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Preparation of mechanically durable superhydrophobic aluminum surfaces 
by LST/MAO and chemical modification 
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A B S T R A C T   

In this paper, a superhydrophobic surface with mechanical durability was prepared on 6061 aluminum (Al) alloy 
by combining laser surface texturing (LST) and micro-arc oxidation (MAO) techniques followed by chemical 
immersion treatment. The effects of processing on Al alloys with different texturing spacings on the surface 
morphology, roughness, surface wettability, and corrosion resistance of the subsequently formed composite 
coatings were analyzed. The results show that a superhydrophobic surface was obtained with the water contract 
angle (WCA) of 158.3 ◦ and the roll-off angle of 9.5 ◦ at a texture spacing of 300 μm. This was due to the fact that 
the surface microroughness texturization process created by LST on the surface increased the generation of 
surface nanostructures, and combined with the natural nanostructure possessed by MAO, unique " double " 
nanostructure was formed on the surface. This surface structure increased the area of fluoride attachment, 
reduced the solid-liquid contact area, and decreased the adhesion of droplets to the surface, resulting in higher 
hydrophobicity. Electrochemical corrosion experiment showed that the corrosion current density of LM-300 was 
2 orders of magnitude lower than that of the LM-0 sample, clearly demonstrating better corrosion resistance. In 
addition, the prepared superhydrophobic surface presented excellent mechanical durability, and in the ceramic 
zirconia cyclic abrasion experiment, the superhydrophobic surface was able to withstand 61 cycles of abrasion at 
a pressure of about 2.5 kPa.  
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1. Introduction 

In recent years, functional surfaces with extreme wetting conditions 
have attracted significant attention in industrial, transportation, and 
medical applications due to their advantages such as self-cleaning, 
corrosion resistance, anti-freezing, and antibacterial properties [1–3]. 
Currently, the construction of superhydrophobic surfaces is mainly 
achieved through the combination of micro-nano hierarchical structures 
and low surface energy material modifications [4–7]. When the coating 
surface exhibits superhydrophobicity, it shows a strong repellent effect 
towards liquid corrosive media. This property effectively reduces the 
contact area between the corrosive media and the surface, thereby 
minimizing or preventing the penetration of the corrosive media. 
Therefore, it can further enhance the corrosion resistance of the sub
strate, prolonging the service life of anti-corrosion coatings and mate
rials [8–10]. 

Surface texturing is the process of creating specific patterns on a 
surface to enhance its performance in its working environment. Typi
cally, for most materials with small surface free energy, the wettability 
can be achieved by adjusting the microtexture of the surface to change 
the hydrophobicity of the surface [11]. In recent studies, LST has been 
developed as a promising method for fabricating superhydrophobic 
surfaces due to its process flexibility, ease of automation, and environ
mental friendliness [12]. Li [13] et al. prepared super
hydrophilic/superhydrophobic surfaces on commercial titanium plates 
by a facile and efficient laser scanning process as well as simple silani
zation modifications, and investigated the effect of laser energy density 
on the structure and surface wettability. Lian [14] et al. proposed a 
method to prepare a bionic surface of taro leaves using direct laser 
interference lithography and hydrothermal treatment, and the prepared 
surface has good superhydrophobicity and anti-icing properties. Gao 
[15] et al. prepared bimodal surface structures with switchable and 
anisotropic/isotropic wettability on copper surfaces by laser processing, 
chemical etching, and mixed thiol modification, enabling the manipu
lation of both water/oil droplets and water/oil fluids. Therefore, it is a 
simple and practical method to construct nanostructures using LST to 
realize the preparation of superhydrophobic surfaces. So far, however, 
most of them have been the direct LST treatment on metal surfaces to 
study the effect on their hydrophobicity, yet there are few studies on the 
use of LST to regulate the rough surfaces formed by MAO to fabricate 
superhydrophobic surfaces. Our findings indicate that most LST 
construct hydrophobic surfaces are processed directly on the substrate 
and become hydrophobic/superhydrophobic after subsequent treatment 
by long-term exposure to organic contaminants in air [16], chemical 
modification with fluoroalkylsilanes [17], silica sols [18], or 
low-temperature annealing in a contaminated furnace [19]. Also, in 
most of the studies, the surface substrates of the prepared super
hydrophobic samples are directly exposed to air or their surface is 
covered with relatively fragile coatings. Since the double-scale rough
ness may be irreversibly degraded, the nanostructure formed on the 
surface in some harsh environments may be susceptible to damage, 
leading to a decrease in hydrophobicity [20]. In summary, it is necessary 
to protect the hierarchical surface structure formed after LST treatment, 
to extend their service life in harsh environments. 

