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Abstract: The effect of current density of electrodeposition on the morphology, hardness, and corrosion 

resistance of the Ni coatings and Ni-Al2O3 coatings on Q345 steels were investigated. The surface of Ni coatings 

exhibited the cellular structure, while the surface of Ni-Al2O3 composite coatings showed the finer protrusions 

structure. The thickness of all coatings increased as the current density of electrodeposition increased from 1.5 

A/dm2 to 3.0 A/dm2. After coating, the hardness and corrosion resistance of the Q345 steels were significantly 

enhanced. Furthermore, for the Ni coatings and Ni-Al2O3 coatings, the highest hardness and best anticorrosion 

property were obtained at 2.5 A/dm2 of electrodeposition current density. Compared with the Ni coatings, the 

co-deposition of Al2O3 nanoparticles improved the hardness of Ni-Al2O3 coating due to the second phase 

strengthen, but reduced the thickness and corrosion resistance due to more defects caused by the 

coelectrodeposition of the Al2O3 particles.  

Keywords: Q345 steel; electrodeposition; Al2O3 nanoparticles; Ni coatings 

 

1. Introduction 

High strength low alloy steels (HSLA Steels) have been widely used due to their excellent 

mechanical property and economic performance [1,2]. However, their low hardness and poor corrosion 

resistance lead to the premature failure [3-6]. To improve the service life, surface coating has been 

widely used on their surface [6-8]. Ni coatings prepared by electrodeposition have attracted the 

attention of researchers due to their ease of preparation and economy, have been widely used for 

corrosion protection of mild steels [7,9,10]. However, the hardness of Ni coatings is low. Thus, the co-

deposition of hard nanoparticles has been proposed [11-13]. W. Wang et al. [13] revealed that the 

composite Ni coating doped with 3.37% ZrO2 particles achieved a maximum hardness of 462 HV, 

which is more than twice the hardness of Ni coating (213 HV). However, the corrosion resistance of 

the coatings was not revealed. However, the effect of SiC particles doping on the hardness of the Ni 

coating was not studied.  

Nano alumina particles have high hardness and have been co-deposited in metal coatings and 

improved the wear resistance and heat resistance of metal coatings [9,14,15]. Furthermore, Al2O3 particles 

have good chemical stability. Therefore, Ni-Al2O3 composite coating is expected to achieve excellent 

wear and corrosion resistance. Several reports have focused on the effect of coelectrodeposition of 

alumina nanoparticles in Ni coatings on the unilateral performance of wear resistance or corrosion 

resistance. L. Chen et al. [16] confirmed that the coelectrodeposition of alumina nanoparticles 

improved hardness and decreased wear rate of the Ni coatings. A. Goral et al. [17] prepared Ni-Al2O3 

nanocomposite coatings on mild steels by electrodeposition. The results showed that compared with 

Ni coating, the hardness of Ni-Al2O3 composite coating increased by 40% due to Al2O3 particles 

changed the structure of the Ni coating. H. Gül et al. [18] prepared Ni-Al2O3 nanocomposite coatings 

by electrodeposition at different current densities. At a current density of 9.0 A/dm2, the hardness of 
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the coating reached high up to 641 HV, which is more than twice the hardness of the Ni coating (290 

HV). The study of B. Szczygieł et al. [19] showed that, after 14 days of exposure in a 0.5M solution of 

Na2SO4, the nickel coating corroded three times faster than the Ni-Al2O3 coating.  

The hardness and corrosion resistance of Q345 steel used in bridges, ships, etc. are crucial for its 

application when working in environments with seawater corrosion and sand gravel friction. 

Unfortunately, there are few reports on the effect of Ni-Al2O3 coating on both hardness and corrosion 

resistance of Q345 steel. In this paper, Ni coatings and Ni-Al2O3 composite coatings were prepared 

on Q345 steels by electrodeposition, and the effects of current density of electrodeposition on 

thickness, surface morphology, hardness and corrosion resistance of Ni coatings without and with 

Al2O3 doping were investigated and compared. 

