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Abstract: Aluminum alloys are widely used, but they are prone to contamination or damage under
harsh working environments. In this paper, a self-cleaning superhydrophobic aluminum alloy surface
with good corrosion resistance was successfully fabricated via the combination of sand peening
and electrochemical oxidation, and it was subsequently covered with a fluoroalkylsilane (FAS) film.
The surface morphology, surface wettability, and corrosion resistance were investigated using a
scanning electron microscope (SEM), an optical contact angle measurement, and an electrochemical
workstation. The results show that binary rough structures and an FAS film with a low surface
energy on the Al alloy surfaces confer good superhydrophobicity with a water contact angle of
167.5 + 1.1° and a sliding angle of 2.5 + 0.7°. Meanwhile, the potentiodynamic polarization curve
shows that the corrosion potential has a positively shifted trend, and the corrosion current density
decreases by three orders of magnitude compared with that of the original aluminum alloy sample.
In addition, the chemical stability of the as-prepared superhydrophobic surface was evaluated by
dripping test using solutions with different pH values for different immersion time. It indicates that
the superhydrophobic surface could provide long-term corrosion protection for aluminum alloys.
Consequently, the as-prepared superhydrophobic surface has excellent contamination resistance and
self-cleaning efficacy, which are important for practical applications.

Keywords: superhydrophobic; sand peening; electrochemical oxidation; aluminum alloy;
self-cleaning; corrosion resistance

1. Introduction

Aluminum and its alloys have many advantages, such as high specific strength, good formability,
low density, high specific stiffness, excellent thermal conductivity, non-magnetic properties, and so
on [1-4]. They are widely used in the manufacturing fields of medical devices, as well as the aerospace
and automobile industries, among others. However, the poor corrosion resistance of aluminum
alloy, especially the inter-granular corrosion and pitting caused by intermetallic compound particles,
greatly limits its further application [5,6]. Therefore, it is necessary to improve corrosion resistance
and surface properties of aluminum alloys by surface modification. In recent years, as an essential
surface treatment technology of aluminum alloy, superhydrophobic surfaces (SHS) attracted extensive
attention. Darmanin and Guittard presented a very recent overview of potential applications of
superhydrophobic materials [7]. They found that at least two parameters seem to be essential for many
applications: the presence of air on superhydrophobic materials with self-cleaning properties and the
robustness of the superhydrophobic properties. Zhang et al. introduced the fundamental theories
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behind superhydrophobicity followed by a comprehensive review of the recent progresses of this
rapidly growing field over the past five years [8]. They found that SHS can minimize the interaction
between metal substrates and aqueous corrosive species, thereby producing superior anticorrosive
performance. Yu et al. reviewed the recent developments in SHS design, synthesis, and transparent
manufacturing [9]. They believed that the SHS must be easily fabricated with low energy consumption
and must be durable during service to extend its working life. Zhu et al. summarized the recent
developments in both natural SHS and artificial SHS with various adhesions [10]. They thought that
an SHS with highly controllable adhesion is feasible in different environments.

SHS refers to a surface with a water contact angle (CA) greater than 150° and a sliding angle (SA)
lower than 10° [11]. Many creatures in nature, including the lotus leaf, water-strider legs, and rice
leaf, show good superhydrophobic properties [12-14]. As we all know, the formation of SHS mainly
depends on the rough morphology and chemical composition. Generally, the CA of a water droplet on
a smooth surface with an extremely low surface energy can improve to 120°. Instead, the CA can reach
or even exceed 150° by modifying the rough structures with low-surface-energy materials. Therefore,
the key to preparing an SHS is the formation of a rough structure and a reduction in surface energy [15].
A large number of approaches were successfully used to develop superhydrophobic surfaces, including
chemical etching [16], solution immersion [17], and laser machining [18]. Feng et al. reported a
facile method of preparing a hierarchically structured superhydrophobic aluminum alloy surface
through a one-step immersion process. The superhydrophobic aluminum alloys showed excellent
anti-icing, anti-frosting, and self-cleaning properties [19]. Choi et al. presented a simple process for
fabricating hierarchical aluminum surfaces with different morphologies using three different kinds
of alkaline-based chemical solutions. The etched aluminum surface showed non-wetting properties,
exhibiting a static CA over 150° and a dynamic CA lower than 5° for deionized water [20]. Ngo and
Chun fabricated grid patterns on aluminum using a nanosecond pulse laser. After heat treatment,
the as-prepared surface became superhydrophobic with a CA of 176° and an SA of 6 + 1° [21]. However,
few studies explored the corrosion resistance of SHS.