MAO is a technique developed based on anodization. This method 
involves using metals or their alloys such as titanium (Ti), magnesium 
(Mg) and Al as the anode and placing them in a container filled with an 
electrolyte. The electrochemical reactions that occur during this process 
lead to the formation of a dense ceramic oxide film on the surface [21, 
22]. When the high-temperature pulsed laser weaves the surface of the 
substrate, then a ceramic coating is formed on the surface using the MAO 
process. The ceramic film layer not only has high bonding strength and 
can be tightly bonded to the substrate, but also has high hardness and 
structural stability [23,24]. Therefore, it is beneficial to improve the 
mechanical abrasion and corrosion resistance of superhydrophobic 
sample. Thus, it will improve the mechanical abrasion resistance and 

corrosion resistance of the superhydrophobic samples. At the same time, 
ceramic films generally exhibit a "crater-like" rough porous nano
structure, and the micropores and microcracks in the outer layer provide 
mechanical interlocking sites that enhance the adhesion of organic or 
polymer topcoats to the substrate [25]. Moreover, the study of 
combining LST and MAO techniques to prepare superhydrophobic sur
faces is still relatively scant, which has certain research value. 

Herein, we prepared a mechanically durable superhydrophobic 
surface by chemically modifying a 6061 Al disk after LST/MAO treat
ment followed by immersion in a fluorosilane solution. The influence of 
different LST spacings on the surface morphology, roughness, surface 
wettability and corrosion resistance of composite coating was investi
gated, and the mechanism of wettability change was discussed. The 
physical properties of the coatings were characterized by scanning 
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), 
and X-ray diffraction (XRD). Also, corrosion resistance and mechanical 
stability were evaluated by potentiodynamic polarization (PDP) curves, 
electrochemical impedance spectroscopy (EIS), friction experiment and 
abrasion experiment. 

2. Experimental 

2.1. Materials 

Al disks with a diameter of 30 mm and a thickness of 5 mm were 
used. Sodium hexametaphosphate ((NaPO3)6), sodium hydroxide 
(NaOH), polyethylene glycol (PEG), and sodium silicate (NaSiO3⋅9 H2O) 
produced by Tianjin Damao Chemical Reagent Factory. Anhydrous 
ethanol (CH3CH2OH) from Tianjin Fuyu Fine Chemical Co. 1 H, 1 H, 2 H, 
2 H-perfluorooctyltrichlorosilane (PFOCTS, C8H4F13-Si–––Cl) produced 
by Shanghai McLean Biochemistry and Technology Co. All reagents used 
herein are analytical grade reagents (AR). 

