Ni and Co elements were uniformly distributed in the composite coating, 

while O and Si elements were relatively sparse, which was related to the concentration of nano-SiO2 in the 

electrolyte in scanning jet electrodeposition. 

 

Fig. 3. Element distribution on the surface of the Co–Ni/SiO2 alloy composite coating deposited by 

scanning jet electrodeposition at 130A/dm2. 

In the scanning jet electrodeposition, there was an abnormal co-deposition of Ni2+ and Co2+ in the 

electrolyte [7, 20]. Co2+ was deposited more easily than Ni2+, and the amount of Co precipitation increased 

with the current density, the sparse and slender structures transformed to dense starfish structures exceeds 

70A/dm2, improving the density of the alloy composite coating. The high-speed flowing electrolyte reduced 

the thickness of the diffusion layer in the scanning jet electrodeposition, and the scanning movement had a 

refreshing effect on the discharge points on the electrode surface [15], so that the fast-growing crystal grain 

tips on the cathode surface were broken and their continuous growth was inhibited. Some broken grains 



 

 

filled the sparse gaps on the cathode surface and provided more discharge points on the electrode surface 

and continued to grow, thereby improving the density of the coating. However, The electrode surface reaction 

rate was too fast, when the current density exceeded the optimum current density (130A/dm2). The internal 

stress of the coating growth was too large, causing some microcracks to appear in the coating surface, 

reducing the surface quality. 

3.2 Texture orientation 

Fig. 4 shows the XRD patterns of the Co–Ni/SiO2 alloy composite coatings under different current 

densities. The Co–Ni alloy composition of the Co–Ni/SiO2 alloy composite coating was in the form of a 

solid solution and composed of a face-centered cubic (FCC) structure and a hexagonal close-packed (HCP) 

structure. The alloy composite coatings underwent a significant phase change in co-deposition as the current 

density increased [19]. The (220) diffraction peak in the Co–Ni/SiO2 composite coating became narrower 

and sharper, which showed that the Co–Ni/SiO2 composite coating had a high degree of crystallinity. 

 

Fig. 4. XRD patterns of the different Co–Ni/SiO2 alloy composite coatings. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 

Table 2 shows the average grain size and the Co content in different Co–Ni/SiO2 alloy composite 

coatings. The average grain size of the composite coating decreased initially before increased with the current 

density. The nucleation probability of the electrode surface increased with the current density, leading to a 

refining of the crystal grains. It was also easy to induce continuous strengthening growth when the current 

density was too large, as a result of which the grains of the composite coating coarsened [21]. 

Table 2. The average grain size of the different Co–Ni/SiO2 alloy composite coatings. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 

Samples Average grain size (nm) Co (wt%) SiO2 (wt%) 

a 34.8 56.3 1.20 

b 19.7 58.1 2.63 

c 17.8 59.8 3.27 

d 18.7 61.4 2.89 

e 21.8 62.7 2.54 



 

 

It can be seen from the Co content in wt% in the composite coating in Table 2 that the content ratio of 

Co to Ni in the composite coating is much greater than the concentration ratio of Co2+ to Ni2+ in the 

electrolyte because abnormal co-deposition occurred during scanning jet electrodeposition. This was similar 

to related electrodeposition research [22, 23]. Besides, The content of nanoparticles in the composite coating 

also changes to a certain extent under different current densities, and the amount of embedded nanoparticles 

increases as the content of Co increases. In the Co-Ni alloy co-deposition, the pH value near the cathode 

increased due to the precipitation of hydrogen. In the process of electrodeposition, hydrogen was released 

by electrolysis of water, which also increased the pH near the cathode. When the pH was high enough near 

the cathode, metal hydroxide would be produced to hinder the electrodeposition. The abnormal co-deposition 

could be considered as the hydroxide colloid produced in the electrodeposition process hindering the normal 

deposition process. According to the theory of abnormal co-deposition, due to the increase of pH on the 

cathode surface in the electrodeposition, the active metal Co2+ ion was easy to form Co(OH)2 colloid under 