The corrosion resistance of SHS is due to the fact that the air pockets at the solid-liquid interface can
greatly inhibit the penetration of chloride ions and other corrosive substances dissolved in water into the
metal matrix. Currently, the corrosion resistance of SHS can be enhanced by electrophoretic deposition,
anodization, micro-arc oxidation (MAQO), and so on. Zhang etal. developed a one-step electrodeposition
method to fabricate SHS on aluminum. The SHS showed a significant self-cleaning and anti-corrosion
ability [22]. Liu et al. fabricated a functional SHS via a one-step methodology and anodization.
The SHS had a CA of as 171.9 + 2° and a tilting angle as low as 6.2 + 1° [23]. Zhang et al. prepared SHS
on aluminum via one-step high-field anodization. The SHS with micro/nanostructured films showed a
maximum CA of 163 + 2° and an SA of less than 2° [24]. Zheng et al. constructed a superhydrophobic
coating on the aluminum surface using anodization in sulfuric acid electrolyte followed by surface
modification with myristic acid. The fabricated SHS exhibited good superhydrophobicity with a CA of
155.2 + 0.5° and an SA of 3.5 + 1.3° [25]. Zhang and Kang created an SHS with different liquid—solid
contact models via the combination of MAO, phytic acid etching, and polymer plating. Compared with
the substrate, the corrosion current density of the SHS in Cassie-Baxter and Wenzel models decreased
about by four and three orders of magnitude, respectively [26]. These methods were mainly aimed
at the original surfaces of lab-scale aluminum alloys to form SHS with rough hierarchical structures.
However, most of the reported methods are still subject to some limitations, including low efficiency
and high production cost. In addition, environmental problems may result if the use of unfriendly
chemicals is not managed.

Shot peening (SP) is an effective surface treatment method to increase the fatigue strength of
metallic materials [27]. A large number of small and hard particles are projected onto the workpiece at
high speed. Each particle impact can cause plastic deformation of the material in its vicinity. Due to
the plastic strain gradient, the underlying material opposes this surface stretching, which results in
favorable compressive residual stress [28]. According to the mechanism of SP, numerous pits are
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produced on the shot-peened surface through the plastic indentations, thereby increasing surface
roughness [29]. In fact, the rough microstructure should be a good basis for the preparation of SHS [30].

In this work, we used a combination of sand peening and electrochemical oxidation (ECO)
to construct micro/nano binary structures, followed by investigated (FAS) modification. SP was
introduced as pretreatment to form microscale pits. However, micro-scale structures, even after
low-energy modification, cannot acquire an ideal self-cleaning SHS [31]. Electrochemical oxidation
can be applied for generating nano-scale structures on the pits. After treatment of SA and ECO,
a hierarchical binary structure was constructed on the aluminum alloy. Following FAS modification,
an SHS with a CA of 167.5 + 1.1° and an SA of 2.5 + 0.7° was achieved. Moreover, we investigated
the effects of processing conditions on the surface wettability, including impact pressure, particle size,
nozzle diameter, impact time, electrolyte concentration, working voltage, current density, oxidation
time, and so on. In addition, the self-cleaning property and corrosion resistance of the SHS were
studied using potentiodynamic polarization tests.

2. Materials and Methods

2.1. Materials

In this study, 6061-T6 aluminum alloys (wt.%: 0.7 Fe, 0.4-0.8 Si, 0.15-0.4 Cu, 0.15 Mg, 0.15 Mn,
0.04-0.35 Cr, 0.25 Zn, and 0.15 Ti, with the remainder being Al) [32], supplied by China Aluminum Co.
Ltd. (Beijing, China), were used as the substrate materials. Sheets with a size of 40 mm X 20 mm X 2 mm
were cut via wire electrical discharge machining (WEDM). Brown alumina (Al,O3) with different sizes
was obtained from Ruishi Renewable Resources Group Co. Ltd. (Luoyang, China), subsequently
introduced in shot peening. In addition, all chemicals were analytical grade reagents purchased from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. Deionized water was bought from Hanhong
Environmental Protection Technology Co. Ltd., Zibo, China, and it was used for the preparation of all
aqueous solutions.

2.2. Experimental Procedure

The sample sheets were mechanically polished with 1000-, 1200-, and 1500-grade metallographic
sandpapers to remove the oxide or hydroxide layer of the surfaces. The polished samples were cleaned
ultrasonically in sequence to remove grease with acetone, ethanol, and deionized water for 10 min.
After drying treatment, the samples were sand-peened to construct microscale pits. The experimental
conditions are listed in Table 1A-D, i.e., the impact pressure, particle size, nozzle diameter, and impact
time, respectively. A factorial design of the experiments was used to obtain the optimization of A, B,
C and D, which could provide superior microstructures for the following electrochemical oxidation.
Next, the samples were ultrasonically cleaned with ethanol and deionized water sequentially for 5 min,
and then dried for further use. The prepared samples were used as the working electrode, and a Pt
sheet was the counter electrode. Electrochemical oxidation was performed in the aqueous solution of
sodium chloride and sodium hypochlorite (0.8 M) at room temperature with magnetic stirring at a
speed of 1000 rpm and different processing conditions, as listed in Table 2. The oxidized samples were
then cleaned in deionized water for 10 min and dried in a vacuum oven at 80 °C. Finally, the sample
sheets were immersed in an ethanol solution of fluoroalkylsilane (FAS, C14H;9F13055i) of 1 wt.% for
1h and kept at 120 °C for 30 min in the oven.

Table 1. Experimental conditions of shot peening.

Impact Pressure Particle Size Nozzle Diameter Impact Time
A (MPa) B (mesh) C (mm) D (s)
0.6 30 4 60
0.65 60 5 90
0.7 90 6 120
0.75 120 7 150
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Table 2. Experimental conditions of electrochemical oxidation.