2. Experimental materials and methods 

A Q345 steel plate with a thickness of 3 mm was cut into 8 cm x 6 cm sheets and pretreated as 

follows: (1) polishing with 180-2000 # SiC metallographic sandpaper; (2) alkali washing using 35 g/L-

1 NaOH solution for 2 min at room temperature to remove surface grease; (3) acid washing using 10% 

HCl solution for 2 min at room temperature to remove the surface oxide film and enhance the 

bonding strength between the coating and the substrate. And the ultrasonic cleaning with anhydrous 

ethanol was used for 1 min after each step. 

The alumina suspension was prepared by following steps: adding H3BO3 to the ethanol solution 

and the pH value was adjusted to 4 by HCl solution. Then, the solution was magnetically stirred at 

60 ℃, and an appropriate amount of nano- Al2O3 particles (average particle diameter 20 nm, purity 

98%) was slowly added in it. After stirring for 1 h, the stable suspension was obtained. 

The basic composition of the electrodeposition solution was shown in Table 1. The 

electrodeposition current density was set at 1.5, 2.0, 2.5, and 3.0 A/dm2, respectively. The 

electrodeposition was executed at about 40 ℃ under pH value of 4.0-4.2. The current density of 

electrodeposition was provided by YJ92/5Z DC regulated power supply, and a pure nickel plate and 

the Q345 steel substrate keeping a distance of 3 cm were used as the anode and cathode, respectively. 

During the electrodeposition process, magnetic stirring was used to reduce the concentration 

difference of the solution near the cathode, ensuring the uniformity of the coating composition. After 

coating, the sample was ultrasonically cleaned with deionized water for 5 min, and then dried. 

The surface and cross-sectional morphologies and thickness of coating were observed using an 

electron scanning microscope (SEM, Czech Tescan VEGA 3SUB). The elemental distribution in 

coating was analyzed by an energy spectrometer (EDS) attached to the SEM. And the working voltage 

was 15 KV. 

A Vickers microhardness tester (HV-1000STA) was used to measure the hardness of the 

uncoated- and coated samples with a load of 1000 g for 10 s. Take the average of 10 measurements at 

different positions as the surface hardness of the sample. 

The corrosion resistance of the uncoated- and coated samples through an electrochemical 

measurement (MFT-EC4000). The polarization curves and AC impedance spectra were tested using 

a 3.5 wt. % NaCl solution. The sample was used as the working electrode, and a Pt plate and saturated 

calomel electrode were used as the auxiliary electrode and reference electrode, respectively. Firstly, 

the open-circuit potential was measured, and then the impedance spectrum and polarization curve 

were performed after the open-circuit potential stabilized. The AC impedance spectrum was scanned 

in the range of 105 ~ 10-2 Hz, and the Nyquist and Bode plots were fitted by the equivalent circuit 

diagram using a ZSimpWin software. The polarization curve was set to ± 0.8 V relative to the open-

circuit potential at a scan rate of 1 mV/s and fitted using the Tafel extrapolation method. 

Salt spray corrosion test was applied using YWX-015 salt spray corrosion chamber with a 5 wt. 

% of sodium chloride solution, which was carried for 48 h at 35 ℃ and 6.7 of pH value. The sample 

was sealed and kept 2 cm × 2 cm exposure area. After test, the specimen was brushed and rinsed in 

the deionized water to remove the surface corrosion products, and then was placed in a drying box 

for 1 h. And the corrosion rate of sample was calculated by weight loss before and after the salt spray 

corrosion experiment.  
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Table 1. Compositions of solution and parameters of electrodeposition. 

Compositions Ni coatings Ni-Al2O3 coatings 

Ni2SO4·6H2O (g/L) 26 26 

NiCl2·6H2O (g/L) 23 23 

Boric acid (H3BO3) (g/L) 30 30 

Alumina (Al2O3) (g/L) 0 10 

Stabilizer Balance Balance 

pH 4.0-4.2 4.0-4.2 

Temperature (℃) 40 40 

Stirring speed (rpm) 300 300 

Current density (A/dm²) 1.5, 2.0, 2.5, 3.0 1.5, 2.0, 2.5, 3.0 

Electrodeposition time (h) 0.5 0.5 

3. Results and Discussion 

3.1. Morphology 

Figure 1 shows the surface and cross-sectional SEM morphologies of the Ni coatings (Figure 1 a-

d) and Ni-Al2O3 composite coatings (Figure 1 e-h) prepared at different current densities of 

electrodeposition. All surfaces of the coatings showed a dense structure. All coatings exhibited strong 