alkaline conditions, which adsorbed on the cathode surface and hinders the passage of nickel ion, but Co2+ 

ion could discharge through Co(OH)2, resulting in the increase of cobalt content in the coating. With the 

increase of pH, the dispersion of Nano-SiO2 is enhanced, and more nano-SiO2 was embedded in the alloy 

coating with Co2+ ion deposition. However, the number of embedded nanoparticles decreased when the 

current density was too large, which might be due to the faster precipitation of the Co element. The 

nanoparticles could not be completely converted from weak adsorption to strong adsorption, and they were 

washed away by the high-speed electrolyte flow. 

The metal ions arriving on the surface of the cathode electrode were quickly deposited when the current 

density on the electrode surface increased. Since jet electrodeposition provided a higher current density and 

accelerated the electrode surface reaction rate, Co2+ was much easier to precipitate, and in particular, the Co 

content in the composite coating further increased with current density. The reaction equation of Co–Ni alloy 

co-deposition was as follows [24]: 
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3.3 Microhardness and adhesion force 

Fig. 5 shows the microhardness and adhesion force of the different Co–Ni/SiO2 alloy composite 

coatings. The microhardness and adhesion force of the Co–Ni/SiO2 alloy composite coating increased with 

increasing current density to reach a peak at the optimum current density (130 A/dm2). Afterward they 

decreased again. The composite coating exhibited the best microhardness of 5.43 GPa, and the adhesion 

force with the substrate was as high as 27.48 N when the current density was 130 A/dm2. 



 

 

 

Fig. 5. Microhardness and adhesion force of the different Co–Ni/SiO2 alloy composite coatings. 

 (a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 

The microhardness of the Co–Ni alloy composite coating gradually increased with the current density, 

because the grains of the Co–Ni alloy were further refined with an increase in current density. The 

mechanical properties of the alloy are largely related to the grain size [25, 26]. According to the Hall–Petch 

formula [27], the decrease in grain size increased the microhardness of the material. When the current density 

exceeds the optimum current density, the microhardness of the coating decreased. A further increase in 

current density produces a high-stress coating, which causes crystal deformation and microcracks. In 

addition, when the optimum current density was exceeded, the hydrogen evolution near the electrode surface 

was aggravated. If the hydrogen could not be released in time, it was enclosed in the coating to form pore 

defects [28], thereby reducing the microhardness and adhesion force. 

3.4 Wear resistance 

Fig. 6 illustrates the surface morphologies of the coating under different current densities after wear. 

Fig. 6a shows that the Co–Ni/SiO2 alloy composite coating has an obvious furrow when the current density 

was 70 A/dm2, the coating was torn off and accompanied by a large amount of wear debris, which had a very 

poor wear resistance [29]. Fig. 6b shows that the Co–Ni/SiO2 alloy composite coating has many wear debris, 

delamination, and grooves parallel to the direction of frictional movement. The wear mechanism was mainly 

abrasive wear with the current density added to 100 A/dm2. Fig. 6c shows the surface morphology of the 

alloy coating after wear is relatively complete, with few pits, when the current density increased to 130 

A/dm2, it showed the best wear resistance in the wear test. However, in Fig. 6d, the wear resistance of the 

Co–Ni/SiO2 alloy composite coating was reduced with micro-cracks, and the grooves were visible with the 

current density of 160 A/dm2. Especially in Fig. 6e, the Co–Ni/SiO2 alloy composite coating has large cracks 

and a small amount of delamination at 190 A/dm2. 

Therefore, it can be explained that the friction and wear characteristics of the alloy composite coating 

were closely related to the optimum current density. The decrease of the coating density and the change of 

the microstructure are the important reasons for the poor wear resistance of the alloy composite coating, 

which was easily damaged during the friction process. However, the alloy composite coating deposited too 



 

 

fast at a much higher current density, then the internal stress was too large, and cracks were prone to occur 

during the wear process, which led to reduce wear resistance of Co–Ni/SiO2 alloy composite coating. 