Working Voltage Electrolyte Concentration Current Density Oxidation Time
E (V) F (g/L) G (A/m?) H (b
3 4 150 2
4 6 200 2.5
5 8 250 3

2.3. Characterization

Surface morphologies of aluminum alloys after SP and ECO were observed using a scanning
electron microscope (SEM, Sirion 200, ThermoFisher Scientific, Hillsboro, NJ, USA) at 10 kV. There are
two methods to measure the contact angle: one is the shape image analysis method; the other is the
weighing method. The latter is usually called the wetting balance or the penetration contact angle
instrument. However, the most widely used method is the shape image analysis method. Therefore,
the shape image analysis method was used in this paper. The droplet was placed on the surface of the
solid sample, and the shape image of the droplet was obtained through the lens and camera. Then,
the contact angle of the droplet in the image was calculated via digital image processing and some
algorithms. The water contact angles were measured at room temperature using an optical contact
angle measuring instrument (OCA15EC, Dataphysics, Filderstadt, Germany). The sliding angles were
measured using the conventional sessile-drop method. A 5-uL deionized water droplet was dropped
on the obtained surface, and the average of three measurements at different positions was considered
as the final contact angle. The angle at which the water droplet started to roll off the tilted surface
was defined as the water sliding angle. There was no difference between the CA measurements and
self-cleaning tests. A potentiodynamic polarization curve was implemented to characterize corrosion
resistance at ambient temperature on the electrochemical workstation (CHI660E, CH Instruments,
Austin, TX, USA).

3. Results and Discussion

3.1. Surface Wettability

To investigate the surface wettability of as-prepared aluminum alloy samples, a group of
experiments were carried out, as listed in Table 1. The effect of sand peening parameters, such as
impacting pressure, nozzle diameter, impacting time, and size of brown alumina, on the surface
wettability was also studied using the water CA of Al alloy samples. The SP process was carried out
at different impacting pressure from 0.6 to 0.75 MPa using a nozzle parameter of 5 mm and brown
alumina particles of 60 mesh for 90 s. The result is shown in Figure 1a. It can be found that the CA
increased from 134.9° + 1.5° to 145.7° + 1.0° with the increase in impacting pressure from 0.6 to 0.7 MPa,
and then decreased to 142.1° + 1.3° when the impacting pressure reached 0.75 MPa. In addition,
the size of brown alumina had great influence on the CA of the sand-peened sample surface, as shown
in Figure 1b. It can be observed that the CA increased with the decrease in alumina size. It reached
the highest value of 147.5° + 1.2° when the mesh of brown alumina was 60, and then decreased to
143.9° £ 0.6° and 138.5° + 0.8° when the mesh of shot particles was 90 and 120, respectively. In addition,
the effect of nozzle diameter on CA was also investigated at 0.7 MPa of impacting pressure with
60 mesh of alumina particles and 5 mm of nozzle diameter for 90 s. From Figure 1c, it can be seen that
the CA increased from 141.2° + 1.3° to 144.1° + 1.0° with the extension of the nozzle diameter from 4
to 5 mm, and then decreased slightly to 139.8° + 1.5° when the nozzle diameter was 7 mm. Figure 1d
shows the effect of impacting time on the CA of the sample surface when the impacting pressure was
0.7 MPa, the size of brown alumina was 60 mesh, and the nozzle diameter was 5 mm. It can be found
in Figure 1d that the CA gradually increased with the extended impacting time, and it reached the
maximum value of 143.4° + 0.9° after 90 s, before decreasing to 138.7° + 1.0° when the impacting time
was 150 s.
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Figure 1. Contact angle (CA) of sample surfaces obtained by sand peening using different process

parameters, such as (a) impacting pressure, (b) size of brown alumina, (c) nozzle diameter, and
(d) impacting time.

As shown in Figure 1, the CA of the sample surface increased to 147.5° + 1.2° after sand peening
and the modification of FAS, suggesting that the wettability of the as-prepared surface switched
from hydrophilic to hydrophobic. However, the CA of a water droplet on the aluminum alloy
sand-peened and modified with FAS was less than 150°. Consequently, the as-prepared sample surface
with microscale pits could not trap enough air underneath the water droplet to make the surface
superhydrophobic in comparison with the hierarchical structure. Thus, nanoscale structures were
added to the as-prepared microscale pits via electrochemical oxidation. In order to provide superior
microstructures for the secondary nanostructures, SP was carried out through the optimization of
impacting pressure, alumina size, nozzle diameter, and impacting time via an orthogonal test, as shown
in Tables 1 and 3. The optimum parameters, including impacting pressure of 0.65 MPa, particle size
of 120 mesh, nozzle diameter of 5 mm, and impacting time 150 s, were obtained using the range
analysis method [33]. After sand peening with the above optimum parameters, the sample was cleaned
and immersed in an aqueous solution of sodium chloride and sodium hypochlorite to construct the
secondary nanostructure on the primary micro pit via electrochemical oxidation (ECO).
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Table 3. Design of the orthogonal test and experimental results.

No. A B C D CA (°)
1 0.6 30 4 60 138
2 0.6 60 5 90 135
3 0.6 90 6 120 139
4 0.6 120 7 150 142
5 0.65 30 6 150 139
6 0.65 60 7 120 140
7 0.65 90 4 90 141
8 0.65 120 5 60 148
9 0.7 30 7 90 140
10 0.7 60 6 60 138
11 0.7 90 5 150 143
12 0.7 120 4 120 139
13 0.75 30 5 120 143
14 0.75 60 4 150 139
15 0.75 90 7 60 138
16 0.75 120 6 90 140

