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Superhydrophobic coating with good corrosion resistance has become a research hotspot. The nano-Ni-

P-Al2O3 composite coating was prepared on the surface of pipeline steel by electrodeposition technology 

with nano-Al2O3 particles into the bath, which aimed to reduce the corrosion of pipeline steel in the 

alkaline soil environment. The micromorphologies, hydrophobicity, and corrosion resistance of the 

electrodeposited composite coatings at different concentrations of nano-Al2O3 (0, 5, 10, and 15 g/L) 

were studied by scanning electron microscope (SEM), energy disperse spectroscopy-mapping (EDS-

mapping), contact angle, and electrochemical measurements. The papillary protrudes grew on the 

surface of the coating with the increase of the nano-Al2O3 content. The coating surface was uniform and 

compact when the nano-Al2O3 particle concentration was 15 g/L. The nano-Ni-P-Al2O3 composite 

coating was superhydrophobic, and the maximum contact Angle was 158.3°. The electrochemical test 

results showed that the shape characteristics of EIS and potentiodynamic polarization curve of the 

coating were not changed by the content of nano-Al2O3. With the increase of the nano-Al2O3 

concentration, the capacitive arc radius and Ecorr of the composite coating increased, while Icorr decreased, 

which indicated that the corrosion resistance of the composite coating in the simulated soil solution was 

gradually enhanced. The coating with 15 g/L nano-Al2O3 particles had the best corrosion resistance, and 

the corrosion rate was significantly lower than that of X100 pipeline steel. 
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1. INTRODUCTION 

 

Pipeline steel is a kind of hot-rolled plate and strip used in natural gas transportation, oil 

development pipeline, and container, which is widely applied in industrial production [1]. Pipeline steels 

are used in the soil environment for a long time, which is affected by the internal and external working 

environment and production conditions, resulting in its corrosion and degradation [2]. Due to the high 
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surface energy of the pipeline steel, the water-based mixture in the soil environment is easy to spread on 

its surface, which increases the contact between water (and/or other corrosive substances) and pipeline 

steel surface, thus increasing the possibility of corrosion. Moreover, the adhesion between the water-

based mixture and pipe wall leads to scaling on the pipe wall, which not only seriously affects the service 

life of pipeline steel, but also leads to equipment damage, resource waste, and huge economic losses [3-

6]. Therefore, it is necessary to take effective measures on the surface of the pipeline steel by reducing 

the contact area of the two-phase interface [7]. 

At present, the superhydrophobic surface (surface with water contact angle greater than 150° and 

rolling angle less than 10°) with unique water repellency and non-wetting properties is widely used in 

corrosion protection of metals, such as self-cleaning, hydrophobic antifouling, drag, and friction 

reduction [8-11]. There are two conditions to construct a superhydrophobic surface on the solid surface: 

1) the solid surface has low surface energy; 2) the solid surface has a certain micro-nano roughness. 

Therefore, the superhydrophobic surfaces are prepared with the help of low surface energy materials and 

micro-nano rough structures [12]. Appropriate surface morphologies play a decisive role in obtaining 

superhydrophobic properties [13]. Up to now, many researchers successfully prepared superhydrophobic 

surfaces by sol-gel method [14], anodic oxidation method [15], plasma etching [16], template [17], 3D 

printing [18], and electrodeposition [19]. However, most of the above methods are complex, time-

consuming, expensive, or limited in application scenarios. In contrast, the electrodeposition technology 

has the advantages of the simple preparation process, strong controllability of micromorphology, and 

low cost, which can be effectively applied to the construction of superhydrophobic surfaces [20]. 

