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In this study, a superhydrophobic polypropylene coating was deposited on the surface of AZ31 

magnesium alloy in order to improve its corrosion resistance. The substrate surface was characterized 

by scanning electron microscopy and X-ray photoelectron spectroscopy. The surface showed a micro-

rough structure with a water contact angle of 153°. The corrosion protection performance of the 

coating was evaluated by potentiodynamic curves, electrochemical impedance spectroscopy and 

immersion testing. The results showed that the superhydrophobic coating significantly improved the 

corrosion resistance and self-cleaning properties of magnesium alloys. 
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1. INTRODUCTION 

Magnesium (Mg) alloys as the lightest engineering material have attracted increasing attention 

in the fields of automobiles, biological materials and aircraft due to their high specific strength, 

machinability and excellent electromagnetic shielding properties [1-5]. However, Mg is highly 

corrosive which may impair the physical properties and thus severely limit the application of Mg 

alloys [9-10]. Thus, there is a practical need to deposit a protective coating on Mg alloys operating in 

corrosive environments. In recent years, many coatings have been developed to improve the corrosion 

resistance of Mg alloys, such as chromate conversion coatings [6-8], metallic coatings [11-12], micro-

arc oxidation coatings [13-15] and organic coatings [16]. However, these coatings may have 

micropores and cracks through which the corrosive medium can reach the surface of the substrate, 
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resulting in a reduction in corrosion resistance. This problem can be solved by preparing a water-

repellent surface that can prevent the penetration of corrosive medium into the Mg alloy matrix. 

Superhydrophobic surfaces have found many industrial applications such as antifouling paints 

[17], anti-icing coatings [18-19], water-in-oil emulsion separation [20], reduced fluid resistances [21] 

and self-cleaning coatings [22-23] due to their high water contact angles (CA > 150◦), and it is 

essential for them to have rough surface and low surface energy. Over the past decades, many 

techniques have been applied to fabricate superhydrophobic coatings on the surface of Mg alloys, 

including hydrothermal synthesis [24], electrodeposition [25], chemical etching [26-28] and electroless 

plating [29-30]. Polypropylene (PP) is an environmentally friendly and non-toxic polymer with 

excellent corrosion and water resistance, as it is intrinsically hydrophobic with a low surface energy of 

3×10−2 N m−1 [31], which make it useful in the manufacture of superhydrophobic surfaces [31-34].  

Polypropylene grafted maleic anhydride (PP-g-MAH) was synthesized by grafting maleic 

anhydride (MAH) with anhydride groups onto PP and then used as the compatibilizer for improving 

the adhesion between PP and the MgO layer. A simple and effective method was proposed in this 

study for preparing superhydrophobic coatings. A MgO layer was deposited on the surface of Mg 

alloys by anodic oxidation (MgO/Mg), and then 1% PP-g-MAH and 1% PP were used to construct 

nanometers on the surface of MgO. The results showed that the superhydrophobic surface significantly 

improved the corrosion resistance of Mg alloys in 3.5% NaCl solution. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials 

Commercial AZ31 Mg alloy plates were cut into pieces of 20×30×2.5 mm and used as the 

substrates. PP-g-MAH with a 1.5% grafting ratio and isotactic PP particles were purchased from 

Jinkang New Material Technology Co. LTD (China). NaOH and NaSiO3·H2O were of analytical 

grade. All regents were used as received without further purification. 

 

2.2 Fabrication of the superhydrophobic surface 

AZ31 Mg alloy samples were polished with 800 and 1500# emery paper and then ultrasonically 

degreased in ethanol to obtain a smooth surface. The anodic oxidizing electrolyte was composed of 

120 g/L NaOH and 80 g/L NaSiO3·H2O. Anodization was carried out at 10 V with a duration time of 

20 min, and the polished AZ31 substrate was used as the anode and a lead plate was used as the 

cathode. The oxidized Mg samples (MgO/Mg) were rinsed with deionized water and dried at ambient 

temperature. Then, 1% PP and 1% PP-g-MAH were dissolved in xylene solution (1 g of PP or PP-g-

MAH and 98 g of xylene), and then heated to 125 ° C in a sealed oil bath until PP and PP-g-MAH 

were completely dissolved. The MgO/Mg samples were dip coated in the prepared solution for 3 min, 

dried in ambient air for 10 min, aged at 100° C in oven for 10 min and then air cooled to obtain PP-

MgO/Mg samples. 
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2.3 Characterizations 

The morphology was observed using a field emission scanning electron microscope (FSEM, 

JSM-7200F, Japan) coupled with an energy disperse X-ray spectrometer (EDS). The static water 

contact angles of surfaces were measured by an optical contact angle meter (Model Powereach 