In the ECO process, electrolyte concentration, working voltage, current density, and oxidation
time have important effects on the surface wettability, as shown in Figure 2. ECO was carried out at
different electrolyte concentrations ranging from 4 to 8 g/L at 4 V of working voltage and 200 A/m?
of current density for 2.5 h, as listed in Table 2. The result is shown in Figure 2a. The CA of the
as-prepared sample surface significantly increased from 153.5° + 1.3° to 165.7° + 0.7° with the increase
in electrolyte concentration from 4 to 6 g/L, and then decreased to 160.6° + 0.9° when the electrolyte
concentration was 8 g/L. The effect of working voltage was also investigated with 6 g/L of electrolyte
concentration at 200 A/m? of current density for 2.5 h, and the result is shown in Figure 2b. It can be
observed that CA slightly increased with the increase in working voltage. It reached the highest value
of 165.7° + 0.7° when the working voltage was 4 V, and then decreased to 164.4° + 1.3° but remained
above 150°. Figure 2c shows the change in CA on the sample surface treated at 4 V of working voltage
and different current density for 2.5 h with a 6 g/L electrolyte concentration. As shown in Figure 2c,
the CA evidently increased from 160.3° + 1.1° to 165.7° £ 0.7° with the extension of current density from
150 to 200 A/m2. When the current density increased to 250 A/m?, the CA decreased to 164.5° + 0.7°.
This result shows that the better superhydrophobicity with CA of 165.7° + 0.7° could be obtained via
ECO with 200 A/m? of current density. In addition, the oxidation time also had a significant influence
on CA of the as-prepared sample surface. From Figure 2d, CA gradually increased with extended
oxidation time, and it reached 165.7° + 0.7° after 2.5 h, before decreasing to 162.5° + 1.1° after 3 h,
while remaining above 150°.
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Figure 2. Cont.
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Figure 2. CA of sample surfaces obtained via electrochemical oxidation using different process
parameters, such as (a) electrolyte concentration, (b) working voltage, (c) current density, and
(d) oxidation time.

As shown in Figure 2, the CA of the sample surface increased from 147.5° + 1.2° to 165.7° £ 0.7°
after sand peening, electrochemical oxidation, and FAS modification. The shape of a water droplet on
the as-prepared sample surface converted to an almost perfect spherical shape, with the nanostructure
being fabricated on the microscale pits, due to the large amount of air trapped underneath the water
droplet. Therefore, it can be concluded that surface superhydrophobicity should result from the
combination of primary microstructures and second nanostructures, obtained by sand peening and
electrochemical oxidation, respectively.

3.2. Surface Morphology and Self-Cleaning Performance

The combination of SP and ECO was carried out with the optimum parameters obtained from
range analysis, i.e., 8 g/L of electrolyte concentration, 4 V of working voltage, 150 A/m? of current
density, and 3 h of reaction time, to investigate the growth process of the morphological structure on
the sample surface, as shown in Figure 3. Meanwhile, the surface roughness Ra, water contact angle
CA, and sliding angle SA of the as-prepared sample are listed in Table 4. Figure 3a shows the surface
of the original Al alloy sample (OS). It can be seen that the bare surface was smooth, and there existed
only a few textures scraped by metallographic sandpapers. Figure 3b shows the surface morphology
of the primary sand-peened sample. The SP with 120 mesh of alumina particles and 5 mm of nozzle
diameter at 0.65 MPa of impacting pressure for 150 s constructed several pits and protrusions with a
size in the range of 50-100 pum. It can be observed that these pits and protrusions joined with each other,
assembling into an interconnected concave-convex microstructure (MS). After the FAS modification,
the water droplet formed a hemisphere on the as-prepared microstructure, as shown in Figure 3b.
Figure 3c shows the morphological structure formed on the original surface following electrochemical
oxidation with the electrolyte concentration of 6 g/L, working voltage of 4 V, and current density
of 200 A/m? for 2.5 h. It can be seen that the sample surface was covered with a great quantity of
coral-like nanostructures, with sizes of tens to hundreds of nanometers (NS). The water droplet on the
sample surface with NS became approximately spherical in shape. These coral-like nanostructures,
which grew on micro pits, contributed to the formation of binary micro/nanoscale structures (BS),
as shown in Figure 3d. Thus, the BS could be constructed successfully via a combination of SP and ECO.
In Figure 3d, the surface roughness of BS was 1.32 um, between that of MS (2.78 um) and NS (0.41 um).
In addition, the surface morphology of BS was deemed to be beneficial for superhydrophobicity, due to
the high amount of air trapped under the droplet.
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Figure 3. Surface morphologies of aluminum alloy samples. (a) Original microstructure before sand

peening (SP) and electrochemical oxidation (ECO); (b) microscale pits structure generated by SP;
(c) nanoscale corals structure formed by ECO; (d) micro-nanoscale binary structure fabricated by SP
and ECO.

Table 4. Surface roughness and wettability of the aluminum alloy sample with original sample (OS),
microstructure (MS), nanostructure (NS), and binary structure (BS). Ra—roughness; SA—sliding angle.