The anticorrosion coatings are mostly single nickel coating in the previous studies, which is 

difficult to meet the actual requirements of industrial production [12]. The corrosion resistance and 

hardness of the binary or multicomponent alloy coatings are higher than that of the single nickel coatings 

[21-23]. In recent years, various composite coatings prepared by electrodeposition technology are widely 

used in people's life and production because of their excellent properties. Hard ceramic particles (such 

as Al2O3, SiC, TiO2, and Si3N4) and rare earth oxides (such as CeO2 and La2O3) served as second-phase 

reinforcement particles for research [21, 24-30]. Fei Cai et al. [31] prepared pure nickel, Ni-Co, and Ni-

Co-Al coatings by electrodeposition method, and found that Al particles reduced the grain size of the 

coatings and enhanced the corrosion resistance of the coatings. Sumit chhangani [32] prepared Ni-Al 

coating on the titanium plate by pulse electrodeposition, and studied the effects of different Al content 

on the grain structure and tensile strength of the coating. The results showed that the tensile strength of 

the coating increased first and then decreased with the increase of the Al content. R. R. oberle et al. [33] 

prepared nano-composite Ni-Al2O3 coating by electrodeposition method, which had better physical 

properties and higher hardness, thermal conductivity, and electrical conductivity than pure nickel 

coating. The existing studies found that the Ni-Al2O3 composite coating prepared by co-deposition 

technology (SCD) had excellent corrosion resistance due to the presence of Al2O3 on the surface of the 

coating [34, 35]. 

The alkaline saline soil in the west of China is one of the most typical and most corrosive soil 

types in China, which is widely distributed and rich in chloride, sulfate, and carbonate, causing great 

corrosion damage to pipeline steel. However, the corrosion research of pipeline steels mainly focused 

on the acidic and neutral environment, while the corrosion of pipeline steels in the alkaline soil is less. 
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Herein, nano Ni-P-Al2O3 composite coating was prepared on the surface of X100 pipeline steel by 

electrodeposition technology after adding nano-Al2O3 into the bath. The coating exhibited 

superhydrophobicity after modification with the stearic acid solution. The microstructure and 

hydrophobic properties of the composite coatings with different nano-Al2O3 contents (0, 5, 10, and 15 

g/L) were studied, and the influence of different coatings on the corrosion resistance of X100 pipeline 

steel in the alkaline soil environment was analyzed, which provided data reference for the corrosion 

resistance of X100 pipeline steel. 

 

 

2. MATERIALS AND METHODS 

2.1 Materials 

The chemical composition of X100 pipeline steel (as the cathode) used in the electrodeposition 

process is shown in Table 1. Pure nickel plate worked as the anode, and its chemical composition is 

shown in Table 2. Compared with Al micro-particles, Al nanoparticles significantly increased the 

number of particles per unit volume of the coating and reduced the grain size [35]. The particle size of 

Al2O3 used in this study is about 30 nm (Rhawn, 30nm-α-Al2O3,100 g). 

 

 

Table 1. Chemical composition of X100 pipeline steel in wt.% of the material. 

 

Element C Si Mn Ni Cr Mo Ti+Nb Fe 

X100 pipeline 

steel 
0.06-0.1 0.2-0.5 1.0-3.0 0.3-0.4 0.03-0.05 0.2-0.4 <0.2 bal 

 

 

Table 2. Chemical composition of pure nickel plate in wt.% of the material. 

 

Element Fe Mn Si P Cu Mg C Ni 

pure nickel plate <0.01 <0.002 <0.01 0.0003 <0.01 <0.001 0.002 bal 

 

2.2 Preparation of electrodes 

The X100 pipeline steel was machined into 8 mm × 8 mm × 3 mm, the working area was 0.64 

cm2. The steel was welded to the copper wire and then wrapped with epoxy resin. The working surface 

was ground with SiC papers of #240 to #1500, followed by rinsing with acetone and deionized water. 