2.2. Preparation of superhydrophobic surfaces 

Al disk with silicon carbide sandpaper #600, #2000 and polishing 
cloth in sequence. The polished samples were then cleaned by ultrasonic 
cleaning with anhydrous ethanol, and deionized water, respectively, for 
10 minutes to remove surface residues. A fiber laser marking machine 
(JL-F50, wavelength 1064 nm, spot size 100 μm) was used. The laser 
processing parameters were: laser frequency of 20 kHz, power of 50 W, 
scanning speed of 1000 mm/s. The laser beam was dotted along the x- 
axis and then along the y-axis on the surface of the treated Al disk with 
five scans, forming circular pits with a diameter of 100 μm. The scanned 
area is 20 mm × 20 mm, forming a dot-matrix texturing with a surface 
texturing of 20 mm × 20 mm. The spacing between two adjacent cir
cular pits was then varied to 300 μm, 600 μm, and 900 μm to obtain 
weaving patterns with different spacing on the surface of the Al disk. The 
laser-treated samples and untreated Al disks were subjected to MAO 
treatment using a bipolar microarc oxidizer. The electrolyte was 
formulated as: (NaPO3)6 36 g/L, NaSiO3⋅9 H2O 4 g/L, PEG 2 g/L, NaOH 
1 g/L. The sample was then connected to the anode of the pulsed power 
supply and the stainless steel sheet to the negative electrode, after which 
they were placed in the formulated electrolyte for MAO treatment. A 
condenser was used to circulate the electrolyte into the electrolyte to 
cool the electrolyte to prevent overheating. After removal, the sample 
was placed into a beaker containing deionized water to ultrasonically 
clean the electrolytes remaining on the surface of the sample, then the 
cleaned sample was set aside at room temperature. 

After that, 0.66 wt% 1 H,1 H,2 H,2 H-perfluorooctyltrichlorosilane 
ethanol solution was prepared by combining 1 H,1 H,2 H,2 H-per
fluorooctyltrichlorosilane and anhydrous ethanol solution according to 
certain ratios. Finally, the spare samples were immersed in the prepared 
solution for 12 h. In the end, the samples were heated in a vacuum 
drying oven at 140 ℃ for 1 h. The experiment yielded four different 
samples, labeled as LM-0, LM-300, LM-600, and LM-900, respectively. 
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The LST only treated sample with a spacing of 300 μm was expressed as 
LST-300. In addition, the sample with a spacing of 300 μm that was 
treated with LST and hydrophobicity was expressed as FLST-300. The 
preparation process is illustrated in Fig. 1. 

2.3. Friction experiment 

Experiments using GSR-2 friction tester (China Rubber Alcohol 
Rubbing Tester, Shenzhen Zhijia Instrument & Equipment Co.) The 
friction properties of four samples (LM-0, LM-300, LM-600 and LM-900) 
were investigated under dry friction condition and water lubrication 
condition. A polyethylene ball of 9.5 mm diameter was chosen to be 
slidingly rubbed on the sample at room temperature (25–26 ◦C). The 
experimental load was 2 N, and the speed was 1 cm/s. In the water 
lubrication experiment, the contact surfaces of the friction pair were 
completely submerged in a deionized water solution. Each experiment 
was repeated three times under the same experimental conditions, and 
each friction test lasted 15 min. During the experiment, a force trans
ducer was used to detect and collect data, followed by converting the 
data into electrical signals to be fed into a computer so that the coeffi
cient of friction (COF) could be automatically recorded into the 
computer. 

2.4. Abrasion experiment 

The experiment uses GSR-2 friction tester (China Rubber Alcohol 
Rubbing Tester, Shenzhen Zhijia Instrument and Equipment Co.) The 
test investigated the mechanical abrasion resistance of LM-300. At room 
temperature (25–26 ◦C), a zirconia ceramic rod with a diameter of 
10 mm was selected to be slidingly rubbed on the sample. The pressure 
of 2 N was applied to the zirconia ceramic rod at the speed of 1 cm/s. 
Each 10 mm back and forth rubbing was considered as one cycle. The 
100 cyclic abrasion experiments were carried out, and the water contact 
angle (WCA) of the samples was measured after every 10 cyclic abrasion 
experiments and averaged over three measurements. 

2.5. Electrochemical corrosion experiment 

The CS350M electrochemical workstation was used to test the 
corrosion resistance of LM-0 and LM-300 in a conventional three- 
electrode cell. And the electrochemical impedance spectra of LM- 
0 and LM-300 as well as polarization curves were plotted to further 
analyze the changes in corrosion resistance. The experiment utilized the 
sample (working electrode), platinum foil (auxiliary electrode), and 
saturated KCl (reference electrode) as the conventional three-electrode 
cell setup. To reduce external interference, the setup was placed inside 
a Faraday cage. To obtain a stable open circuit potential (OCP), the 
samples with an area of 1.0 cm2 were immersed in a 3.5% wt% NaCl 
solution for 60 min. In the experiment, the experimental parameter was 
set as follows: the initial potential was − 0.1 V, the final potential was 
0.1 V, the scan rate was 0.167 mV/s, and the duration of the experiment 
was 1.5 h. 