Items Original Al Alloy = Microstructure  Nanostructure Binary Micro/Nanoscale
Sample (OS) (MS) (NS) Structure (BS)
Ra (pum) 0.09 2.78 0.41 1.32
CA (%) 541+33 1484 +0.2 1712 +£0.5 1675+ 1.1
SA (°) >90 13+15 35+13 25107

Table 4 displays the CA of water droplets on the OS, MS, NS, and BS. It can be observed that
the CA of OS was only 54.1° + 3.3°, and the SA was more than 90°. After sand peening, the SA of
MS went down to 13° + 1.5°, but the CA of 148.4° + 0.2° was less than 150°, which indicates that the
wettability of MS switched from hydrophilic to hydrophobic. Although the water droplet on MS had
the ability to roll off the surface, the MS had no superhydrophobic property. We can find that the CA of
NS increased to 171.4° + 0.5°, and the SA had a large value of 35° + 1.3°. The results demonstrate that
the NS had a higher CA, but the water droplet struggled to roll off the surface with NS. Compared with
NS, BS was obtained via a combination of SP and ECO. The nanoscale structures obtained following
ECO differed from the nanoscale structures fabricated directly via ECO (NS) on the sample without
sand peening. In fact, after sand peening, some oxidation occurred on the surface of the aluminum
alloy after shot peening, which hindered the electrochemical oxidation. This is potentially why the CA
of BS was smaller than that of NS. Furthermore, from Figure 3 and Table 4, it can also be observed
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that the specific area and roughness of BS were greater than those of NS. In particular, the larger
surface roughness would significantly reduce the influence of capillary force and negative pressure by
nanoscale structures. This is potentially why the SA of BS was smaller than that of NS. Nevertheless,
the CA of the water droplet on the BS reached 167.5° + 1.1°, and the SA decreased to 2.5° + 0.7°, due to
the large amount of air trapped underneath the water droplet, induced by the combination of micro
pits and coral-like nanostructure. From Table 4, it can be seen that the CA on the BS was obviously
higher than 150°, and the SA was markedly lower than 10°. The results suggest that the as-prepared
surface with BS had a significant self-cleaning property.

The test for the self-cleaning effect is illustrated in Figure 4. A water droplet was placed on the
untreated sample surface, as shown in Figure 4a. Even if the sample was tilted at 90°, or even 180°,
the water droplet could not roll down. In addition, brown alumina powders were evenly spread
on the as-prepared sample with BS for the self-cleaning test, as shown in Figure 4b. It can be found
that water droplets could easily roll down when the sample was inclined at an angle of 2.5° + 0.7°.
Then, the powders adhered to the water droplets and were carried away. This phenomenon could
be investigated in detail using the Cassie-Baxter Model. The coral-like nanostructures produced via
electrochemical oxidation had a high specific surface area, which led to a large amount of air being
trapped. With the addition of pit-like microstructures generated by sand peening, water droplets could
be almost suspended on the BS, indicating that micro/nanoscale binary structures markedly improved
the self-cleaning performance.

I

Figure 4. Self-cleaning performance of aluminum alloy samples with (a) OS and (b) BS obtained via a
combination of SP, ECO, and fluoroalkylsilane (FAS) modification.
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3.3. Corrosion Resistance

The potentiodynamic polarization curve is an effective method of characterizing the instantaneous
corrosion rate of aluminum alloy samples. A higher corrosion potential denotes a lower corrosion
current density and higher polarization resistance, corresponding to better corrosion resistance. Figure 5
shows the potentiodynamic polarization curves and Bode plots for sample surfaces with OS, MS, NS,
and BS in 3.5 wt.% NaCl solution at room temperature. The corrosion potential and current density
were calculated using Tafel curves, as listed in Table 5.
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Figure 5. Electrochemical measurement of the OS, MS, NS, and BS in 3.5 wt.% NaCl solution.
(a) Potentiodynamic polarization curves; (b) Bode plot (|Z| changes as a function of frequency ranging
from 1 to 10° Hz).

Table 5. Parameters of potentiodynamic polarization curves for OS, MS, NS, and BS.

Sample Ecorr (V) icorr (Afcm?)
0s —-0.679 6.249 x 1074
MS —0.663 1.071 x 1074
NS —0.634 2.087 x 107°
BS —-0.592 7516 x 1077

Figure 5a shows the Tafel curves of OS, MS, NS, and BS. The corrosion potential of OS was
—0.679 V, and the corrosion current density was 6.249 x 10~ A/cm?. The corrosion potential of MS was
16 mV more positive than the OS, and the corrosion current density reduced to 1.071 X 107 A/cm?.
The corrosion potential of NS was —0.634 V and it improved compared with the OS and MS, but it was
worse than that of BS (—0.592 V). The corresponding current density decreased to 2.087 X 107 A/cm?,
two orders of magnitude lower than OS and MS. From Figure 5a, it can be found that the corrosion
potential and the current density (7.516 x 10~ A/cm?) improved significantly when the sample surface
became superhydrophobic after SP, ECO, and FAS modification. The corrosion potential of BS was
87 mV more positive than the OS and 71 mV higher than the hydrophobic surface with MS. Furthermore,
the corrosion current density was decreased by three orders of magnitude as compared to that of
OS. Figure 5b shows the Bode plots (amplitude—frequency) for OS, MS, NS, and BS. In the Bode plot,
the amplitude—frequency curve of BS was significantly higher than the others. Obviously, the above
data reveal that the as-prepared surface with BS had the lowest corrosion rate and the best corrosion
inhibition. In addition, the inhibition efficiency could be calculated using Equation (1).

icorr (OS> - icorr (BS)

- X 100%, 1
lcorr(OS) M

Nie =
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where, icorr(OS) and ico(BS) are the corrosion current density of the sample surface with OS and
BS. The inhibition efficiency of BS was 99.9% and higher than others. According to above results,
the surface obtained via a combination of shot peening, electrochemical oxidation, and FAS modification
showed superior anti-corrosion performance. The reason for the excellent corrosion resistance can
be attributed to the binary structures and chemical compositions. The former was composed of
hierarchical micro-nanostructures, and the water transport against gravity was easy in such a structure.
The solution could be pushed out from the pores of the SHS via Laplace pressure, and the aluminum
alloy substrate could be effectively protected [34]. It is well known that a surface fabricated via
electrochemical oxidation is mainly composed of Al;O3 [35]. After the surface modification of FAS,
some groups, such as -CF,, —CF3, and so on, were formed on the sample surface [36]. The film composed
of aluminum oxides and low-energy groups can be regarded as a passivation layer, providing effective
protection for aluminum alloys from being attacked by chloride ions.