Finally, the electrode was wiped with anhydrous ethanol, and dried for standby. The pure nickel plate, 

with a size of 40 mm × 15 mm × 3 mm, was weld to the copper wire. The pure nickel plate was cleaned 

with deionized water before the experiment. 
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2.3 Design of the experiments 

X100 pipeline steel was subjected to ultrasonic deoiling and sulfuric acid activation before 

electrodeposition. The solution used for ultrasonic oil removal was composed of NaOH (15 g/L), 

Na2CO3 (30 g/L), and Na3PO4·12H2O (20 g/L). The ultrasonic time was 25 min. The activation step used 

0.5 mol/L of H2SO4, and the activation time was 120 s. The sample was cleaned with ultra-pure water 

after oil removal and activation. 

 

 
 

Figure 1. Schematic diagram of electrodeposition. 

 

 

Fig. 1 shows a schematic diagram of the electrodeposition process. In the electrodeposition 

process, the cathode was X100 pipeline steel, the anode was pure nickel plate, the electrodeposition 

temperature was 50 ℃, and the time was 120 min. The electrolyte used for electrodeposition included 

150 g/L of NiSO4 ·6H2O, 30 g/L of NiCl2·6H2O, 20 g/L of H3PO3,30 g/L of H3BO3, 70 g/L of Citric 

acid, 0.1 g/L of Sodium dodecylbenzene sulfonate (SDBS, Sodium dodecylbenzene sulfonate), 25 g/L 

of NH4Cl, 20 g/L of Sodium hypophosphite and 0.02 g/L of Thiourea, and nano-Al2O3. The bath was 

prepared in a beaker (1 L), and all reagents used were ACS grade. The electrolyte was continuously 

stirred at 300 rpm with a magnetic agitator to disperse Al2O3 particles evenly in the solution. 

The sample was washed with deionized water after deposition, and then modified with a low 

surface energy solution. Most of the reported superhydrophobic surfaces were modified by fluorocarbon 

compounds, which are expensive, highly toxic, and highly bioaccumulative [36]. Therefore, the 

environmental-friendly, low-cost, and high-benefit non-fluorinated stearic acid (STA) [37] was selected 

for modification in the experiment. The modified solution with low surface energy was ethanol solution 

containing 1wt.% stearic acid, and the modification time was 60 min. After modification, the sample 

was dried in an oven at 100 ℃ for 90 min. After that, the prepared Ni-P-Al2O3 composite coatings were 

tested by SEM, EDS-Mapping, contact angle, and electrochemistry. 

 

2.4 Characterization 

The surface morphologies of different composite coatings were observed by SEM (Hitachi 

SU8010, Japan), and element mapping scanning was performed in combination with FESEM. The static 

contact angle (CA) of the coatings was measured by contact angle measurement (Kruss DSA100, 

Germany) at room temperature using 5 μL deionized water droplets. The mean value and deviation of 
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the contact angle was obtained by measuring at least three different positions on each sample. CA was 

calculated by a circle fitting method. 

 

 

 
 

Figure 2. Scheme of electrochemical test. (1:X100 steel, 2: SCE, 3: High-purity graphite) 

 

 

The electrochemical workstation (Correst CS2350, China) with a traditional three-electrode 

system was used to evaluate the corrosion resistance of the composite coatings in the simulated soil 

solutions, as shown in Fig. 2. The working electrode was the prepared X100 pipeline steel sample, the 

auxiliary electrode was the large-area high-purity graphite electrode, and the reference electrode was the 

saturated calomel electrode. All potentials in the paper were based on saturated calomel electrodes. The 

test solution was the alkaline simulated soil solution (0.2892 g/L NaHCO3, 0.0813 g/L CaCl2, 0.4315 

g/L MgSO4·7H2O, 5.6676 g/L Na2SO4, 0.0883 g/L Na2CO3, and 5% NaOH solution were used to adjust 

the pH of the solution to 10.0±0.1). Before the test, the sample was immersed in the solution for 1 hour 

until the system was stable and the open-circuit potential was measured. Under the following conditions 

