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A super-hydrophobic coating was prepared on AZ31B Mg alloy in this paper. Electroless Ni-P coating 

as the inner layer was deposited on the AZ31 substrate via an electroless planting process, and Cu was 

electroplated as the intermediate layer. Then, the electroplating Ni method was employed to form the 

micro/nano structure, and the super-hydrophobic coating was prepared after the composite coating 

modified by stearic acid. The modified coating exhibited super-hydrophobic properties with a static 

water contact angle of 155°. Potentiodynamic polarization and electrochemical impedance 

spectroscopy (EIS) tests were conducted in 3.5 wt.% NaCl solution at room temperature. The test 

results indicated that the corrosion resistance of AZ31 was improved significantly by this super-

hydrophobic coating. The super-hydrophobic samples had much more corrosion resistance in 

comparison with freshly prepared samples. 
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1. INTRODUCTION 

Mg alloy, as the lightest alloy, has attracted industrial interest due to its high castability, low 

density, bio-compatibility, and so on [1]. Magnesium alloys are intensively applied in the 3C, 

automobile and clinical medicine fields. However, the high chemical reactivity of magnesium alloys 

leads to poor corrosion resistance that limits its more widespread applications. Therefore, how to 

enhance the corrosion resistance of magnesium and its alloys has been widely studied[2-6] . 

Various surface treatment methods have been studied to enhance the corrosion resistance of 

magnesium alloys[7-10]. Super-hydrophobic surfaces, with a water contact angle (CA) larger than 

150°, have attracted particular interest of researchers due to the widespread potential applications in 
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the fields of coatings, textiles, construction, and so on. Using super-hydrophobic surfaces as a new 

method to improve the corrosion performance of metals has been reported in recent years[11-16]. 

Super-hydrophobic coatings have been successfully prepared on the surfaces of various engineering 

materials, such as Fe, Al and Cu. This coating acts as a barrier layer that can reduce the portion of real 

contact between the corrosive electrolyte and the metal surface[17]; hence, the corrosion resistance of 

pre-treated substrate is better than before. As we know, the corrosion of Mg or Mg alloys usually 

occurs in the presence of water, and it is significant to prepare an anticorrosion super-hydrophobic 

surface on the Mg alloy surface for wide application of magnesium alloys. 

To prepare super-hydrophobic coatings on metal surfaces, the following two conditions should 

be met simultaneously[18]: first, a rough surface with hierarchical rough structures is required; second, 

the material on the surface layer has to have low surface energy. Hence, super-hydrophobic surfaces 

are often fabricated via two processes[19]: (1) creation of micro/nanometre-scale binary rough 

structures on the surface; and (2) modification of an appropriate rough surface with low surface energy 

materials. 

In this paper, a simple method was designed for fabricating a super-hydrophobic coating on 

AZ31B Mg alloy. The fabrication process of the super-hydrophobic surface mainly contains four steps: 

electroless Ni-P coating, electrodeposition of Cu, electrodeposition of Ni, and modification. The 

uniform electroless Ni-P coating as an inner layer can protect the substrate, and electrodeposition of 

Cu provides a uniform distribution of the electric field for the Ni electrodeposition process. Then, the 

process of Ni electrodeposition creates a micro/nanometre-scale binary rough structure surface. The 

samples were then modified by immersing in 1 wt.% ethanol solution of stearic acid to reduce the 

surface energy. The corrosion behaviour of this coating was also explored in this paper. 

 

 

 

2. EXPERIMENT 

2.1 Materials 

Commercial AZ31B (wt.%: 3% Al, 1% Zn, 0.2% Mn, Fe < 0.005%, balanced Mg) was 

purchased from Hong Di Metal Materials Co., Ltd (Dongguan, China). All chemical reagents were 

obtained from Sinopharm Chemical Reagent Co., Ltd. and were used as received. 

 

2.2 Specimen preparation 

AZ31 Mg alloy with dimensions of 20×30×1.5 mm was ground with SiC paper with different 

grit sizes (240, 600, 1200#) successively and then washed with distilled water and acetone step by step. 

 

2.3 Coating preparation 

The process flow and the main parameters for the pretreatment and electroless Ni-P coating 

were introduced in our previous studies[20-22], and the conditions for electroplating Cu and 
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electroplating Ni are listed in Table 1. The samples were cleaned thoroughly with deionized water as 

quickly as possible between any two steps of the treatments.  