3.4. Chemical Stability

Superhydrophobic surfaces are always used in many alkaline and acidic environments. Figure 6a
displays the CA and SA of the as-prepared surface as a function of the pH of the water droplet.
The pH value of the water droplet was adjusted by changing the concentration of hydrochloric acid
and sodium hydroxide. It is clear that the CA was higher than 150° and the SA was lower than 10°.
Therefore, the as-prepared surface retained good superhydrophobicity in pH values ranging from 1 to
13. This suggests that the superhydrophobic surface had outstanding chemical stability in both acidic
and alkaline environments. Figure 6b shows the change in CA and SA as a function of the immersion
time in water. The CA slightly decreased to 160° from 167° and the SA marginally increased to 5.8°
from 2.5° as the as-prepared surface was immersed in water for six days. It can be concluded that that
the surface with BS was still superhydrophobic after being immersed in water for several days.

170 40 170 40
(a) —s—CA (b) —s—CA

i1 —a—SA — I —a—SA
{/E/i/ \E\{ i { E§E‘E\E*I

— 160

140 |-

Contact angle CA (°)
Sliding angle SA (°)
Contact angle CA (°)
1
[

S
Sliding angle SA (°)

130

130 | !\i
\I\!/:/ —F
120 — Lo T 120 L . L L . L L 0
0 2 4 6 8 10 12 14 0 1 2 3 4 5 6
pH value Immersion time (day)

o F—F—F—F

Figure 6. Influence of pH values (a) and immersion time in water (b) on the CA and SA of the
as-prepared superhydrophobic surfaces with BS.

4. Conclusions

A stable SHS was successfully fabricated on aluminum alloy via sand peening and electrochemical
oxidation followed by low-energy modification. The wetting property varied with the process
parameters of sand peening and electrochemical oxidation. The best CA and SA were 167.5° + 1.1° and
2.5° £0.7°, respectively. The significant superhydrophobicity of the as-prepared surfaces was attributed
to the synergistic effect of binary rough structures and the low-energy materials. A nanoscale coral-like
structure was constructed via electrochemical oxidation. Combined with the microscale pit-like
structure obtained via sand peening, it could hold water droplets on the as-prepared surface, achieving
a transition from the Wenzel model to the Cassie-Baxter model. The as-prepared superhydrophobic
surface has not only good self-cleaning performance and excellent corrosion resistance, but also
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outstanding chemical stability. Such a simple and feasible method could be easily applied to large-scale
productions of aluminum alloy for industrial application.

Author Contributions: Conceptualization, X.D. and ].M.; methodology, ].M.; investigation, X.D. and H.Z.; data
curation, Y.H. and X.L.; writing—original draft preparation, X.D.; writing—review and editing, ].M.; supervision,
X.W.; project administration, J.M. and X.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Natural Science Foundation of Shandong Province (ZR2018MEE028),
the National Natural Science Foundation of China (Grant No. 51775321), and the Zibo School-City Integration
Development Plan (2017ZBXC152).

Acknowledgments: The authors specially acknowledge the Institute of Advanced Manufacturing of Shandong
University of Technology, Zibo, China for granting access to the equipment and other facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, J.; Huang, S.; Huang, H.].; He, M.Y,; Wangyang, P.H.; Gu, L. Effect of micro-groove on microstructure
and performance of MAO ceramic coating fabricated on the surface of aluminum alloy. J. Alloys Compd. 2019,
777,94-101. [CrossRef]

2. Chen, K.L; Scales, M.; Kyriakides, S. Material hardening of a high ductility aluminum alloy from a bulge
test. Int. . Mech. Sci. 2018, 138-139, 476-488. [CrossRef]

3.  Kimura, T.; Nakamoto, T. Microstructures and mechanical properties of A356 (AlSi7Mg0.3) aluminum alloy
fabricated by selective laser melting. Mater. Des. 2016, 89, 1294-1301. [CrossRef]

4. Li, L.J.; Huang, T.; Lei, JL.; He, ] X;; Qu, LF; Huang, PL.; Zhou, W,; Li, N.B.; Pan, ES. Robust
biomimetic-structural superhydrophobic surface on aluminum alloy. ACS Appl. Mater. Interfaces 2015, 7,
1449-1457. [CrossRef] [PubMed]

5. Zheng, C.B,; Yan, B.H.; Zhang, K.; Yi, G. Electrochemical investigation of hydrogen permeation behavior
of 7075 T6 Al alloy and its implication on stress corrosion cracking. Int. J. Miner. Metall. Mater. 2015, 22,
729-737. [CrossRef]

6.  Mroczkowska, K.M.; Antoriczak, A.].; Gasiorek, J. The corrosion resistance of aluminum alloy modified by
laser radiation. Coatings 2019, 9, 672. [CrossRef]