2.6. Characterization 

LST-300, LM-0 and LM-300 samples were characterized in the study. 
The phase composition of the samples was characterized using the X-ray 
diffraction (XRD) function of the D8 Advanced Diffractometer (Bruker, 
Germany). The grazing angle was set at 3 ◦, and Cu Kα radiation (40 kV, 
40 mA) was used in the range of 10 ◦ to 90 ◦ with a scanning speed of 10 
◦/min. The elemental composition of the specimens was examined using 
energy dispersive spectroscopy (XPS) (Thermo Fisher Scientific, USA). 
The surface morphology of the specimens was analyzed by observation 
of JSM-6460LV scanning electron microscope (SEM) images. Photo
graphs were taken of the textured morphology of the samples using a 
forward-facing metallurgical microscope (Shenzhen Oswald Optical 
Instrument Co., Ltd.). A Zegage 3D surface profiler was used to photo
graph the three-dimensional shape of the sample and measure the 
arithmetic mean surface roughness (Sa). The WCA was measured using 
an AO-V128 microscope (Shenzhen Oswald Optical Instrument Co., 
Ltd.). The roll-off angle of the samples was measured using Lauda Sci
entific LSA100, Germany. three measurements were taken and averaged 
as the measurement result. 

Fig. 1. Flow scheme of specimen preparation.  
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3. Results and discussion 

3.1. The analysis of microtopography 

The surface morphology of the sample at different scanning spacings 
is shown in Fig. 2. As shown in Fig. 2a-d, it can be observed that the Al 
disk is covered with a rough ceramic coating after MAO treatment and a 
uniformly distributed dot texturing after LST treatment. It can be 
observed that as the scanning spacing increases, the density of the 
texturing on the sample surface decreases. In Fig. 2a’-d′ the 3D 
morphology of the sample surface at different scanning spacings is 
shown. It is observed that the periodic weaving pattern is uniformly 
distributed on the sample, and the microstructure of the surface becomes 

quite porous and rough, which confirm the advantage of LST for surface 
morphology control [26]. After three Sa measurements by the 3D 
morphometer and averaging, Sa of 1.822 μm, 5.809 μm, 3.280 μm, and 
2.105 μm are obtained for LM-0, LM-300, LM-600, and LM-900, 
respectively. It is further confirmed that rough porous nanostructure is 
formed on the surface of the samples. This can be attributed to the fact 
that the texturing density decreases with increasing spacing, while the 
percentage of smooth surfaces on the sample surface increases. Thus, 
choosing the appropriate LST spacing can modulate the surface 
morphology and roughness. 

Fig. 2. Surface microscope images of the samples with different scanning spacings: (a) LM-0;(b) LM-300; (c) LM-600; (c) LM-900; 3D morphology of the samples with 
different scanning spacings: (a′) LM-0; (b′) LM-300; (c′) LM-600; (d′) LM-900. 

Fig. 3. . (a), (b) SEM images of LST-300 at 500 x and 1000 x magnification; (c), (d) SEM images of LM-300 at 500 x and 1000 x magnification.  
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3.2. The analysis of SEM 

In order to further characterize the surface morphology of the 
specimens, Fig. 3 further depicts the SEM morphology of the MAO Al 
disk and LM-300. As shown in Fig. 3a-b, the pits generated on the surface 
can be observed after the LST treatment. During laser processing, the 
material is subjected to high temperature heating, melting, sublimation 
and explosive ablation [27]. When the energy of the laser is sufficient to 
raise the temperature of the material to the vaporization threshold, the 
central portion of the laser irradiated material is instantaneously con
verted to a vapor state and removed. At the same time, the recoil 

pressure of the pulsed laser induces an outward jet of molten material 
from the melt pool. Under the combined effect of surface tension and 
gravity, the liquid molten material re-solidifies at the edge of the bath, 
forming an irregular re-melting layer [28,29]. In addition, material 
particles escaped from the surface and, subsequently, were deposited 
from the laser plume onto the surface around the irradiation zone in the 
form of micro- and nanoparticles [27,30]. Eventually, a hierarchical 
structure as shown in Fig. 3a is formed on the surface of the substrate 
after laser treatment. As shown in Fig. 3c-d, it can be clearly observed 
from them that the ceramic coating grows uniformly on the surface after 
LST treatment, a uniform rough and porous MAO coating is generated. 