 

Table 1. The bath composition and operation conditions of electroplating Cu and Ni 

 

Process Composition  Contents Conditions 

Electroplating Cu Cu2P2O7 60 g·dm
3

 0.8~1 A·dm
2

 

15 min 

pH=9±0.5 

45±2 °C 

 

 K4P2O7·3H2O 290 g·dm
3 

 (NH4)3C6H5O7 25 g·dm
3 

Electroplating Ni NiCl∙6H2O 237 g·dm
3

 2 A·dm
2

 

1-15 min 

pH=4.0±0.5   

60±2 °C 

 H3BO3 31 g·dm
3

 

 Ethylene diamine hydrochloride 140 g·dm
3

 

 

2.4 Surface characterization 

The morphology of the coatings was characterized by Field Emission Scanning Electron 

Microscopy (FE-SEM) complemented by energy dispersive spectroscopy.  

X-ray diffraction (XRD) with a Cu target was employed to characterize the crystal texture of 

different coatings. 

 

2.5 Electrochemical tests 

The electrochemical workstation (PMC 2000, Princeton, USA) was used to research the 

electrochemical corrosion behaviour of the samples. All electrochemical measurements were measured 

by a three-electrode system at room temperature. The pre-treated samples as the working electrode 

were embedded in epoxy resin, and the surface with a 10×10 mm
2
 area as the effective working side 

was exposed. The Pt electrode and saturated calomel electrode were used as the reference and counter 

electrodes. In general, 3.5 wt.% NaCl aqueous solution as the corrosive medium was used in all 

electrochemical corrosion measurements.  

Electrochemical impedance spectroscopy (EIS) and the electrochemical polarization curve 

were tested to evaluate the extent of corrosion in 3.5 wt.% NaCl solution. EIS was tested at an open 

circuit potential of 5 mV and AC amplitude in the frequency region from 100,000 to 0.01 Hz. The 

electrochemical polarization curve was obtained at room temperature with a potential scanning rate of 

1 mV·s
1

 from cathodic to anodic in the potential range from the open circuit potential to ±400 mV. 

The tests were repeated three or more times to ascertain the creditability of the test results. 
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2.6 Contact angle measurement 

A contact angle meter was used to measure the water contact angles (CAs) at room 

temperature. Five or more different points were measured to calculate the average value reported as the 

CA value. 

 

 

3. RESULTS AND DISCUSSION 

3.1 The preparation of the nanometre-scale Ni coating 

Figure 1 shows the morphology of the Ni-P and Cu coatings on AZ31B. The distribution of the 

nodular structure on the Ni-P surface is uniform as shown in Figure 1, and the size of the nodular 

structure is in the range of 5-10 μm. No cracks and pores were seen on both the nodular structural 

surface and on the border of the two nodular structures. The surface became smoother through 

electroplating Cu for 15 min (as shown in Figure 1b), and no visible nodular structure can be detected. 

The uniform coating can provide a uniform electric field distribution for electroplating Ni. After 20 

cycles of the thermal shock experiment according to ASTM B733-04, no blistering, crinkling, or 

breakage was observed at 4 times magnification[23]. The result shows that the adhesion of the Ni-P/Cu 

coating is excellent. In the next process of electroplating, the compact and uniform coating of Ni-P/Cu 

could protect the substrate from corrosion. The CAs of Ni-P and Cu are about 52° and 70°, which 

indicated that the Ni-P and Cu coatings are hydrophilic coatings. 

 

 
 

 
 

Figure 1. The morphology of electroless Ni-P and electroplated Cu coatings: a: Ni-P; b: Cu 
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Figure 2 shows the morphology of the Ni coatings electroplated on the Cu surface for 1, 5, 10, 

and 15 min, respectively. After electroplating Ni, more rough pinecone-like structures can be formed 

on the surface of Cu. The pinecone-like structures are mainly composed of scales with a size 

distribution ranging from 50–300 nm as shown in Figure 2b. As the plating time increased from 1 min 

to 15 min, the pinecone structures grow larger as the gap between the pinecones becomes narrow. The 

substrate becomes better covered after 15 min of plating.  

 

   
 

   
 

Figure 2. The morphology of the Ni coating electroplated on the Ni-P/Cu surface after different 

plating times: a: 1 min; b: 5 min; c: 10; d: 15 min 

 

Figure 3 compares the XRD patterns of the Mg alloy, pure Ni, Ni-P coating, and stearic acid-

modified Ni-P/Cu/Ni composite coating. The Mg alloy is mainly composed of Mg and intermetallic 

compounds Mg17Al12. The Ni-P coating shows a wide peak of Ni (111), which is evidence of an 

amorphous structure. The amorphous structure of the Ni-P coating exhibits good corrosion resistance. 