bonging strength with the substrates since there was no lamination could be seen. All Ni coatings 

showed a cellular structure because of the enriched growth of Ni element [20]. With the increase of 

current density of electrodeposition (no more than 2.5 A/dm2), the cellular size of the Ni coatings 

increased and the number of particles decreased (Figure 1 b and c), and the particles almost 

disappeared at a current density of 2.5 A/dm2 for electrodeposition (Figure 1 c). At the current density 

of 3.0 A/dm2 for electrodeposition, the cellular size of the coating decreased. However, some large 

particles were formed and locally peeled off, resulting in a rougher coating surface (Figure 1 d). 

Compared with the Ni coatings, the coelectrodeposition of Al2O3 particles inhibited the growth of Ni 

crystals, affected the growth pattern of the coating, refined the structure of the coating, but increased 

the surface roughness of the coating. At the current density of 1.5 A/dm2 (Figure 1 e) and 2.0 A/ dm2 

(Figure 1 f) for electrodeposition, the Ni-Al2O3 composite coatings showed a fine and dense particle 

structure, which is consistent with the literature [21-23]. At the current density of 2.5 A/ dm2 for 

electrodeposition (Figure 1 g), the coating exhibited a dense cellular structure. However, compared 

with the Ni coating at the same current density of electrodeposition, a large number of particles were 

observed on the surface of the Ni-Al2O3 coating. With the current density of electrodeposition further 

increased, the cellular size of the coating and particle size increased, but the quantity of particle 

decreased (Figure 1 h). In addition, there was some local flaking and loose hole defects (yellow 

elliptical area), which is attributed to: (1) the formation of crack defects caused by the large current 

density of electrodeposition[24]; (2) the agglomeration of alumina nanoparticles.  

At 1.5, 2.0, 2.5, and 3.0 A/ dm2 current densities for electrodeposition, the thicknesses of the Ni 

coatings were 9.6, 11.2, 12.5, and 16.6 μm, and that of the Ni-Al2O3 composite coatings were 5.2, 9.5, 

10.6, and 11.4 μm, respectively. Which indicates that the thicknesses of the coatings increased with 

the increase of electrodeposition current density. This is due to the fact that when the current density 

of electrodeposition increased, the nucleation rate of the coating and the amount of Ni deposited in 

the coating increased [25]. Comparing to the Ni coatings, under the same current density of 

electrodeposition, the thickness of Ni-Al2O3 composite coatings was smaller, which is due to non-

conductive alumina nanoparticles increased flow resistance of electrodeposition solution. As a result, 

the Ni content in the electrodeposition solution and the deposition rate reduced [21,22,26]. 
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Figure 1. Surface and cross-sectional SEM morphologies of (a-d) Ni coatings and (e-h) Ni-Al2O3 

composite coatings prepared with current densities of (a, e) 1.5 A/dm2, (b, f) 2.0 A/dm2, (c, g) 2.5 

A/dm2, (d, h) 3.0 A/dm2. 

In order to verify the Al2O3 particles have were co-deposited in the Ni coating to form a 

composite coating, as shown in Figure 2. In Figure 2 a, the backscattering and elemental mapping of 

the Ni-Al2O3 coating prepared at a current density of 2.5 A/dm2 for electrodeposition were performed. 

The coating consisted of the gray matrix phase and the black second phase. Figure 2 b shows the 

uniform distribution of high concentration Ni on the surface of the coating. The Ni element wholly 

covered the steel surface, indicating that the Ni coating was dense. Oxygen and aluminum elements 

(Figure 2 c, d) were uniformly distributed in the coating, indicating that the Al2O3 particles were 

coelectrodeposited in coating. However, the local aggregation of oxygen and aluminum elements (as 

shown by the white and yellow circles of Figure 2 c and d, corresponding to the black particles in the 

white and yellow circles in Figure 2 c) implies the local aggregation of Al2O3 particles. The local 

agglomeration of the Al2O3 nanoparticles in the Ni coating due to the high surface free energy of the 

nano-alumina particles [27]. 
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Figure 2. (a) Backscattering surface morphology and mapping spectra of (b) Ni, (c) O, and (d) Al 

elements of Ni-Al2O3 composite coating. 