JC2000D, China) at ambient temperature using a drop of deionized water. The CA values at three 

different positions of the substrate were measured and the average was calculated for analysis. 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization were 

performed on a CHI model 660E electrochemical work station (Shanghai Chenhua, China) equipped 

with a standard three-electrode system, where a saturated calomel electrode was used as the reference 

electrode, a platinum plate was used as the counter electrode, and the sample was used as the working 

electrode in 3.5 wt% NaCl aqueous solution. Potentiodynamic polarization curves were obtained at a 

scanning rate of 1 mV s-1 from -2 V to -1 V (vs SCE). EIS measurements were conducted in the 

frequency range from 105 Hz to 10-2 Hz at an open circuit potential with a sinusoidal signal of 5 mV. 

All measurements were performed at room temperature. In order to further evaluate the long-term 

corrosion resistance of PP-MgO/Mg, samples were immersed in 3.5 wt% NaCl solution for EIS 

measurement every 12h. 

 

 
 

Scheme 1. Schematic of the fabrication of polypropylene on the surface of AZ31 Mg alloy. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Wettability of the super-hydrophobic surface 

The wettability of PP-MgO/Mg before and after modification is indicated by the CA on the 

surface. As shown in Fig. 1, surface modification results in a substantial change in hydrophobicity of 

the coating. The water droplets are almost spherical on the surface of PP-MgO/Mg, which can reduce 

the surface energy. The CA (153°) is much higher than that on the Mg surface (42°), indicating a 

superhydrophobic surface. Before modification, the CA of MgO/Mg is about 19° and the water 

droplets can quickly spread on the surface. The coating on the surface of the Mg alloy is 

superhydrophobic and thus the water droplets can move easily even when the sample is only slightly 

tilted, which is mainly due to the micro- and nano-scale binary structures that can trap enough air and 

the low surface energy of the PP layer that can prevent the penetration of water droplets [35].  
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Figure 1. The CA images of (a) Mg (b) MgO/Mg and (c) PP-MgO/Mg samples 

 

3.2 Stability of the PP-MgO/Mg superhydrophobic coating 

Fig. 2 shows the relationship between immersion time and CA of the superhydrophobic coating 

in 3.5 wt% NaCl solution. It is seen that the CA decreases slowly within the first 20 min but more 

rapidly at 20-60 min. Notably, the CA is still as high as 150° after immersion for 20 min, and it is 

decreased to 130° as the immersion time is extended to 120 min. However, no significant changes are 

observed in the surface structure of the coating, indicating that the coating can maintain a large CA in 

3.5 wt% NaCl solution for a long period of time.  
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Figure 2. The relationship of CA with immersion time in 3.5 wt% NaCl solution. 

 

3.3 Surface properties of composite coatings 

Fig. 3 shows the surface and cross-sectional morphologies of PP-MgO/Mg. Fig. 3a shows that 

the surface of Mg alloy is almost completely covered by PP and PP-g-MAH, which are connected to 

each other to form a continuous network structure with microspheres on the surface of Mg alloy. These 

microspheres show a rough porous structure, making it possible to capture more air in the porous 
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structure and reduce the contact area. According to the Cassie–Baxter model, the micro-nano structure 

can improve the hydrophobic properties of the sample [37-38]. The diameters of pores are often tens of 

nanometers. Fig. 3c shows that both PP and PP-g-MAH layers are about 18-26 μm thick. The EDX 

analysis results show that the layer is composed of 86.87% C, 7.91% O, 4.51% Mg and 0.71% Si. 

 

 

 
 

Figure 3. SEM images of PP-MgO/Mg samples. (a-b) surface and (c) cross-section morphology 

 

3.4. Corrosion resistance of superhydrophobic coatings 

The potentiodynamic polarization curves of Mg, MgO/Mg and PP-MgO/Mg in 3.5 wt% NaCl 

solution are shown in Fig. 4, and their corrosion potential (Ecorr) and corrosion current density (icorr) 

derived from Fig. 3 are summarized in Table 1.  
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Figure 4. Potentiodynamic curves of (a) Mg, (b) MgO/Mg and (c) PP-MgO/Mg in 3.5% wt NaCl 

solution. 

 

It shows that Ecorr is increased from -1.474 V for Mg to −1.409 V for MgO/Mg and to −1.407 

V for PP-MgO/Mg. Compared with MgO/Mg (1.678 × 10−6A cm−2), the icorr of PP-MgO/Mg is 

increased by two orders of magnitude (1.626 × 10−8A cm−2), because the MgO layer is imperfect and 

could not provide sufficient protection for AZ31 and the transfer rate of Cl- is low due to the presence 
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of PP superhydrophobic coating between the Mg alloy matrix and the corrosive medium. The 

polarization curves of MgO/Mg and PP-MgO/Mg samples are very similar, indicating that the PP film 

acts only as a physical barrier on the surface without changing the electrode reaction kinetics of both 

cathode and anode [38-39]. 