7. Darmanin, T.; Guittard, F. Recent advances in the potential applications of bioinspired superhydrophobic
materials. . Mater. Chem. A 2014, 2, 16319-16359. [CrossRef]

8. Zhang, D.W,; Wang, L.T,; Qian, H.C,; Li, X.G. Superhydrophobic surfaces for corrosion protection: A review
of recent progresses and future directions. J. Coat. Technol. Res. 2016, 13, 11-29. [CrossRef]

9.  Yu, S; Guo, Z.G.; Liu, WM. Biomimetic transparent and superhydrophobic coatings: From nature and
beyond nature. Chem. Commun. 2015, 51, 1775-1794. [CrossRef]

10.  Zhu, H.; Guo, Z.G,; Liu, WM. Adhesion behaviors on superhydrophobic surfaces. Chem. Commun. 2014, 50,
3900-3913. [CrossRef]

11. Wang, H,; Chi, G.X.; Wang, Y.K,; Yu, EX.; Wang, Z.L. Fabrication of superhydrophobic metallic surface on
the electrical discharge machining basement. Appl. Surf. Sci. 2019, 478, 110-118. [CrossRef]

12. Feng, L.;Li, S,; Li, Y,; Zhang, L.; Zhai, ].; Song, Y.; Liu, B.; Jiang, L.; Zhu, D. Super-hydrophobic nanoscale
interface materials: From natural to artificial. Adv. Mater. 2002, 14, 1857-1860. [CrossRef]

13.  Gao, X,; Jiang, L. Biophysics: Water-repellent legs of water striders. Nature 2004, 432, 36. [CrossRef] [PubMed]

14. Guo, Z.G,; Liu, WM. Biomimic from the superhydrophobic plant leaves in nature: Binary structure and
unitary structure. Plant Sci. 2007, 172, 1103-1112. [CrossRef]

15. Dong, S.L.; Wang, Z.L.; Wang, YK,; Bai, XL; Fu, Y.Q.; Guo, B;; Tan, C.L; Zhang, ]J.; Hu, PA.
Roll-to-roll manufacturing of robust superhydrophobic coating on metallic engineering materials. ACS Appl.
Mater. Interfaces 2018, 10, 2174-2184. [CrossRef] [PubMed]

16. Wu, RM,; Chao, G.H,; Jiang, H.Y,; Hu, Y.; Pan, A.Q. The superhydrophobic aluminum surface prepared by
different methods. Mater. Lett. 2015, 142, 176-179. [CrossRef]

17.  Wu, RM,; Liang, S.Q.; Pan, A.Q.; Yuan, Z.Q.; Tang, Y.; Tan, X.P; Guan, D.K,; Yu, Y. Fabrication of
nano-structured super-hydrophobic film on aluminum by controllable immersing method. Appl. Surf. Sci.
2012, 258, 5933-5937. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2018.10.374
http://dx.doi.org/10.1016/j.ijmecsci.2018.02.002
http://dx.doi.org/10.1016/j.matdes.2015.10.065
http://dx.doi.org/10.1021/am505582j
http://www.ncbi.nlm.nih.gov/pubmed/25545550
http://dx.doi.org/10.1007/s12613-015-1128-5
http://dx.doi.org/10.3390/coatings9100672
http://dx.doi.org/10.1039/C4TA02071E
http://dx.doi.org/10.1007/s11998-015-9744-6
http://dx.doi.org/10.1039/C4CC06868H
http://dx.doi.org/10.1039/c3cc47818a
http://dx.doi.org/10.1016/j.apsusc.2019.01.102
http://dx.doi.org/10.1002/adma.200290020
http://dx.doi.org/10.1038/432036a
http://www.ncbi.nlm.nih.gov/pubmed/15525973
http://dx.doi.org/10.1016/j.plantsci.2007.03.005
http://dx.doi.org/10.1021/acsami.7b16251
http://www.ncbi.nlm.nih.gov/pubmed/29265800
http://dx.doi.org/10.1016/j.matlet.2014.12.007
http://dx.doi.org/10.1016/j.apsusc.2011.10.029

Micromachines 2020, 11, 159 13 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Song, Y.X.; Wang, C.; Dong, X.R.; Yin, K.; Zhang, F; Xie, Z.; Chu, D.K;; Duan, J.A. Controllable
superhydrophobic aluminum surfaces with tunable adhesion fabricated by femtosecond laser. Opt. Laser
Technol. 2018, 102, 25-31. [CrossRef]

Feng, L.B.; Yan, Z.N.; Shi, X.T.; Sultonzoda, F. Anti-icing/frosting and self-cleaning performance of
superhydrophobic aluminum alloys. Appl. Phys. A-Mater. 2018, 124, 142. [CrossRef]

Choi, H.J.; Shin, J.H.; Choo, S.; Ryu, SW.; Kim, Y.D.; Lee, H. Fabrication of superhydrophobic and oleophobic
Al surfaces by chemical etching and surface fluorination. Thin Solid Films 2015, 585, 76-80. [CrossRef]
Ngo, C.V,; Chun, D.M. Control of laser-ablated aluminum surface wettability to superhydrophobic or
superhydrophilic through simple heat treatment or water boiling post-processing. Appl. Surf. Sci. 2018, 435,
974-982. [CrossRef]

Zhang, B.B.; Zhu, Q.J.; Li, Y.T.; Hou, B.R. Facile fluorine-free one step fabrication of superhydrophobic
aluminum surface towards self-cleaning and marine anticorrosion. Chem. Eng. ]. 2018, 352, 625-633.
[CrossRef]