3.2. XRD spectra 

The XRD spectra of Ni coatings and Ni-Al2O3 composite coatings are shown in Figure 3. The 

(111) and (200) planes were observed in all Ni coatings. The preferential growth crystal plane was 

(200) [18,28] at 1.0 A/dm2 of the electrodeposition current density. However, the Ni coatings preferential 

grew along the (111) plane when the electrodeposition current density of electrodeposition was 

higher than 1.0 A/dm2. For the Ni-Al2O3 composite coatings, the crystal plane (111) showed a much 

higher intensity than the (200) plane, inferring that there were overlapped diffraction peaks of Ni and 

α-Al2O3 due to the addition of alumina enhanced the (111) crystal plane and weaken the (200) crystal 

plane [29]. Moreover, all Ni-Al2O3 composite coatings preferential grew along the (111) planes and 

exhibited a significant (220) diffraction peak. No separate alumina peak was observed may be due to 

its amorphous nanocrystalline nature and low content in the coating and high intensity of nickel 

diffraction peaks [30].  

 

Figure 3. XRD of Ni/Ni-Al2O3 composite coating at different electrodeposition current density. 
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3.3. Hardness 

Figure 4 shows the Vickers hardness of the uncoated-, Ni coated-, and Ni-Al2O3 coated 

specimens. The hardness of the substrate was 200 ± 3 HV. The hardness of the Ni coated- and Ni-

Al2O3 coated samples was significantly enhanced, indicating that all coatings can provide the friction 

protection for the steel substrate. The hardness variation trend of the Ni coatings and Ni-Al2O3 

coatings was the same, that is, as the current density of electrodeposition increased, the hardness of 

the coatings first increased and then decreased. And at a current density of 2.5A/dm2, the maximum 

hardness of the electrodeposited Ni coatings was 293 ± 11HV, and the hardness of the Ni-Al2O3 

coatings was 331 ± 9HV.  

During the hardness testing process, the coating hardness test will be affected by the substrate 

hardness. The thicker the coating, the less affected it is by the soft substrate [31]. With the current 

density of electrodeposition increased from 1.5 A/dm2 to 2.5 A/dm2, the thicker coatings without local 

spalling were obtained (Figure 1 a-c, e-g), thus the hardness of the coatings increased. However, at a 

current density of 3.0 A/dm2 for electrodeposition, the brittleness of coating caused by the high 

current density of electrodeposition increased and the Ni and Ni-Al2O3 coatings locally peeled off 

(Figure 1 d, h), which resulting in the hardness of coatings decreased. 

Due to the Al2O3 particles coelectrodeposition, the Ni-Al2O3 coating will has higher hardness 

than the Ni coating due to the second phase strengthen [17] and fine crystal strengthening [26,28]. 

Therefore, compared with the Ni coatings, the thinner Ni-Al2O3 composite coatings prepared using 

the same current density of electrodeposition exhibited a higher hardness. When the current density 

of electrodeposition increased to 3.0 A/dm2, there was little difference in hardness between the Ni-

Al2O3 composite coating and the Ni coating. This may be due to the increased brittleness of the Ni-

Al2O3 coating prepared under high electrodeposition current density, resulting in more severe local 

peeling (Figure 1 h).  

 

Figure 4. Vickers hardness of Ni / Al2O3 Ni coating at different currents. 

3.4 Corrosion resistance 
The polarization curves of the Ni coated- and Ni-Al2O3 coated specimens prepared with different 

current densities of electrodeposition (Ec) were shown in Figure 5, and the fitted corrosion current 

density (icorr), self-corrosion potential (Ecorr), anodic slope (ba), cathodic slope (bc), and calculated 

polarization resistance (Rp) were shown in Table 2. Generally, the positive shift of self-corrosion 

potential indicates that a lower corrosion tendency [32], and a lower current density and larger 

polarization resistance means a higher corrosion resistance of specimen. 