(frequency range: 106Hz ~ 10-2Hz, perturbation AC amplitude: 5 mV, logarithmic scan: 10 times, 

frequency: 10), 1 hour AC impedance spectrum at open circuit potential was obtained. The polarization 

curves were recorded at specific parameters (the potential range was -0.3 V ~ +0.6 V (vs. open circuit 

potential), and the scan rate was 0.5 mV/s). Cview analysis software was used to perform data fitting 

analysis on the potentiodynamic polarization curve, and Zsimpwin software was employed to fit the test 

data of electrochemical impedance spectroscopy. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure of coatings on X100 Pipeline Steel with different nano-Al2O3 content 

Fig. 3 shows the surface morphologies of the composite coatings with different nano-Al2O3 

content. As shown in Fig. 3(a), the surface of Ni-P coating was basically uniform and flat, but there were 

fine pore defects. The papilla-like small protrusions began to form on the surface of the composite 

coating with the increase of nano-Al2O3 content. When nano-Al2O3 content was 5 g/L, the protrusions 

on the surface of the coating grew unevenly and had obvious defects. As shown in Fig. 3(c), when the 
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addition amount of nano-Al2O3 was 10 g/L, there were no obvious defects on the surface of the composite 

coating, and the surface protrusions increased continuously. As shown in Fig. 3(d), when nano-Al2O3 

was 15 g/L, the surface of the coating was uniform and dense, and the grain size of the composite coating 

was obviously refined and smoother. Nanoparticles played a key role in the surface morphology of the 

coating. Therefore, the addition of nano-Al2O3 had a great influence on the formation of the micro-nano 

rough structure on the surface of the coating. 

 

 

 
 

Figure 3. Surface morphologies of composite coatings deposited at (a) 0 g/L, (b) 5 g/L, (c) 10 g/L, and 

(d) 15 g/L nano-Al2O3. 

 

 

 
Figure 4. Electrodeposition mechanism of composite coating. 

 

 

Many researches were carried out on the mechanism of the electro co-deposition, and several 

models were established, such as Guglielmi model [38], Celis model [39], and trajectory model [40]. In 

this study, the co-deposition behavior of the composite coating was described by the Guglielmi model, 

which included two successive adsorption steps. Fig. 4 shows the deposition mechanism of the 

composite coating. The particles in the solution were uniformly dispersed around the electrode by 
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mechanical stirring before deposition. At the beginning of the deposition, nano-Al2O3 particles were 

adsorbed by charged ions in the bath to form larger charged particles. Then, the charged particles arrived 

at the electrode surface through the action of the electric field. Currently, the adsorption force between 

the particles and the electrode surface was weak, resulting in the loose deposition of particles on the 

substrate of X100 pipeline steel. Deposition process, the charged particles entered the cathode surface 

by the electrophoresis attraction, the charged particles formed strong adsorption on the electrode surface 

to under the action of coulomb force, and the ions adsorbed on the nano-Al2O3 particles reduced. Due to 

the reduction of ions in the nano-Al2O3 particles, the combination of the nano-Al2O3 particles on the 

surface of the coating was assisted, and finally the nano-Al2O3 particles were embedded in the coating. 

 

 

 
 

Figure 5. Element mapping of Ni-P-Al2O3 coating with 15g/L nano-Al2O3 particles. 

 

 

As the concentration of nano-Al2O3 particles increased from 0 to 15 g/L, the uniform papillae 

grew on the coating surface, and the grain size decreased. There was a competition between the 

nucleation of nickel grains and crystal growth in the electrodeposition process [41, 42]. The nano-Al2O3 

particles promoted the nucleation of new grains, which was due to the nucleation of Ni grains controlled 

by the second-phase nano-Al2O3 particles. The uniform co-deposition of the nano-Al2O3 particles 

reduced the competition between the nucleation and crystal growth of Ni grains, thus reducing the grain 

size of the coating. The elemental mapping scanning was carried out on the surface of the Ni-P-Al2O3 

(15 g/L) coating to verify the uniform distribution of nano-Al2O3 particles, as shown in Fig. 5. The 

mapping results confirmed that Al, Ni, O, P, and other elements were distributed uniformly in the 

coating, that is, the distribution of the nano-Al2O3 particles in the composite Ni-P-Al2O3 coating was 

uniform. 
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3.2 Hydrophobicity of coatings on X100 Pipeline Steel with different nano-Al2O3 content 

 
 

Figure 6. Contact angle of composite coatings deposited at (a) 0 g/L, (b) 5 g/L, (c) 10 g/L, and (d) 15 

g/L nano-Al2O3; and (e) effect of the nano-Al2O3 content on the contact angle. 

