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Q235 steel as power grounding material was selected as the substrate, and different coatings (Zn-Ni 

alloy coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 composite coating) were electrodeposited on 

its surface. The corrosion behavior of Q235 steel and different electrodeposited coatings in simulated 

soil pore solution was investigated through electrochemical testing. The results show that Zn-Ni alloy 

coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 composite coating can inhibit the corrosion process 

of Q235 steel in simulated soil pore solution to improve its corrosion resistance. The phase 

composition of Zn-Ni-W alloy coating is the same as that of Zn-Ni alloy coating, while Zn-Ni-W/ZrO2 

composite coating contains Zn phase, Ni5Zn21 phase and ZrO2 phase. ZrO2 particles are uniformly 

doped in the composite coating. Compared with Zn-Ni alloy coating and Zn-Ni-W alloy coating, Zn-

Ni-W/ZrO2 composite coating has the lowest corrosion current density (9.87×10-7 A/cm2) and the 

highest charge-transfer resistance (7.34×103 Ω·cm2). After being corroded by 15 mA DC stray current 

for 14 days, it still maintains integrity and high compactness with lightest corrosion degree. 

Electrodeposition of Zn-Ni-W/ZrO2 composite coating can not only meet the electrical conductivity 

requirements of power grounding electrode, but also significantly improve the corrosion resistance of 

carbon steel grounding electrode under the combined action of electrochemical corrosion and stray 

current corrosion in soil. 

 

 

Keywords: Power grounding material; Corrosion protection; Electrodeposition; Zn-Ni alloy coating; 
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1. INTRODUCTION 

 

Grounding plays an important role in ensuring the safe operation of power transmission and 

distribution system. The common grounding materials are carbon steel, copper, stainless steel, 
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aluminum alloy, and so on [1-3]. Carbon steel is widely used as grounding material because of its 

obvious advantages, such as low price, good mechanical performance, excellent ductility, and so on. 

However, the carbon steel buried in soil for a long time, is subjected to electrochemical corrosion of 

soil pore solution and stray current corrosion caused by discharge from power grid operation, which 

usually shows loose and porous surface with severe local damages. It can be said that corrosion of 

grounding material has become one of the most prominent problems in power transmission system [4-

6]. Therefore, it is necessary to take measures to improve the corrosion resistance of carbon steel as 

power grounding material, so as to reduce the influence of electrochemical corrosion and stray current 

corrosion of soil pore solution on its service life.  

In view of the requirement of stable conducting electricity for grounding material, the surface 

treatment can not only meet the requirements of stable conducting electricity of carbon steel as power 

grounding material, but also achieve the purpose of corrosion protection. Preparation of conductive 

coating and Zn electrodeposited coating on the surface of grounding electrode is a hot research topic at 

present. Meanwhile, the process of Zn electrodeposited coating is simple and easy to operate, which 

has good uniformity and stable conductivity [7-11]. Therefore, Zn electrodeposited coating is more 

suitable for surface treatment of carbon steel as power grounding material. However, pure Zn coating 

has holes, crystal dislocations and other defects, and the defects often accelerate corrosion, resulting in 

the service life of pure Zn coating cannot reach the expectation. If other elements (such as Ni, W, P, 

etc.) or particles (such as SiC, ZrO2 particles, etc.) are introduced into pure Zn coating, it will not only 

meet the requirements of conductivity, but also be expected to show excellent corrosion resistance [12-

17]. Compared with pure Zn coating, composite coating has a higher value for surface protection of 

carbon steel as power grounding material.  

In this paper, Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 composite 

coating are electrodeposited respectively on the surface of Q235 steel to achieve corrosion protection 

and make comparison which is innovative and significant. The corrosion of Q235 steel and different 

electrodeposited coatings was investigated through electrochemical testing and stray current corrosion 

experiment, so as to optimize the most suitable coating. It provides a new idea for improving the 

corrosion resistance of carbon steel as power grounding material.  