After electrodeposition of Ni on Cu, it is clear that the three diffraction peaks of Ni at 2θ = 44.51°, 

52.00° and 76.57° correspond to the characteristic peaks of the Ni(111), Ni(200) and Ni(220) planes of 

the face-centred cubic Ni crystals, respectively [24]. The other three peaks at 2θ values of 43.64°, 

50.80°, and 74.42° corresponding to the (111), (200), and (220) planes of copper were observed and 

compared with the standard powder diffraction card of JCPDS, copper file No. 04–0836[25]. The 

relative intensity of the Ni(200) peak in the electrodeposited Ni coating was weaker than that in pure 

Ni, and this result indicated that the Ni(200) crystal plane was covered by other crystal planes in the 
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process of electrodeposition[26], which can also explain why pinecone-like structures of the Ni coating 

were formed.  
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Figure 3. XRD patterns of the pure Ni, Ni-P coating, electroplated Cu coating and Ni-P/Cu/Ni 

composite coating 

 

3.2 CAs of the coating 

 

Figure 4 shows the CA change in water droplets on Ni-P/Cu/Ni and stearic acid-modified Ni-

P/Cu/Ni composite coating. The Cu coating has a hydrophilic character with a CA of about 70°. As the 

roughness of the Ni coating increases with plating time, the contact angles will decrease with Ni 

plating time, and CA becomes 0° after plating Ni for 5 min. The results were consistent with Wenzel’s 

conclusion. According to the Wenzel model[27], for a hydrophilic surface, roughness increases the 

surface area of the solid, which geometrically enhances hydrophilicity. 

ccos cosr                                   (1) 

where r is the roughness defined as the ratio between the real and projected solid liquid contact 

areas and θc and θ are the contact angles on the rough and smooth surfaces, respectively. A 

hierarchically micro/nano-structured Ni-P/Cu/Ni coating was prepared on the Mg alloy. Hence, the 

first condition was reached for the formation of a hydrophobic coating. After modifying with stearic 

acid, the CAs of the composite coating increase gradually from 0 to 155°. It is well-known that stearic 

acid contains a carboxyl group and a long alkyl chain, and Ni coating has some hydroxyl groups. In the 

process of modification, the reaction between a carboxyl group and a hydroxyl group takes off a 

molecule of water, and then the long alkyl chain is modified on the surface of the Ni coating. The 

second condition is then reached for the formation of a hydrophobic coating, according to the Cassie-

Baxter model[28], and the hydrophobicity of the hydrophobic coating increases with the surface 

roughness because air is trapped in the hierarchical structure. 

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

6196 

 
 

Figure 4. The dependence of CAs on plating time for Ni-P/Cu/Ni and stearic acid-modified Ni-

P/Cu/Ni composite coating  

 

The CA test results can be explained by Figure 5, which is a schematic of the Ni surface 

according to the SEM images (Figure 2). Electroplating Ni for 5 min and modifying the coating leads 

to superhydrophobicity because air is trapped in the hierarchical structure, which enhances the 

hydrophobicity. When some water or corrosive solution is dropped on the coating surface, the coating 

can effectively prevent the contact of the corrosive solution or water with the substrate. 

 

 
 

Figure 5. Schematic of a water droplet on the stearic acid-modified Ni-P/Cu/Ni composite coating 

 

3.3 Potentiodynamic polarization characterization 

The corrosion resistance of Mg alloy, Ni-P/Cu/Ni coating, and stearic acid-modified Ni-

P/Cu/Ni coating was evaluated by potentiodynamic polarization, and the test results are shown in 

Figure 6. Electrochemical parameters related to the potentiodynamic polarization curves are listed in 

Table 2. A lower corrosion current density suggests a lower corrosion rate, and a positive shift in the 

corrosion potential represents a lower corrosion tendency. The Tafel slope is another experimental 

parameter that is sensitive to the structure of the surface, and a higher Tafel slope reflects a higher 
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resistance of the electrode reaction in the Tafel region. For the unmodified coating and modified 

coating, the corrosion current density icorr was decreased by one or two orders of magnitude after 

modification. A positive shift of 1150 mV in Ecorr was observed compared with the Mg alloy substrate. 

For the modified sample, the anode polarization slope (ba) value was higher than for the unmodified 

coating and Mg alloy, and an obvious passivation region was observed in the polarization curve, which 

suggested that a passivation film may have formed on the surface of the sample during the corrosion 

process[29]. The previous test results indicated that more air can be trapped on the super-hydrophobic 

coating surface, the air cushion was formed between coating and NaCl solution when the sample 

immersion in NaCl solution, that led to small contact area of surface with NaCl solution and 

passivation film easily formed on the modified coating surface compared with unmodified coating. 

Thus the modified composite coating has lower icorr and higher E and ba than the unmodified coating. 

The results were consistent with the conclusions of the other previous work in this area [29, 30]. It 

indicated that the coating exhibits a lower corrosion tendency and corrosion rate after modification by 

stearic acid.  