The experimental results show that the as-prepared PP superhydrophobic layer is very effective 

in improving the corrosion resistance of AZ31 and maintaining the damping capacity [40-41]. This is 

because the PP superhydrophobic coating can capture more air to prevent the contact of the corrosive 

medium with the Mg alloy, and it can also form an effective barrier to moisture and oxygen [42-43]. 

 

 

Table 1. Potentiodynamic resistances of Mg, MgO/Mg and PP-MgO/MgO in 3.5% wt NaCl solution. 

 

Samples Icorr (mA·cm-2) Ecorr (mV) -βc(mV·dec-1) βa(mV·dec-1) 

Mg 0.0375 -1474 246 426 

MgO/Mg 0.0036 -1409 265 629 

PP-MgO/Mg 4.27×10-5 -1407 121 228 

 

Fig. 5 shows the EIS spectra of different samples immersed in 3.5 wt% NaCl solution for 30 

min, and Fig. 6 and Table 2 show their equivalent circuits and EIS simulation results. Two time 

constants can be found in the Bode plots of the PP-MgO/Mg coating in the high frequency region (103-

105). The capacitive impedance loop is attributed to the presence of the PP superhydrophobic coating, 

and another capacitive impedance loop in the middle frequency region (10-1-103) is caused by MgO on 

the surface of Mg alloy. At 0.01 Hz, the |Z| value of PP-MgO/Mg is 2.93×107 Ω·cm2, which is about 

four orders of magnitude higher than that of MgO/Mg. However, the |Z| value of Mg alloys is only a 

few dozen. PP-MgO/Mg has a wider phase angle, indicating that the PP superhydrophobic coating can 

effectively prevent the corrosion medium from entering the matrix. 
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Figure 5. EIS for samples immersed in 3.5 wt% NaCl solution: (a) Nyquist plots and (b) Bode plots of 

phase angle vs. frequency. 
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Figure 6. Equivalent circuits for samples in 3.5 wt% NaCl solution. (a) Mg, (b) MgO/Mg and (c) PP-

MgO/Mg 

 

Table 2. EIS simulation results for different samples immersed in 3.5 wt% NaCl solution. 

 

Samples 
Rs  

Ωcm2 

CPEpp 

μFcm-2 

n1 RPP 

Ωcm2 

CPEMgO 

μFcm-2 

n2 RMgO 

Ωcm2 

CPEct 

μFcm-2 

n3 Rct 

Ωcm2 

L 

PP-MgO/Mg 15.81 3.5×10-8 0.591 1.47×106 6.33×10-8 0.807 2.81×107 … … … … 

MgO/Mg 18.37    1.56×10-5 0.766 2076 2.41×10-4 0.281 3989 6.88×10-4 

Mg 18.42       6.21×10-6 0.997 168.7 62.68 

 

3.5 Durability of superhydrophobic coatings 

Fig. 7 shows the electrochemical impedance spectra of PP-MgO/Mg sample at different times. 

The equivalent circuits are shown in Fig. 8 and fitted parameters are summarized in Table 3. The Bode 

plots of phase angle vs. frequency show that the corrosion of PP-MgO/Mg in 3.5 wt% NaCl solution 

can be divided into three stages. The impedance is very high in the first stage (1-84 h). After 

immersion in 3.5 wt% NaCl solution for 12 h, PP-MgO/Mg samples show high impedance 

(2.04×107Ω·cm2) in the low frequency region, because the hydrophobic nature of the PP film layer 

makes it extremely difficult for the corrosive medium to enter the coating. After immersion for 24 h, 

the impedance is decreased at a faster rate to 4.87×106 Ω·cm2. As the immersion time is further 

extended, the capacitance loop in the intermediate frequency region shifts to higher frequency region. 

This is because the blocking ability of the PP layer decreases, so that it is easier for the corrosive 

medium to enter the PP layer. Three time constants are obtained in the second stage (84-252 h), 

indicating that the corrosive medium has reached the oxide layer. The time constant corresponding to 

the low frequency band (10-2-10-1) is attributed to the presence of the inner barrier layer. In the final 

stage (>264 h), the inductance loop appears in the low frequency phase angle and the impedance drops 

to several hundred Ω·cm 2 at 0.01 Hz, indicating that the corrosive medium contacts the surface of the 

Mg substrate to dissolve the Mg matrix, causing pitting corrosion damage [44]. 