 

 

2. EXPERIMENTAL 

2.1 Materials and chemical agents 

Q235 steel plate (6 cm × 3 cm × 0.3 cm) was cut as the experimental substrate. In the process 

of pretreatment, pure acetone, ethanol and hydrochloric acid were used. The samples were polished on 

both sides and then were sequentially immersed in acetone, ethanol and pure water for ultrasonic 

cleaning for 8 minutes to remove dust and oil on the surface of the samples. Finally, the samples were 

immersed in 15% hydrochloric acid for etching and activation for 2 minutes. 
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2.2 Preparation of different electrodeposited coatings 

The pre-treated Q235 steel sample was used as the cathode, and electrolytic nickel plate was 

used as the anode to continuously provide nickel ions. During the electrodeposition process, the 

distance between cathode and anode was set as 3 cm. Different electrodeposited coatings were 

electrodeposited on the surface of Q235 steel sample, which were Zn-Ni alloy coating, Zn-Ni-W alloy 

coating and Zn-Ni-W/ZrO2 composite coating respectively. The solution composition and 

electrodeposition parameters were shown in Table 1. Meanwhile, ZnCl2, NiSO4 and Na2WO4 were the 

main salts that can provide Zn2+, Ni2+ and WO4
2- ions. H3BO3 and C6H14N2O7 were used as the 

buffering agent and complexing agent respectively during the electrodeposition process. Na2SO4 was 

used as the conducting salt to increase the conductivity of the solution. The pH value of the solution 

for preparing different electrodeposited coatings was adjust to 6.0 using 10% dilute hydrochloric acid 

or 1 mol/L sodium hydroxide. Different coatings were electrodeposited from 200 ml solution at the 

condition of 2 A/dm2 current density and 60 ℃ temperature for 60 minutes.  

 

Table 1. Solution composition and parameters for preparing different electrodeposited coatings 

 

Different electrodeposited 

coatings 

Solution composition Electrodeposition 

parameters 

Zn-Ni alloy coating ZnCl2 20 g/L, NiSO4 32 g/L, 

C6H14N2O7 80 g/L, Na2SO4 

26 g/L, H3BO3 30 g/L 

temperature 60℃ 

electrodeposition 

time 60 min 

Zn-Ni-W alloy coating ZnCl2 20 g/L, NiSO4 32 g/L, 

C6H14N2O7 80 g/L, Na2SO4 

26 g/L, H3BO3 30 g/L, 

Na2WO4 20 g/L 

temperature 60℃ 

electrodeposition 

time 60 min 

Zn-Ni-W/ZrO2 composite 

coating 

ZnCl2 20 g/L, NiSO4 32 g/L, 

C6H14N2O7 80 g/L, Na2SO4 

26 g/L, H3BO3 30 g/L, 

Na2WO4 20 g/L, nano-ZrO2 

particles 10 g/L 

temperature 60℃ 

electrodeposition 

time 60 min 

 

2.3 Testing methods 

2.3.1 Surface morphology 

The surface morphology of Q235 steel, Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-Ni-

W/ZrO2 composite coating was characterized by SU-8010 scanning electron microscope. In order to 

improve the resolution and obtain clear images, different samples were sprayed with gold with a 

magnification of 5000 times. In addition, the three-dimensional surface profiles of different 

electrodeposited coatings were characterized by VK-250 laser microscope, and the surface roughness 

was measured. 
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2.3.2 Structure testing 

The XRD diffraction patterns of Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-Ni-

W/ZrO2 composite coating were detected by Philips X-ray diffraction instrument, and then introduced 

into Jade software to analyze the structure and phase composition. The X-ray diffractometer used Cu 

target Kα rays with 40 kV voltage and 100 mA current. The diffraction angle range was 20°~80°, and 

the scanning rate was 4°/min. 

 

2.3.3 Corrosion resistance performance 

Simulated soil pore solution composed of 0.2 g/L sodium chloride, 0.015 g/L sodium 

bicarbonate, 0.08 g/L sodium sulfate, 0.12 g/L potassium nitrate and 0.06 g/L calcium chloride was 

prepared as the corrosion medium. The corrosion resistance of Q235 steel, Zn-Ni alloy coating, Zn Ni-

W alloy coating and Zn-Ni-W/ZrO2 composite coating in simulated soil pore solution was evaluated by 

electrochemical testing. Saturated calomel electrode was used as reference electrode, platinum 

electrode was used as auxiliary electrode, and different samples were used as working electrodes. The 

area of the working electrode exposed to the simulated soil pore solution was about 1 cm2. Before 

testing of polarization curve and electrochemical impedance spectrum, the three electrode system was 

immersed in simulated soil pore solution for 1 h to obtain a stable open circuit potential. The scan rate 

of polarization curve was 1 mV/s, and the corrosion potential and corrosion current density were 

obtained by Tafel extrapolation method. The electrochemical impedance of samples was tested at the 

amplitude of 10 mV and frequency range of 100 kHz~10 mHz.  