 

 
 

Figure 6. Potentiodynamic polarization curves of Mg alloy, Ni-P/Cu/Ni coating and stearic acid-

modified Ni-P/Cu/Ni coating in 3.5 wt.% NaCl solution 

 

Table 2. The values of the electrochemical parameters obtained from the polarization curves in Figure 

6 

  

Specimens Mg alloy Ni-P/Cu/Ni coating Ni-P/Cu/Ni/stearic acid-modified coating 

Ecorr/VvsSCE 1.52 0.38 0.37 

icorr/(A·cm
2

) 3.66×10
4

 1.07×10
5

 4.02×10
6

 

ba/(mV·dec
1

) 119.34 416.32 887.61 

bc/(mV·dec
1

) 156.52 431.49 785.94 

 

3.4 EIS characteristics 

EIS was also employed to evaluate the protective performances of the samples. The test results 

are shown in Figure 7. The Nyquist plots and Bode plots are presented in Figures 7(a) and (b), 
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respectively. Figure 7a shows that the Nyquist plot of the Mg substrate has one capacitive loop and one 

inductive loop. The capacitive loop is attributed to the charge transfer reaction in the electric double 

layer formed at the interface between the sample surface and the corrosive medium[31], and the 

inductive loop is attributed to the pit corrosion on the Mg alloy surface[1]. The results indicated the 

poor corrosion resistance of Mg alloy in NaCl solution and that the pitting corrosion has already begun 

to form on the surface. The unmodified film and modified film have one capacitive loop. The EIS 

parameters of the Mg alloy, Ni-P/Cu/Ni coating and Ni-P/Cu/Ni/stearic acid-modified coating are 

listed in Table 3. The resistance of the charge transfer (Rct) between the modified film surface and the 

corrosive medium (4.3×10
4
 Ω·cm

2
) was bigger than that unmodified sample (7670 Ω·cm

2
) and Mg 

alloy substrate (128.1Ω·cm
2
), the value of Rct of modified coating was nearly two times than other 

related report (Rct=17652 Ω·cm
2
)[13]. The constant phase element (CPE) behaviour is generally 

attributed to the distributed surface reactivity, surface inhomogeneity, roughness or electrode 

porosity[32]. The CPE was defined by two values, Y0 and n.  Modified film and unmodified sample 

have the similar n value, but the CPE-Y0 value of modified film (9.12×10
5

 S·sec
n
·cm

2
) was lower 

than unmodified sample (6.2×10
4 

S·sec
n
·cm

2
), indicated that modified film with better capacitance 

characteristics which can effectively isolate the substrate from the corrosive solution[33]. The EIS 

results consistent with the polarization results, which indicated that the modified film could effectively 

enhance the corrosion resistance of Mg alloy compared with the unmodified film and Mg substrate. 

 

 
 

Figure 7. EISs of Mg alloy, Ni-P/Cu/Ni coating and stearic acid-modified Ni-P/Cu/Ni coating in 

3.5wt.% NaCl solution:  a: Nyquist plots; b: Bode plots 

 

Table 3. The values of the electrochemical parameters obtained from the EISs in Figure 7. Rs, 

resistance of solution; Rct, charge transfer resistance; CPE-Y0, constant phase element-Y0 

 

Specimens Mg alloy Ni-P/Cu/Ni coating Ni-P/Cu/Ni/stearic acid-modified coating 

Rs/(Ω·cm
2
) 10.37 9.65 10.95 

Rc/(Ω·cm
2
) 128.1 7670 4.3×10

4
 

CPE-Y0/(S·sec
n
·cm

2
) 8.27×10

6
 6.2×10

4
 9.12×10

5
 

CPE-n 0.95 0.91 0.92 
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4. CONCLUSIONS 

A super-hydrophobic composite coating was prepared on AZ31B via electroless Ni-P coating, 

electroplating Cu, electroplating Ni and modification with stearic acid. The micro/nanometre-scale 

binary rough structures surface was formed via electroless Ni-P coating for 90 min, electroplating Cu 

for 15 min, and electroplating Ni for 5 min. The CA of the coating was about 155° after the prepared 

coating was modified in 1% stearic acid ethanol solution for 2 h. The corrosion resistance of the super-

hydrophobic composite coating was characterized by potentiodynamic polarization and EIS. The 

potentiodynamic polarization results showed that the super-hydrophobic composite coating had lower 

icorr (4.02×10
6

 A·cm
2

) and higher E (0.37 VvsSCE) than the unmodified coating. The EIS results 

showed that the resistance of the charge transfer between the modified film surface and the corrosive 

medium was bigger than that between the unmodified film surface and the corrosive medium. All of 

the test results indicated that the modified composite coating exhibited higher corrosion resistance than 

the unmodified coating. 
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