Fig. 4. (a) XPS spectrum of LM-300; (b)-(f) C 1 s, O 1 s, F 1 s, Al 2p, P 2p and Si 2p spectrums.  
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MAO coating is a metal oxide generated on the surface of the Al sub
strate under the effect of transient high temperature and high pressure 
generated by arc light discharge. Since many discharge channels are 
present, a ceramic coating with round "crater-like" holes is formed by the 
electrolyte [31,32]. The presence of MAO coating not only contributes to 
the abrasion and corrosion resistance of the Al disks, but also improves 
the mechanical stability of the superhydrophobic Al disks [33–35]. As 
the ceramic coating grows uniformly on the nanostructure formed after 
LST treatment, it covers the original structure. Therefore, after the LST 
and MAO treatments, a "double" nanostructure is formed on the surface, 
which is a combination of texturized pits formed by LST and ceramic 
coating formed by MAO. And this surface structure meets the re
quirements of micro-nanostructure needed for the construction of 
superhydrophobic surfaces [36,37], which can be used to construct 
superhydrophobic surfaces. 

3.3. XPS analyses 

To further investigate the elemental composition of the coatings and 
their forms of existence, the surface chemical composition of LM-300 is 
studied by XPS as shown in Fig. 4a-f. As shown in Fig. 4a, chemical el
ements including C, O, F, Al, P, and Si are clearly detected on the surface 
of LM-300. Among them, a large amount of Si and F is originated from 
the PFOCTS reagent. In Fig. 4b, the C 1 s spectra shows the presence of 
five peaks at 285.08 eV, 286.38 eV, 289.88 eV, 291.68 eV, and 
293.98 eV, with values corresponding to the binding energies of O- 
C––O, C-O, C-C, -CF3, and -CF2, respectively. In Fig. 4c, the O 1 s spectra 
has a peak at 533.08 eV corresponding to the binding energy of -OH, 
indicating that the element O in the coating is mostly in the form of -OH, 
and a large number of hydroxyl groups exist on the sample surface. The F 
1 s spectra in Fig. 4d have peaks at 688.68 eV and 688.38 eV corre
sponding to -CF2 and -CF3, respectively, further indicating the presence 
of -CF2 and -CF3 functional groups. In Fig. 4e the peak in the Si 2p 
spectra is 103.58 eV, which corresponds to the binding energy of the Si- 

O. The binding energy of the Al 2p peak is 75.8 eV [38], indicating the 
presence of Al2O3 in Fig. 2f. According to studies, -CF2 and -CF3 func
tional groups tend to cause surface fluorination and reduce surface en
ergy, which results in superhydrophobicity [39]. The above 
experimental results show that Si-O, -CF3 and -CF2 functional groups 
exist on the surface of LM-300. This indicates that perfluorooctylsilane 
(Si-C8H4F13) is successfully grafted onto the surface of the sample during 
the fluorination process [40], which is conducive to the reduction of the 
surface energy of LM-300. 