When Q235 steel was buried in the soil, in addition to the electrochemical corrosion, stray 

current corrosion may also occur. Therefore, the corrosion resistance of Q235 steel, Zn-Ni alloy 

coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 composite coating was further tested and evaluated 

by stray current corrosion experiment. The DC regulated power supply and different samples were 

buried in the soil with 20% water content. The DC stray current intensity was set as 15 mA. The 

morphology of different samples after 14 days of DC stray current corrosion was characterized by 

scanning electron microscopy. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Surface morphology of different electrodeposited coatings 

Figure 1 shows the surface morphology of Q235 steel and different electrodeposited coatings. It 

can be seen that the morphology characteristics of Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-

Ni-W/ZrO2 composite coating are significantly different. As shown in Figure 1(b), the Zn-Ni alloy 

coating shows blocky structure with rough surface which is also reported by some researchers [18]. 

Zn-Ni-W alloy coating is composed of strip structure, and its compactness is obviously better than that 

of Zn-Ni alloy coating. Because the principle of Zn-Ni deposition is anomalous co-deposition, Zn 
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deposition takes precedence over Ni deposition. However, the principle of Zn-Ni-W deposition is that 

W deposition is induced during the anomalous co-deposition of Zn-Ni, which may cause lattice 

distortion and lead to changes in grain morphology, so as to improve the compactness of the coating. 

The anomalous co-deposition phenomenon of Zn-Ni is reported by some researcher [19-20]. As shown 

in Figure 1(d), the surface morphology of Zn-Ni-W/ZrO2 composite coating shows spherical and 

granular structure which are tightly bonded. This is because ZrO2 particles embedded in the grains 

gaps play the role of heterogeneous nucleation to accelerate the nucleation rate, which accelerates the 

formation rate of new crystal nuclei and impedes the growth of the formed crystal nuclei. In addition, 

ZrO2 particles can also play a filling effect to achieve grain refinement. Therefore, Zn-Ni-W/ZrO2 

composite coating exhibits good compactness. 

 

 
         (a) Q235 steel                               (b) Zn-Ni alloy coating 

 
        (c) Zn-Ni-W alloy coating           (d) Zn-Ni-W/ZrO2 composite coating 

 

Figure 1. Surface morphology of Q235 steel and different electrodeposited coatings 

 

 

       
(a) Zn-Ni alloy coating                    (b) Zn-Ni-W alloy coating 
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(c) Zn-Ni-W/ZrO2 composite coating 

 

Figure 2. Three-dimensional surface profiles of different electrodeposited coatings 

 

Figure 2 shows the three-dimensional surface profiles of different electrodeposited coatings. 

According to Figure 2(a), Figure 2(b) and Figure 2(c), Zn-Ni alloy coating, Zn-Ni-W alloy coating and 

Zn-Ni-W/ZrO2 composite coating all present different surface roughness. The surface roughness of Zn-

Ni-W/ZrO2 composite coating is 0.526 μm, which is lower than that of Zn-Ni alloy coating (0.703 μm) 

and Zn-Ni-W alloy coating (0.619 μm). It is confirmed that Zn-Ni-W/ZrO2 composite coating is 

relatively flat and compact. 

 

3.2 Structure of different electrodeposited coatings 

Figure 3 shows the XRD diffraction patterns of different electrodeposited coatings. According 

to the XRD diffraction patterns, Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 

composite coating all show crystalline structure. The phase composition of Zn-Ni-W alloy coating is 

the same as that of Zn-Ni alloy coating, which contains elemental Zn phase and Ni5Zn21 phase, but 

there is no W-related phase. The reason is that W enter in the Ni lattice to form a substitutional solid 

solution with Ni as the solvent atom and W as the solute atom [21-22]. The phase composition of Zn-

Ni-W/ZrO2 composite coating contains ZrO2 phase in addition to the elemental Zn phase and Ni5Zn21 

phase. In the EDS spectrum of Zn-Ni-W/ZrO2 composite coating shown in Figure 4, the characteristic 

peak of Zr element appears, which proves that a certain amount of ZrO2 particles are doped in the 

composite coating. In view of the low doping amount of ZrO2 particles, the conductive properties of 

the composite coating will not be significantly affected, but it is beneficial to refine the grains and 

improve the compactness of the composite coating. The effect of ZrO2 particles on the surface 

morphology and grain size of materials has also been investigated by some researcher [23-24]. 