The equivalent circuits shown in Fig. 8 are used to explain the EIS of PP-MgO/Mg immersed 

for different times, and the corresponding fitting results are summarized in Table 3, where Rs is the 

solution resistance, RPP and CPEpp are the resistance of the PP film layer and the corresponding 

capacitive components, RMgO and CPEMgO are the resistance of the MgO layer and the corresponding 

capacitive components, Rct and CPEct are the charge transfer resistance and capacitance components of 
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the Mg alloy interface, and L is an inductive component of the equivalent circuit, respectively. The 

Rpp value is 2.01×107 Ω·cm2 after immersion in the solution for 1 h and decreased by about an order 

of magnitude to 2.87×106 Ω·cm2 after immersion for 84 h. The RMgO value is also decreased, implying 

a decrease in the ability of the PP layer to block corrosive medium [38]. In the final stage of 

immersion, the electrolyte reaches the surface of the Mg alloy matrix, so that the Mg alloy is dissolved 

to form Mg(OH)2 and, as a consequence, the PP coating will completely lose its protective effect on 

the Mg alloy matrix [44]. 
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Figure 7. EIS of PP-MgO/Mg immersed in 3.5 wt% NaCl solution: (a, c) Nyquist plots and (b, d) 

Bode plots of phase angle vs. frequency. 

 

 
 

Figure 8. Equivalent circuits for the PP-MgO/Mg immersed in 3.5 wt% NaCl solution. (a) 1-84 h,  

                   (b) 108-252 h and (c) 264-276 h 
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Table 3. EIS simulation results for PP-MgO/Mg immersed in 3.5 wt% NaCl solution. 

 
Time/

h 

Rs  

Ωcm2 

CPEpp 

μFcm-2 

n1 RPP 

Ωcm2 

CPEMgO 

μFcm-2 

n2 RMgO 

Ωcm2 

CPEct 

μFcm-2 

n3 Rct 

Ωcm2 

L 

1h 15.81 3.5×10-8 0.591 1.47×106 6.33×10-8 0.807 2.81×107 … … … … 

12h 17.78 1.33×10-7  1.34×105 1.46×10-7 0.521 1.27×107 … … … … 

24h 16.47 3.47×10-10 1 6087 3.41×10-7 0.472 1.363×107 … … … … 

48h 18.45 1.76×10-10  6455 4.46×10-7 0.525 3.013×106 … … … … 

84h 16.82 2.51×10-10  5168 6.11×10-7 0.493 2.866×106 … … … … 

108h 18.77 4.25×10-9 0.757 9931 5.51×10-6 0.889 2.74×106 6.53×10-7 0.551 8.96×105 … 

228h 29.64 4.52×10-5 0.379 698.4 3.28×10-6 0.782 5.2×104 2.8×10-8 0.205 8.31×104 … 

252h 26.33 8.67×10-8  6.543 1.28×10-4 0.545 3383 2.5×10-4 0.577 1.27×104 … 

264h 16.06 1.77×10-5 0.954 0.05872 1.38×10-9 0.012 332 2.09×10-3 0.81 126.1 1314 

276h 17.64 2.34×10-5 0.972 1.24×10-6 8.22×10-10 0.029 4.31*105 3.14×10-3 0.83 204 2828 

 

3.6 Hydrophobic and self-cleaning effect of superhydrophobic coatings 

Fig. 9 shows the photos of the surfaces of different samples. It can be seen that the blue water 

droplets can wet Mg and MgO/Mg and spread rapidly on the surface; while PP treatment makes the 

sample more hydrophobic and thus the blue water droplets remain spherical on the surface. 

 

 
 

Figure 9. Photos of water droplets on the surface. (a) Mg, (b) MgO/Mg and (c) PP-MgO/Mg samples 

 

 

 
 

Figure 10. Self-cleaning behavior on the surface of super-hydrophobic coatings. 

 

 

Multi-walled carbon nanotube (CNT) powders are deliberately dispersed on the sample surface 

as stains (Fig. 10a), and then a water droplet is dropped through a plastic dropper onto the upper side 

of the sample surface (Fig. 10b). Clearly, the water droplet falling on the superhydrophobic surface can 
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roll up and down freely, resulting in the removal of multi-walled CNT powders. The results show that 

the superhydrophobic Mg surface has a self-cleaning effect, which is similar to lotus leaves. This is 

mainly attributed to the synergistic effect of the low surface energy and certain roughness [45]. 

 

 

 

4. CONCLUSIONS 

Surface modification of Mg alloys with PP results in formation of a superhydrophobic coating 

with a CA of 153°. The sample exhibits excellent corrosion resistance and low corrosion current 

density due to the barrier and blocking ability of the PP layer. The superhydrophobic surface also has a 

self-cleaning ability. 
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