3.4. Wettability analysis 

The WCA in air is measured for four samples, as shown in Fig. 5a-e. In 
Fig. 5a, the WCA of FLST-300 is 160.7 ◦, while the WCA of LM-300 is 
158.3 ◦. It can be seen that there is little difference between the WCA of 
the FLST-300 and the WCA of the MAO-treated LM-300, and both have a 
WCA greater than 150 ◦. In addition, the roll-off angle of LM-300 is 9.5 ◦, 
which indicates that a composite coating with superhydrophobicity is 
prepared after LST/MAO treatment and hydrophobization. Moreover, 
the composite coating surface has a "double" micro-nanostructure con
sisting of rough and porous "crater" micro-nanostructures and textured 
craters formed by LST, which will lead to the formation of air pockets 
between the liquid droplets and the micro-nanostructures, and the for
mation of a non-homogeneous wetting system consisting of composite 
interfaces combining solids, liquids, and gases. This can be explained by 
the Cassie-Baxter model [41]. In the Cassie-Baxter mechanism, air fills 
and occupies the hollow space of the rough microstructure, thus forming 
a composite interface consisting of air pockets and solids to support the 
water droplets. As the microstructure of the material surface holds a 
certain amount of air, it reduces the contact area between the water 
droplets and the material surface, decreases the adhesion between the 
water droplets and the surface, and makes the water droplets on the 
surface easy to slip off from the surface [42,43], which further enhances 
the hydrophobicity. The following equation is used for representation 

Fig. 5. WCA in air: (a)FLST-300; (b) LM-0; (c) LM-300; (d) LM-600; (e) LM-900; (f) WCA and Sa histogram for LM-0, LM-300, LM-600 and LM-900.  
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[44]： 

cosθC = fs(rslcosθ+ 1) − 1 

In the formula, θc is the actual contact angle of the hydrophobic 
surface; rsl is the dimensionless surface roughness factor, defined by the 
ratio of the actual area of the rough surface; and fs is the fraction of the 
area of the liquid-gas interface that is obscured by the surface texture; 
and θ is the equilibrium contact angle on the solid. In Fig. 5f, the WCA of 
LM-0, LM-300, LM-600 and LM-900 are 112.1 ◦, 158.3 ◦, 136.2 ◦ and 
128.5 ◦, respectively, and the WCA show a tendency of increasing and 
then decreasing. In addition, the Sa of the samples increases and then 
decreases as the texture spacing goes from 0 to 900 μm, and peaks at 300 

μm, which corresponds to the trend of WCA change. This result also 
confirms that the variation in WCA is related to the texture spacing [45, 
46]. Additionally, as the scanning spacing becomes larger, the untreated 
area on the surface increases significantly, increasing the adhesion of 
droplets to the surface [47], which leads to a decrease in hydropho
bicity. From the Cassie-Baxter model, an increase in the liquid-gas 
interfacial fraction and a decrease in the solid-liquid interfacial frac
tion of a superhydrophobic surface can enhance its hydrophobicity [40]. 
And a higher Sa value means more air is trapped in the surface micro
structure, which makes the surface present a higher WCA. Therefore, it 
can be hypothesized that the LM-300 specimen can trap more air in the 
surface structure, which increases the proportion of the liquid-air 

Fig. 6. COF of LM-0, LM-300, LM-600 and LM-900 under dry friction conditions: (a) Instantaneous COF, (b) Average COF; COF of LM-0, LM-300, LM-600 and LM- 
900 under water lubrication conditions: (c) Instantaneous COF, (d) Average COF. 

Fig. 7. (a) Schematic diagram of cyclic abrasion test; (b) WCA of LM-300 surface under different friction cycles.  
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interface, which leads to a higher WCA. 

3.5. Friction experiments 

As shown in Fig. 6, the friction properties of the hydrophobic sur
faces are evaluated with a ball-and-disc friction machine, as well as 
analyzing the effects of changes in laser texturing spacing and hydro
phobicity on the friction properties of the samples. In Fig. 6a-b, the COF 
of LM-0, LM-300, LM-600 and LM-900 under dry friction conditions are 
presented as a function of time. In Fig. 6a, under dry friction conditions, 
the instantaneous COF of LM-300 and LM-600 samples start to decrease 
suddenly at 120 s, and then gradually stabilize in the later period. In 
Fig. 6b, the average COF of LM-0, LM-300, LM-600, and LM-900 are 
0.351, 0.486, 0.429, and 0.398, respectively. And the highest average 
COF is found in LM-300 and the lowest in LM-0. Additionally, as shown 