According to the Zr element distribution shown in Figure 4(b), it can be concluded that ZrO2 particles 

are doped in the composite coating. 
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Figure 3. XRD diffraction patterns of different electrodeposited coatings: (a) Zn-Ni alloy coating; (b) 

Zn-Ni-W alloy coating; (c) Zn-Ni-W/ZrO2 composite coating 

 

 
(a) EDS pattern                                    (b) Zr element distribution                  

 

Figure 4. EDS pattern and Zr element distribution of Zn-Ni-W/ZrO2 composite coating 

 

3.3 Corrosion resistance of different electrodeposited coatings 

3.3.1 Electrochemical corrosion 

Figure 5 shows the polarization curves of Q235 steel and different electrodeposited coatings in 

simulated soil pore solution, and Table 2 lists the fitting results of polarization curves. By comparing 

the corrosion potential and corrosion current density, it is found that Zn-Ni alloy coating, Zn-Ni-W 

alloy coating and Zn-Ni-W/ZrO2 composite coating can inhibit the anodic and cathodic reactions of 

Q235 steel in simulated soil pore solution to reduce the corrosion tendency and decrease the corrosion 

rate of Q235 steel. Compared with Q235 steel, the corrosion potential of Zn-Ni alloy coating, Zn-Ni-W 

alloy coating and Zn-Ni-W/ZrO2 composite coating is increased by about 20 mV, 43 mV and 60 mV, 

respectively. The corrosion current density also correspondingly decreases. Some researcher point out 

that Zn-Ni alloy coating has good corrosion resistance due to the addition of nickel that affects the 

corrosion products during corrosion process [25-26]. Moreover, effect of tungsten on the corrosion 

resistance of alloy coatings has been reported in some papers [27-28]. According to the 

electrochemical corrosion theory, the lower the corrosion current density is, the better the corrosion 

resistance of the material has. Because Zn-Ni-W/ZrO2 composite coating has the most positive 

corrosion potential of -0.485 V and the lowest corrosion current density of 9.87×10-7 A/cm2, corrosion 

reaction is not easy to occur in simulated soil pore solution, and it has a better corrosion protection 
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effect on Q235 steel.  
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Figure 5. Polarization curves of Q235 steel and different electrodeposited coatings in simulated soil 

pore solution 

 

 

Table 2. Fitting results of polarization curves  

 

Different samples Corrosion potential/ 

V 

Corrosion current density/ 

(A·cm2) 

Q235 steel -0.545 6.10×10-5 

Zn-Ni alloy coating -0.526 4.06×10-6 

Zn-Ni-W alloy coating -0.502 1.89×10-6 

Zn-Ni-W/ZrO2 

composite coating 
-0.485 9.87×10-7 

 

 

Figure 6 shows the electrochemical impedance spectra of Q235 steel and different 

electrodeposited coatings in simulated soil pore solution. Generally, capacitive reactance, charge-

transfer resistance and impedance value of low frequency are used to evaluate the corrosion resistance 

of the coating and protection effect on the substrate [29-30]. The coating with larger capacitive 

reactance and higher charge-transfer resistance has better corrosion resistance. 

According to Figure 6(a) and Figure 6(b), it can be seen that Q235 steel has the smallest 

capacitive reactance, and the charge-transfer resistance and low-frequency impedance values are only 

3.69×103 Ω·cm2 and 2.95×103 Ω·cm2 respectively. However, Zn-Ni-W/ZrO2 composite coating has the 

largest charge-transfer resistance and the highest low-frequency impedance which are 7.34×103 Ω·cm2 

and 1.01×104 Ω·cm2 respectively.  
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(b) Bode spectra 

 

Figure 6. Electrochemical impedance spectra of Q235 steel and different electrodeposited coatings in 

simulated soil pore solution 

 