 

Fig. 6. Surface morphologies of the coating under different current densities after wear. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 

3.5 Corrosion resistance 

Fig. 7 is the polarization curve of the Co–Ni/SiO2 alloy composite coating tested in a 3.5% NaCl 

solution. The corrosion data obtained from the polarization curve is shown in Table 3. The corrosion 

resistance of the Co–Ni/SiO2 composite coating showed significant improvement with a current density 

below the optimum current density. From Table 3, the Co–Ni/SiO2 alloy composite coating exhibited 

excellent corrosion resistance, with a corrosion current density as low as 0.506 μA·cm-2. When the current 

density reached 190 A/dm2, i.e. considerably exceeding the current density (130 A/dm2), the corrosion 

current density of the composite coating increased to 2.965 μA·cm-2. Thus, the corrosion resistance of the 

composite coating decreased after exceeding the optimum current density. 

 

Fig. 7. Polarization curves of the different Co–Ni/SiO2 alloy composite coatings. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 



 

 

Table 3. Electrochemical data extracted from the polarization curves. 

(a) 70 A/dm2, (b) 100 A/dm2, (c) 130 A/dm2, (d) 160 A/dm2, (e)190 A/dm2 

Samples Ecorr/V icorr/μA·cm-2 

a  -0.503 2.184 

b -0.490 1.133 

c -0.400 0.506 

d -0.358 0.762 

e -0.491 2.965 

Fig. 8 shows the surface morphologies of the Co–Ni/SiO2 alloy composite coating placed in the NaCl 

solution for further immersion for 144 h after the electrochemical test. Fig. 8a shows several large corrosion 

pits and holes on the surface of the composite coating with a lower current density (70 A/dm2) in scanning 

jet electrodeposition. In Fig. 8b (130 A/dm2), the Co–Ni/SiO2 composite coating was preserved relatively 

well, and there were no corrosion pits and holes, indicating better corrosion resistance. 

 

Fig. 8. Morphologies of Co–Ni/SiO2 alloy composite coating after immersion for 144h. 

(a) 70 A/dm2, (b) 130 A/dm2. 

The corrosion of materials is usually because the corrosive medium penetrates the interior through the 

holes and microcracks on the surface of the composite coating [18, 30]. Therefore, the density of the 

composite coating has an important influence on the corrosion protection of the composite coating. 

Combined with the surface morphologies of the alloy composite coatings in Fig. 2, the denser composite 

coating has better corrosion resistance. When the current density was as low as 70 A/dm2, the surface 

micromorphology of the Co–Ni/SiO2 composite coating was looser and the compactness was poor. For 

current densities below the optimum current density, the surface morphologies of the composite coatings 

became denser with increasing current density. Denser coatings prevent the penetration of corrosive liquids, 

thereby enhancing the corrosion resistance of the composite coating. Once the current density exceeded the 

optimum current density (Table. 3d and e), the deposition rate of Co2+ and Ni2+ near the electrode surface on 

the substrate occurred so fast that microcracks occurred on the composite coating. These microcracks 

decrease the compactness due to excessive internal stress, which provided corrosion channels for the 

penetration of the electrolyte. Some pores were formed in the coating due to the hydrogen evolution at a 

higher current density. The trapping of the hydrogen bubbles reduced the compactness of the coating. Once 

the corrosive solution penetrated the coating, it further accelerated the corrosion, and the corrosion resistance 

worsened [31]. 



 

 

4 Conclusion 

This paper studied the impact of the current density onto the Co–Ni/SiO2 alloy composite coating in 

scanning jet electrodeposition. It was found that the surface morphologies of the alloy composite coatings 

changed from sparse and slender structures toward dense starfish structures upon increasing the current 

density. Furthermore, the best values of microhardness (5.43 GPa) and adhesion force (27.48 N), as well as 

a low corrosion current density (0.506 μA·cm-2), can be achieved under the current density of 130 A/dm2. 

Once the current density was exceeded, the microhardness, adhesion force, and corrosion resistance of the 

alloy composite coating decreased again due to excessive internal stress. 
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