 

 

Fig. 6 shows the contact angle of the composite coating prepared with different nano-Al2O3 

content. According to Wenzel theory, when the surface of the material is hydrophilic, the rougher the 

surface is, the better the hydrophilicity is, and the smaller the contact angle is. When the surface of the 

material is hydrophobic, the rougher the surface is, the better the hydrophobicity and the greater the 

contact angle is. The surface roughness is often affected by the surface topography, which is directly 

related to surface contact angle.  

 

 

 
 

Figure 7. Screen capture of contact angle measurement of nano Ni-P-Al2O3 (15g/L) coating. 

 

 
 

Figure 8. Superhydrophobic mechanism of composite coating. 

 

 

All the coatings in this paper were modified by stearic acid, the surface energy of all coatings 

was the same, and the surface contact angle and adhesion were determined by the surface morphology. 

As can be seen from Fig. 6(e), the four prepared composite coatings with different nano-Al2O3 content 
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were all hydrophobic, and the contact angle increased with the increase of the nano-Al2O3 content. When 

the nano-Al2O3 content was 5 g/L, the contact angle was 151.6°, and the surface was superhydrophobic. 

When the addition amount of nano-Al2O3 was 15 g/L, the contact angle was the maximum, reaching 

158.3°, which was corresponding to the results of micromorphology. 

Fig. 7 shows the screen captures of the contact angle of the nano-Ni-P-Al2O3 (15 g/L) coating. 

The droplet gradually changed from a sphere to an ellipsoid in the process of the droplet moving down. 

The droplet gradually changed from a sphere to a spindle shape in the upward movement of the needle, 

and then returned to a sphere after leaving the coating surface. This indicated that the surface adhesion 

of the composite coating prepared by electrodeposition and modification was low. There are two 

classical models for the relationship between rough surface and wettability: Wenzel model [44] and 

Cassie-Baxter model based on Young's equation [45]. In the Wenzel model, water droplets enter the 

rough surface and fill the surface. However, the Cassie-Baxter model assumes that the air is captured by 

the rough surface structure below the water drop, and stays on the rough surface to form an air cushion. 

The contact interface between the water droplet and the rough structure is a composite interface 

composed of the liquid-solid interface and liquid-gas interface, and the water droplets are suspended on 

the rough surface. According to the SEM results, there were many uniform rough structures on the 

surface of the coating, and the superhydrophobic mechanism diagram of the composite coating is shown 

in Fig. 8. The Cassie-Baxter model considers that the rough structure contains cavitation formed by air 

retention. Due to the combined action of the rough structure steel and cavitation, the contact area between 

the coating surface and liquid was greatly reduced, and the wettability of the coating was reduced. 

 

3.3 Corrosion resistance of coatings with different nano-Al2O3 content 

Fig. 9 shows the EIS of X100 pipeline steel in the simulated soil solution under different surface 

states.  

 

 
 

Figure 9. EIS of X100 Pipeline Steel with different surface states in simulated soil solution. 
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Figure 10. Equivalent circuit model for EIS fitting. 

 

 

The equivalent circuit diagram shown in Fig. 10 is used for fitting, and the fitting results are 

shown in Table 3, where Rs represents the solution resistance, CPE refers to the constant phase angle, 

and Rct represents the electrochemical process mass transfer resistance. 

 

 

Table 3. Fitting results of EIS of different composite coatings on the surface of X100 Pipeline Steel in 

simulated soil solution. 