The polarization resistance was calculated according to the Stern-Geary formula (1) [33]: 
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For the uncoated substrate, the Ecorr was -0.584 V and the icorr was 4.36 × 10-6 A·cm-2. Compared 

with the uncoated substrate, the Ecorr of the coated specimens was positively shifted to above -0.347 

V and the icorr was reduced by 1 to 2 orders of magnitude. It means all coatings improved the corrosion 

resistance of the Q345 steels. With the increase of current density of electrodeposition, the icorr of the 

Ni coated- and Ni-Al2O3 coated specimens showed a same trend, i.e., first decreased and then 

increased. At 2.5 A/dm2 of current density for electrodeposition, the Ni coated- and Ni-Al2O3 coated 

specimens gained the most positive self-corrosion potential values of -0.245 V and -0.254 V, the 

minimum icorr values of 2.74 × 10-8 A·cm-2 and 5.20 × 10-8 A·cm-2, and the maximum Rp values of 626.99 

kΩ·cm2and 508.22 kΩ·cm2, respectively. It infers that, at the optimum electrodeposition current 

density of 2.5 A/dm2, the Ni coated- and Ni-Al2O3 coated specimens exhibited the lowest corrosion 

tendency and the best corrosion resistance. This can be explained by the large thickness (Figure 1) 

and uniform structures without local spalling. After the electrodeposition current density reached 3.0 

A/dm2, more voids in coating, agglomeration of the Al2O3 particle, and local spalling [24] increased the 

quantity of corrosion channels. That caused the coatings’ corrosion resistance declined. 

However, compared with the Ni coated samples, under the same electrodeposition current 

density, the Ni-Al2O3 coated samples exhibited a larger corrosion current density. It indicates that the 

co-deposition of Al2O3 nanoparticles declined the corrosion resistance of Ni coating, and similar 

phenomena have also been observed in the literature [25,34,35]. Several studies regard that whether 

the incorporation of alumina nanoparticles can enhance the corrosion resistance of coating depends 

on their distribution within the coating [14,18]. In the well dispersed area of nano alumina particles, 

nano alumina particles serve as fillers to fill the pore defects in the coating, making the structure of 

the coating compacter and thus improving the corrosion resistance of the coating [25]. In the area where 

nanoparticles aggregate, the defects of the coating increase, leading to a decrease in its corrosion 

resistance [24,34]. In this paper, during the Ni-Al2O3 composite coating deposition, the nano-alumina 

particles disturbed the deposition of Ni and refined structure, however, the alumina particles locally 

agglomerated, as a result, the corrosion resistance of coating decreased. 

 

 

Figure 5. Potentiodynamic polarization curves of (a) substrate, (b) nickel coated- and (c) Ni-Al2O3 

composite coated samples. 
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Table 2. Fitted data according to Figure 5. 

Sample 
Ec 

(A/dm2) 

ba 

(mV/dec) 

-bc 

(mV/dec) 

icorr 

(A∙cm-2) 

Ecorr 

(V) 

Rp 

(kΩ∙cm2) 

Substrate  44.98 67.01 4.36×10-6 -0.584 2.68 

Ni coated samples 1.5 107.06 59.86 2.10×10-7 -0.278 79.34 

 2.0 69.02 56.87 6.98×10-8 -0.347 193.93 

 2.5 88.29 71.66 2.74×10-8 -0.245 626.99 

 3.0 102.92 63.69 4.10×10-8 -0.269 417.08 

Ni-Al2O3 coated samples 1.5 64.33 80.18 8.68×10-7 -0.319 17.86 

 2.0 187.88 90.58 1.77×10-7 -0.268 147.34 

 2.5 166.42 95.87 5.20×10-8 -0.254 508.22 

 3.0 190.91 77.87 2.08×10-7 -0.283 115.31 

Electrochemical impedance spectroscopy (EIS) was used to further evaluate the corrosion 

protection performance of coating. Figure 6 shows the Nyquist and Bode plots of the uncoated 

substrate, Ni coated- and Ni-Al2O3 composite coated specimens. The Nyquist diagrams of all 

specimens showed medium- and high frequencies capacitance arcs, indicating that the controlling 

step of the polarization process was the electrochemical step. In addition, a low-frequency inductance 

loop was observed for the uncoated substrate. In general, the larger capacitive arc means the better 

corrosion resistance of specimen [36,37]. In the frequency-impedance modulus curve, the plateau values 

in the high- and low frequency regions reflect the solution resistance of the electrochemical system 

and resistance of coating, respectively. Therefore, the larger difference of plateau values of the low-

frequency region and high-frequency region reflects the larger polarization resistance of sample [38]. 