in Fig. 6c, the transient COF of LM-300 decreases and then smooths out 
under water friction conditions, while the overall transient COF of LM-0, 
LM-600, and LM-900 are relatively stable. In Fig. 6d, the average COF of 
LM-0, LM-300, LM-600, and LM-900 are 0.408, 0.621, 0.427, and 0.397, 
respectively. And the average COF of LM-300 is the highest, and that of 
LM-0 is the lowest. These are nearly consistent with the trends in Fig. 6a 
and Fig. 6b, respectively. For the trend in the friction curves of the LM- 
300 and LM-600, which can be attributed to the continuous formation of 
abrasive debris on the wear surfaces, while the debris fills the pits of the 
texture. As well as the fact that the polyethylene balls are self- 
lubricating, adhesive abrasion occurs during the abrasion process due 
to adhesion. Therefore, the COF decreases and gradually steadies [48]. 
In contrast, the instantaneous COF of LM-0 and LM-900 increased and 
then leveled off at 120 s. The possible reasons for this are that the 
density of pits distributed on the surface decreases as the spacing of the 
texturing increases, the surface roughness decreases, and only a small 
portion of the friction-generated abrasive debris fills the pits, while the 
rest of the debris undergoes abrasive wear. As the abrasion debris 
continuously falls off, the COF increases and gradually stabilizes over 
time. In addition, there is no texture on the surface of LM-0 to collect 
abrasive debris, so adhesive wear occurs as the debris continues to fall, 
and a lubricant film can be generated more quickly on the abraded 
surface, resulting in a smaller COF. For hydrophobic-hydrophobic fric
tion partners under water lubrication, the presence of water hardly plays 
a role in lubrication and friction reduction [49]. Moreover, under water 
lubrication, some of the debris is carried away by the water after each 

Fig. 8. Polarization curves and Nyquist curves of LM-0 and LM-300 specimens in 3.5 wt% NaCl solution.  

Table 1 
Parameters of Nyquist curves of LM-0 and LM-300 specimens in 3.5 wt% NaCl 
solution.  

Sample Corrosion potential 
Ecorr (V) 

Corrosion current Icorr 

(A/cm2) 
Corrosion rate 
mm/a 

LM-0 -0.43449 2.4E-09 2.8E-05 
LM- 

300 
-0.68618 7.6E-11 8.9E-07  

Table 2 
Parameters of Nyquist curves of LM-0 and LM-300 specimens in 3.5 wt% NaCl solution.  

Sample Rs(Ω⋅cm2) CPEfp-T(F) CPEfp-P Rfp(Ω⋅cm2) CPEfd-T(F) CPEfd-P Rfd(Ω⋅cm2) 

LM-0 2779.7 1.4E-10 0.95249 1.5E+06 3.1E-09 0.39676 7.6E+07 
LM-300 -3104.5 9.0E-11 0.98819 1.6E+08 2.1E-09 0.62452 3.0E+09  
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friction and hardly participates in the friction process [21], so the 
accumulation of abrasive debris in the pits is reduced compared to dry 
friction, which in turn increases the actual contact area and leads to an 
increase in the COF. The above results indicate that the variation of the 
texture spacing can change the actual contact area between the friction 
balls and the surface, thus affecting the friction performance. 

3.6. Abrasion experiment 

The poor mechanical durability of superhydrophobic surfaces has 
been a limiting factor in their widespread use in practice, with even 
minor abrasion damaging the surface structure and affecting hydro
phobicity [50]. The abrasion resistance of LM-300 is tested here by 
pin-disk abrasion experiment. Fig. 7a shows a schematic diagram of the 
pin-disc reciprocation test of a zirconia ceramic rod on the surface of 
LM-300. Fig. 7b shows the WCA of LM-300 under different abrasion 
cycles. It can be seen that as the number of abrasion times increases from 
0 to 61 and the moving distance is 122 cm, the WCA decreases from 
158.3 ◦ to 148.2 ◦ and the surface loses its superhydrophobicity. This is 
likely due to an increase in the number of abrasion cycles, leading to the 
degradation of surface nanostructure and a reduction in surface fluorine 
concentration, gradually resulting in the loss of superhydrophobicity. 
For example, in the study of Wei [51] et al. chemical etching and stearic 
acid modification were used to obtain superhydrophobic surfaces, but 
since stearic acid itself is a fatty acid, which belongs to the softer sub
stances, its abrasion resistance is relatively poor. In our study, the pre
pared superhydrophobic surface is able to withstand cyclic abrasion of 
ceramic zirconia for 61 cycles at a pressure of approximately 2.5 kPa. 
Therefore, the prepared LM-300 surface has some improvement in me
chanical stability compared to other similar superhydrophobic surfaces. 
This may be attributed to the fact that the ceramic coating on the surface 
improves its mechanical properties, which results in higher abrasion 
resistance. 