Liu, Y,; Liu, ].D.; Li, S.Y,; Wang, YM.; Han, Z.W.; Ren, L.Q. One-step method for fabrication of biomimetic
superhydrophobic surface on aluminum alloy. Colloids Surf. A 2015, 466, 125-131. [CrossRef]

Zhang, H.F; Yin, L.; Shi, S.Y,; Liu, X.W.; Wang, Y.; Wang, F. Facile and fast fabrication method for mechanically
robust superhydrophobic surface on aluminum foil. Microelectron. Eng. 2015, 141, 238-242. [CrossRef]
Zheng, S.L.; Li, C.; Fu, Q.T,; Hu, W,; Xiang, T.E; Wang, Q.; Du, M.P; Liu, X.C.; Chen, Z. Development of
stable superhydrophobic coatings on aluminum surface for corrosion-resistant, self-cleaning, and anti-icing
applications. Mater. Des. 2016, 93, 261-270. [CrossRef]

Zhang, ].Y,; Kang, Z.X. Effect of different liquid-solid contact models on the corrosion resistance of
superhydrophobic magnesium surfaces. Corros. Sci. 2014, 87, 452—459. [CrossRef]

Gangaraj, S.M.H.; Guagliano, M.; Farrahi, G.H. An approach to relate shot peening finite element simulation
to the actual coverage. Surf. Coat. Technol. 2014, 243, 39-45. [CrossRef]

Asgari, A.; Dehestani, P.; Poruraminaie, I. On the residual stress modeling of shot-peened AISI 4340 steel:
Finite element and response surface methods. Mech. Ind. 2018, 18, 605. [CrossRef]

Draganovska, D.; IZarikova, G.; Guzanova, A.; Brezinova, ]. General Regression Model for predicting surface
topography after abrasive blasting. Metals 2018, 8, 938. [CrossRef]

Shen, Y.Z.; Tao, ]J.; Tao, H.J.; Chen, S.L.; Pan, L.; Wang, T. Nanostructures in superhydrophobic Ti6Al4V
hierarchical surfaces control wetting state transitions. Soft Matter. 2015, 11, 3806. [CrossRef]

Meng, ].B.; Dong, X.J.; Zhao, Y.G.; Xu, R.E; Bai, X.; Zhou, H.A. Fabrication of a low adhesive superhydrophobic
surface on Ti6Al4V alloys using TiO,/Ni composite electrodeposition. Micromachines 2019, 10, 121. [CrossRef]
[PubMed]

Nghiep, T.N.; Sarhan, A.A.; Aoyama, H. Analysis of tool deflection errors in precision CNC end milling of
aerospace Aluminum 6061-T6 alloy. Measurement 2018, 125, 476-795. [CrossRef]

Zhao, C.; Fu, T.G;; Liu, Y.B.; Guo, Y.Y. Different Impact on the Stability Limits Caused by the Selection
of Milling Force Coefficient under the State of High-Speed Milling. Int. J. Inf. Technol. 2015, 8, 153-160.
[CrossRef]

Mohamed, A.M.; Abdullah, A.M.; Younan, N.A. Corrosion behavior of superhydrophobic surfaces: A review.
Arab. J. Chem. 2015, 8, 749-765. [CrossRef]

Li, S.Y,; Xiang, X.G.; Ma, B.H.; Meng, X.D. Facile preparation of diverse alumina surface structures by
anodization and superhydrophobic surfaces with tunable water droplet adhesion. J. Alloys Compd. 2019, 779,
219-228. [CrossRef]

Dong, X.J.; Meng, ].B.; Zhou, H.A; Bai, X.; Zhang, H.Y. Fabrication of adhesive resistance surface with low
wettability on Ti6Al4V alloys by electro-brush plating. Micromachines 2019, 10, 64. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.optlastec.2017.12.024
http://dx.doi.org/10.1007/s00339-017-1509-x
http://dx.doi.org/10.1016/j.tsf.2015.03.046
http://dx.doi.org/10.1016/j.apsusc.2017.11.185
http://dx.doi.org/10.1016/j.cej.2018.07.074
http://dx.doi.org/10.1016/j.colsurfa.2014.11.017
http://dx.doi.org/10.1016/j.mee.2015.03.048
http://dx.doi.org/10.1016/j.matdes.2015.12.155
http://dx.doi.org/10.1016/j.corsci.2014.07.010
http://dx.doi.org/10.1016/j.surfcoat.2012.03.057
http://dx.doi.org/10.1051/meca/2017033
http://dx.doi.org/10.3390/met8110938
http://dx.doi.org/10.1039/C5SM00024F
http://dx.doi.org/10.3390/mi10020121
http://www.ncbi.nlm.nih.gov/pubmed/30781879
http://dx.doi.org/10.1016/j.measurement.2018.05.011
http://dx.doi.org/10.14257/ijhit.2015.8.8.14
http://dx.doi.org/10.1016/j.arabjc.2014.03.006
http://dx.doi.org/10.1016/j.jallcom.2018.11.222
http://dx.doi.org/10.3390/mi10010064
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Procedure 
	Characterization 

	Results and Discussion 
	Surface Wettability 
	Surface Morphology and Self-Cleaning Performance 
	Corrosion Resistance 
	Chemical Stability 

	Conclusions 
	References