In the frequency-phase angle curve, a phase angle of -90° indicates that the coating is equivalent to 

an insulating layer with a high resistance value and low capacitance value. So, the phase angle is 

closer to -90° indicates the better protection of sample [39]. As shown in the Nyquist diagram (Figure 

6 a), it can be seen that the capacitive arcs of the coated specimens were enhanced to different degrees 

compared with the substrate, indicating that the coatings provided different degrees of corrosion 

protection for the Q345 steel substrates. Compared with the Ni-Al2O3 composite coated samples, the 

Ni-coated specimen had the larger capacitance arcs (Figure 6 a), the larger difference of impedance 

modulus in the high- and low frequency regions (Figure 6 b), and the closer phase angles to -90° in 

the high frequency region (Figure 6 c), indicating that the Ni-coated specimen had better corrosion 

resistance, which is consistent with the polarization curve results.  

Two capacitive arcs in all specimens at high and medium frequencies were corresponded to two 

time constants (Figure 6 c). Considering the structure of the coating and the EIS spectra, the 

impedance spectrum was analyzed and fitted by the equivalent circuits shown in Figure 7. The Q345 

substrate was suitable for equivalent circuit Figure 7 a since it had an inductive arc at low frequencies, 

and the coated samples were suitable for equivalent circuit Figure 7 b. The constant phase element 

CPE was used to fit the EIS spectra instead of pure capacitance (the barrier properties of the bilayer 

capacitance to the solution at the coating/substrate interface), and its presence is due to the surface 

reaction, surface inhomogeneity, roughness, fractal geometry, electrode porosity, and current and 

potential distribution associated with the electrode geometry [40,41]. For the Q345 substrate, Rc 

represented the resistive properties of the oxide film on its surface. Table 3 shows the fitted results of 

the uncoated-, Ni coated- and Ni-Al2O3 coated specimens. The coating resistance Rc of the Ni-Al2O3 

composite coating was lower than that of the Ni coating, which led to a decrease of the coating 

corrosion resistance [34]. The capacitance CPE1 of the Ni-Al2O3 composite coatings was slightly higher 

than that of the Ni coatings prepared at the same electrodeposition current density, which may be 

due to the surface roughness (Figure 1) or dielectric constant of the composite coatings were larger 

than that of the pure Ni coatings [40,41]. The CPE2 of the composite coatings was larger than that of the 

pure Ni coatings, which is caused by the increase of the active surface in the composite coatings [34]. 

It has been pointed out that the higher value of Rct means the better corrosion resistance of coating 
[42]. So, the lower Rct of the Ni-Al2O3 composite coatings than that of the Ni coatings prepared at the 
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same current density referred that the Al2O3 second phase nanoparticles decreased the corrosion 

resistance of the coating due to more cracks, pores and other defects were formed in the coating, as 

previous description. Furthermore, the maximum values of Rct of the pure Ni coating (1410 kΩ·cm2) 

and the composite coating (556 kΩ·cm2) were obtained at the 2.5 A/dm2 of the electrodeposition 

current density. So, the two kinds of coatings gained the best corrosion resistance when 2.5 A/dm2 of 

the electrodeposition current density was used, this is consistent with the conclusion obtained from 

the previous polarization curves. 

 

  
Figure 6. Matrix, Ni coating and Al2O3 Ni composite coating in 3.5% sodium chloride solution (a) 

Nyquist Figure (b) Bode frequency impedance modulus Figure (c) Bode frequency phase angle Fig. 

 

Figure 7. Equivalent circuit diagram for (a) uncoated- and (b) coated samples. 

Table 3. Fitting results of impedance spectrum of the uncoated-, Ni coated- and Ni-Al2O3 coated 

samples by equivalent circuits of Figure 7 in 3.5% sodium chloride solution. 

coating 
Ec 

(A∙dm-2) 

Rs 

(Ω∙cm2) 

CPE1 

(μF∙cm-2) 

Rc 

(kΩ∙cm2) 

CPE2 

(μF∙cm-2) 

Rct 

(kΩ∙cm2) 

Sub  11.42 4.56   1.48 

Ni 1.5 10.36 3.25 1.01 2.33 1080 

 2.0 6.25 1.99 2.56 2.14 1320 

 2.5 11.63 2.41 5.38 3.28 1410 

 3.0 22.31 1.23 0.87 2.19 881 
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Ni-Al2O3 1.5 14.31 3.21 0.19 6.78 108 