3.7. Electrochemical corrosion experiment 

In order to further investigate the anticorrosion efficiency of laser 
chemically treated superhydrophobic surfaces, electrochemical mea
surements are also performed on various types of surfaces prepared in 
this work. The experiment is carried out in 3.5 wt% NaCl solution. As 
shown in Fig. 8, the corrosion resistance of the samples (LM-0, LM-300) 
is studied using polarization curves and Nyquist curves. Fig. 8c in the 
equivalent circuit using the parameters Rs、Rfp、Rfd、CPEfp and CPEfd 
to fit the EIS data. Rs represents the solution resistance, Rfp represents 
the resistance of the loose outer and dense inner layers of the MAO 
coating, while CPEfp and CPEfd represent constant phase elements con
nected in parallel with Rfp and Rfd, respectively. The polarization curves 
of LM-0 and LM-300 are shown in Fig. 8a. There values of corrosion 
potential (Ecorr), corrosion current (Icorr) and corrosion rate are listed in 
Table 1. As shown in the experimental results, the laser chemically 
treated superhydrophobic surface (LM-300) exhibits lower corrosion 
currents compared to the untreated surface (LM-0) From Table 1, it can 
be seen that the corrosion current decreased by two orders of magnitude 
from 2.4E-09–7.6E-11. According to the electrochemical corrosion 
characteristics, the smaller the corrosion current, the smaller the self- 
corrosion reaction rate [52]. Also as shown in the Nyquist plot in 
Fig. 8b, it can be seen that LM-300 exhibits a larger diameter semicircle, 
which represents a better corrosion resistance [53]. From the above 
results, on the one hand, we believe that it is due to the fact that the 
rough superhydrophobic surface can form a film of air between the 
corrosive liquid and the specimen, which protects the specimen and the 
corrosive liquid from direct contact. On the other hand, the hydrophobic 
layer acts as a barrier to inhibit chloride ion adsorption [54], while the 
MAO coating with good corrosion resistance acts as a physical barrier. 
Therefore, through the synergistic effect of these factors, the corrosion 
resistance of the composite coating is improved to a certain extent, 

giving LM-300 better anti-corrosion performance. 

4. Conclusions 

In this work, we have prepared a novel superhydrophobic surface 
using an approach based on LST and MAO techniques combined with 
chemical immersion treatment. The surface is superhydrophobic with a 
WCA of about 158.3 ◦ and the roll-off angle of about 9.5 ◦. It also has 
good mechanical durability. This is due to the combined effect of the 
"double" nanostructure formed by the MAO coating and the laser 
texturing and the chemical modification of the surface. In addition, the 
superhydrophobic coating showed excellent mechanical stability under 
100 cycles at 2.5 kPa in abrasion experiment. Meanwhile, in electro
chemical corrosion experiment, the corrosion current density of LM-300 
was 2 orders of magnitude lower compared to LM-0, which exhibited 
better corrosion resistance. They were attributed to the fact that MAO 
improves the abrasion and corrosion resistance of the coatings, 
increasing the service life of the coatings in harsh environments. In 
friction experiment, the COF of LM-300 was the largest, which was due 
to the incomplete lubrication film formed on the friction surface, 
resulting in reduced lubrication effectiveness. As a result, this work 
successfully prepared a novel superhydrophobic coating with stable 
mechanical durability. 
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