 

 Rs (Ω·cm2) CPE (S·sn·cm-2) n Rct (Ω·cm2) 

X100 substrate 46.575 3.3943×10-4 0.78342 1207.3 

0 g/L nano-Al2O3 45.593 4.6973×10-4 0.79748 1985.8 

5 g/L nano-Al2O3 46.356 6.6993×10-4 0.77287 3054.1 

10 g/L nano-Al2O3 37.808 6..7415×10-5 0.77736 5134.9 

15 g/L nano-Al2O3 26.409 6.692×10-5 0.68977 8204.4 

 

 

The dosage of nano-Al2O3 did not change the shape characteristics of EIS of the coating, as 

shown in Fig. 9. The electrochemical impedance spectra of all composite coatings showed a single 

reactive arc, including reactive arc in the high-frequency region and reactive arc in the low-frequency 

region. There was no reactive arc in the range of 0-15 g/L at the concentration of nano-Al2O3. The radius 

of the capacitive reactance arc increased gradually with the increase of the nano-Al2O3 concentration. 

The magnitude of capacitive reactance arc represents the magnitude of electrochemical reaction 

resistance, the larger the capacitive reactance arc is, the greater the electrochemical resistance is, and the 

better the corrosion resistance is. The content of nano-Al2O3 in the plating solution increased from 0 to 

15 g/L, and the charge transfer resistance Rct increased from 1891 Ω·cm2 to 8204.4 Ω·cm2, both Rs and 

CPE decreased, and the corrosion rate decreased. Compared with the Ni-P coating and bare X100 

pipeline steel, the nano-Ni-P-Al2O3 composite coating prepared by adding 15 g/L nano-Al2O3 showed a 

very high impedance value. Nyquist curves of different coatings were fitted into a single semicircircle, 

and the arc radius of the bare X100 pipeline steel was the smallest, that of Ni-P coating was larger, while 

that of the nano Ni-P-Al2O3 composite coating was largest. The results showed that the 

superhydrophobic Ni-P-Al2O3 composite coating had good electrochemical corrosion resistance and 

excellent corrosion resistance. 
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Figure. 11. Potentiodynamic polarization curves of different nano-Al2O3 content on X100 pipeline 

steel in the simulated soil solution. 

 

 

Fig. 11 shows the polarization curves of different coatings on the X100 pipeline steel surface in 

the simulated soil solution. The polarization curves were fitted according to the linear extrapolation of 

Tafel curve. The fitting results are shown in Table 4, Ecorr represents the self-corrosion potential in the 

reaction process, and Icorr is the self-etching current density in the reaction process. 

 

 

Table 4. Potentiodynamic polarization curve fitting results of different composite coatings on X100 

pipeline steel in the simulated soil solution. 

 

 Ecorr (V) Icorr (A/cm2) Corrosion rate (mm/a) 

X100 substrate -0.578 2.19×10-5 0.257 

0 g/L nano-Al2O3 -0.545 1.91×10-5 0.224 

5 g/L nano-Al2O3 -0.527 1.55×10-5 0.182 

10 g/L nano-Al2O3 -0.474 8.88×10-6 0.104 

15 g/L nano-Al2O3 -0.405 2.76×10-6 0.032 

 

 

As shown in Fig. 11, when the addition amount of nano-Al2O3 varied from 0-15 g/L, the 

potentiodynamic polarization curves of the composite coating in the simulated soil solution had similar 

shapes, indicating that the addition amount of nano-Al2O3 had no effect on the electrokinetic polarization 

curve and the anode and cathode reaction mechanism of the coating. In combination with Table 4, the 

coating with nano-Al2O3 added had higher Ecorr than the coating without nano-Al2O3 added. With the 

addition of nano-Al2O3 increasing from 0 g/L to 15 g/L, Ecorr increased from -0.545 V to -0.405 V, Icorr 
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decreased continuously, and the corrosion rate also decreased. Compared with the bare X100 pipeline 

steel substrate (Ecorr=-0.578 V, Icorr=2.19×10-5 A/cm2), the Ecorr of Ni-P coating increased and Icorr 

decreased. The Icorr of the nano-Ni-P-Al2O3 composite coating was 2.76×10-6 A/cm2, and the corrosion 

current decreased, indicating that the corrosion resistance of the coating increased with the addition of 

nano-Al2O3. The Ecorr (-0.405 V) of nano-Ni-P-Al2O3 composite coating was 0.172 V higher than that 

of bare X100 pipeline steel matrix, which indicated that nano-Al2O3 coating had good corrosion 

resistance. 