 2.0 11.8 7.27 0.33 4.96 541 

 2.5 8.14 2.01 0.34 3.72 556 

 3.0 5.18 4.86 0.13 7.29 280 

The optical micrograph of Ni coated- and Ni-Al2O3 coated specimens covered with the corrosion 

products after salt spray corrosion tests were shown in Figure 8. Compared with the uncoated 

substrate, the corrosion areas (with reddish-brown corrosion products) of the coated samples were 

significantly reduced by Ni coatings and composite coatings, indicating that all coatings provided 

effective corrosion protection for the Q345 steels.  

The corrosion rate was calculated by formula (3):  

V=
∆g

s·τ
                                   (3) 

where, V is the corrosion rate (g/h·cm2), Δg is the quality difference (g) before and after salt spray 

corrosion test, s is the test area (cm2), and τ is the salt spray corrosion time (h). The corrosion rate of 

the substrate and Ni-coated and Ni-Al2O3 coated samples prepared at different electrodeposition 

current densities was shown in Figure 9. The substrate showed the maximum corrosion rate of 12.08 

× 10-5 g/h·cm2, it was significantly decreased by Ni coatings and Ni-Al2O3 coatings, and with the 

increase of electrodeposition current density, the corrosion rate of Ni coatings and Ni-Al2O3 coatings 

showed a same change trend of first decreasing and then increasing. Under 2.5 A/dm2 of 

electrodeposition current density, the minimum corrosion rates of Ni coatings and Ni-Al2O3 coatings 

obtained the minimum values of 1.51 × 10-5 g/h·cm2 and 1.56 × 10-5 g/h·cm2, respectively. Furthermore, 

the corrosion rate of Ni-Al2O3 composite coatings was slighter higher than that of Ni coatings 

prepared at the same current density, which indicates that the addition of Al2O3 nanoparticles second 

phase declined corrosion resistance of coatings. This is related to more defects caused by the 

coelectrodeposition of the Al2O3 particles.  

 

 
Figure 8. Optical topography of (a) uncoated-, (b-e) Ni coated-, and (f-i) Ni-Al2O3 coated samples 

prepared with electrodeposition current density of (b, f) 1.5 A/dm2, (c, g) 2.0 A/dm2, (d, h) 2.5 A/dm2, 

(h, i) 3.0 A/dm2 after 48 h salt spray corrosion. 
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Figure 9. Corrosion rate of substrate and Ni-coated and Ni-Al2O3 coated samples prepared with 

different electrodeposition current densities. 

4. Conclusion 

The Ni coatings and Ni-Al2O3 composite coatings were prepared on the Q345 steels by 

electrodeposition. The effects of electrodeposition current density on the morphology, hardness, and 

corrosion resistance of the coatings were studied and compared： 

(1) The electrodeposition current density affects the morphology of coatings. The Ni coatings 

showed a cellular structure. However, with the current density of electrodeposition increased, the 

Ni-Al2O3 composite coatings morphology gradually changed from granular structure to cellular 

structure. Except for local aggregation, nanoparticles were uniformly distributed in the coating. At 

the current density of 3.0 A/dm2 for electrodeposition, the Ni coating and Ni-Al2O3 composite coating 

showed local brittle spalling on the surface. 

(2) With the increase of electrodeposition current density (below 2.5 A/dm2), the hardness and 

corrosion resistance of Ni coated- and Ni-Al2O3 coated samples increased, and then decreased with 

the increase of electrodeposition current density. At current density of 2.5 A/dm2 for 

electrodeposition, the maximum hardness values of Ni coatings and Ni-Al2O3 composite coatings 

were 293 ± 11 HV and 331 ± 9 HV, respectively, and the minimum corrosion current density values 

were 2.74 × 10-8 A·cm-2 and 5.20 × 10-8, respectively. 

(3) Compared with the Ni coatings, the Ni-Al2O3 composite coatings prepared at the same 

electrodeposition current density showed a thinner thickness and finer structure. The higher 

hardness was obtained due to the second phase strengthen and fine grain strengthening. However, 

the poorer corrosion resistance was attributed to more defects caused by the coelectrodeposition of 

the Al2O3 particles, leading to an increase in corrosion channels. 
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