From the analysis above, the compactness of Zn-Ni-W alloy coating prepared by introducing W 

element into the Zn-Ni alloy coating is improved, which prevents the corrosive ions in simulated soil 

pore solution from penetrating into the coating and effectively inhibits the corrosion reaction of Q235 

steel. Therefore, the corrosion protection of Zn-Ni-W alloy coating on Q235 steel in simulated soil 

pore solution is better than that of Zn-Ni alloy coating. However, Zn-Ni-W/ZrO2 composite coating 

has more compact surface with nodular structures, which can better prevent the corrosive ions in 

simulated soil pore solution from contacting Q235 steel. In addition, Zn-Ni-W/ZrO2 composite coating 

is uniformly doped with nano-ZrO2 particles with high chemical stability, which improves the 

corrosion resistance of the composite coating. Therefore, Zn-Ni-W/ZrO2 composite coating plays a 

better role in protecting Q235 steel in simulated soil pore solution. 

 

3.3.2 Stray current corrosion 

Figure 7 shows the surface morphology of Q235 steel and different electrodeposited coatings 

after 14 days of corrosion under the condition of 15 mA DC stray current. As can be seen from Figure 
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7(a), the corroded morphology of Q235 steel is very different from the original morphology. Corrosion 

products are accumulated on the surface and disorderly cracks are formed, indicating that Q235 steel is 

seriously corroded. The corrosion mechanism and damage characteristic of Q235 steel under the effect 

of stray current are studied in some literatures [31-32].  

 

 
          (a) Q235 steel                                 (b) Zn-Ni alloy coating 

 
       (c) Zn-Ni-W alloy coating           (d) Zn-Ni-W/ZrO2 composite coating 

 

Figure 7. Surface morphology of Q235 steel and different electrodeposited coatings after 14 days of 

corrosion under the condition of 15 mA DC stray current 

 

According to Figure 7(b), Figure 7(c) and Figure 7(d), it can be seen that after 14 days of 

corrosion under the condition of 15 mA DC stray current, Zn-Ni alloy coating is corroded, resulting in 

the transformation from the blocky-shape to spherical shape. Local accumulation of corrosion products 

and formation of cracks in Zn-Ni-W alloy coating will induce corrosive ions in the simulated soil pore 

solution to penetrate into the coating. With the further extension of DC stray current corrosion time, 

the corrosion degree of Zn-Ni-W alloy coating will be aggravated. Zn-Ni-W/ZrO2 composite coating 

still maintains integrity and good compactness. The corrosion degree of Zn-Ni-W/ZrO2 composite 

coating is lighter than that of Zn-Ni alloy coating and Zn-Ni-W alloy coating. Zn-Ni-W/ZrO2 

composite coating with good compactness can prevent the contact between the corrosive medium and 

the Q235 steel to cut off the corrosion channel, thus inhibiting the corrosion reaction and improving 

the corrosion resistance of Q235 steel under the combined action of electrochemical corrosion and 

stray current corrosion. Some researcher also prove that the ZrO2 particles can effectively improve the 

corrosion resistance of metal coatings [33-34]. 

 

 

4. CONCLUSIONS 

(1) Zn-Ni alloy coating, Zn-Ni-W alloy coating and Zn-Ni-W/ZrO2 composite coating all can 

inhibit the corrosion process of Q235 steel in simulated soil pore solution, so as to improve the 

corrosion resistance of Q235 steel. Compared with Zn-Ni alloy coating and Zn-Ni-W alloy coating, 
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Zn-Ni-W/ZrO2 composite coating has the lowest corrosion current density of 9.87×10-7 A/cm2, the 

highest charge-transfer resistance of 7.34×103 Ω·cm2 and the largest low-frequency impedance of 

1.01× 104 Ω·cm2 in simulated soil pore solution. After 14 days of corrosion under the condition of 15 

mA DC stray current, the surface morphology of Zn-Ni-W/ZrO2 composite coating still maintains 

compact with lightest corrosion degree.  

(2) Zn-Ni-W/ZrO2 composite coating has good compactness which prevents the corrosive 

medium from contacting the Q235 steel substrate. In addition, Zn-Ni-W/ZrO2 composite coating is 

uniformly doped with ZrO2 particles with high chemical stability, which improves the corrosion 

resistance of the composite coating. Therefore, electrodeposition of Zn-Ni-W/ZrO2 composite coating 

can not only meet the requirements of power grounding material, but also significantly improve the 

corrosion resistance of carbon steel under the combined action of electrochemical corrosion and stray 

current corrosion in simulated soil pore solution. 
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