The microstructure of the composite coating changed greatly as the concentration of the nano-

Al2O3 particles increased. When nano-Al2O3 was added to the Ni-P bath, Ni, P, and nano-Al2O3 were 

easily deposited together, which was attributed to the microstructure of nano-Al2O3 providing a core for 

the deposition of Ni and P [12]. The addition of nano-Al2O3 can promote the deposition of Ni and P [45]. 

The surface grain size of the coating was smaller and more uniform, and the rough structure of the micro-

nano level was formed. Due to the irregular pit structure on the surface of the coating, the air was retained 

in the coating, forming an effective "air cushion" protective layer on the surface. The coating surface 

had hydrophobic ability after modification with stearic acid solution, making it difficult for the corrosion 

solution to contact the X100 pipeline steel substrate. At the same time, Al2O3 particles are neutral and 

non-metallic, similar to Cr, TiO2, SiC, and other particles, the uniform distribution of the nano-Al2O3 

particles in the coating acted as a "physical barrier" to protect X100 pipeline steel matrix. 

 

 

 
 

Figure 12. Corrosion diagram of different coatings on the surface of X100 Pipeline Steel. 

 

 

The corrosion schematic diagram of different coatings on the surface of X100 pipeline steel is 

shown in Fig. 12. The surface free energy of X100 pipeline steel is large, which made it easier to contact 

with corrosive media. In addition, the lack of coating protection on the X100 pipeline steel surface led 

to a large area where corrosion occurred and a high possibility of corrosion. When there was ordinary 

Ni coating on the surface of X100 pipeline steel, the contact between the X100 pipeline steel and the 

corrosive medium was reduced. However, the high surface free energy still led to the contact between 

the corrosive medium and the ordinary Ni coating, which inevitably resulted in the corrosion of the 

coating and the occurrence of pipeline corrosion. The superhydrophobic coating on the surface of X100 

pipeline steel not only reduced the contact between the X100 steel and corrosive medium, but also the 

contact area between the coating and corrosion medium, thus greatly enhancing the anti-corrosion 

properties of pipeline steel. 

 



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211234 

  

13 

4. CONCLUSIONS 

In this study, Ni-P-Al2O3 composite coating with micro-nano rough structure was prepared on 

the surface of X100 pipeline steel by conventional direct current electrodeposition method. The Ni-P-

Al2O3 composite coating had a superhydrophobic property after modification with a low surface energy 

material. The microstructure of the coating was changed by changing the amount of the nano-Al2O3 

particles, and the coating with nano-Al2O3 particles grew a mastoid protrude. The coating with 15 g/L 

nano-Al2O3 particles had a uniform and dense surface without obvious holes, the Guglielmi model was 

used to describe the co-deposition behavior. The hydrophobicity of the coating gradually increased with 

the addition of nano-Al2O3 particles from 0 to 15 g/L. When the nano-Al2O3 concentration is 15 g/L, the 

hydrophobicity of the coating was the best, and the contact angle was 158.3°. The corrosion resistance 

of the composite coating increased with the increase of the nano-Al2O3 concentration. The coating mixed 

with 15 g/L nano-Al2O3 particles had the best corrosion resistance, and the corrosion rate is 0.032731 

mm/a. Compared with the naked X100 pipeline steel (0.25746 mm/a), the corrosion rate was greatly 

reduced and the corrosion resistance was improved. 
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