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Abstract: In this work, a two-stage methodology to design super-hydrophobic surfaces was proposed.
The first step consists of creating a rough nano/micro-structure and the second step consists of reducing
the surface energy using octadecyltrimethoxysilane. The surface roughening was realized by three
different short-term pretreatments: (i) Boiling water, (ii) HNO3/HCl etching, or (iii) HF/HCl etching.
Then, the surface energy was reduced by dip-coating in diluted solution of octadecyltrimethoxysilane
to allow the formation of self-assembled silane monolayers on a 6082-T6 aluminum alloy surface.
Super-hydrophobic aluminum surfaces were investigated by SEM-EDS, FTIR, profilometry, and
contact and sliding angles measurements. The resulting surface morphologies by the three approaches
were structured by a dual hierarchical nano/micro-roughness. The surface wettability varied with
the applied roughening pretreatment. In particular, an extremely high water contact angle (around
180◦) and low sliding angle (0◦) were evidenced for the HF/HCl-etched silanized surface. The results
of electrochemical tests demonstrate a remarkable enhancement of the aluminum alloy corrosion
resistance through the proposed superhydrophobic surface modifications. Thus, the obtained results
evidenced that the anti-wetting behavior of the aluminum surface can be optimized by coupling an
appropriate roughening pretreatment with a self-assembled silane monolayer deposition (to reduce
surface energy) for anticorrosion application.
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1. Introduction

Super-hydrophobicity is one of the highly required surface properties for several industrial
applications for which specific surface properties are required (such as anti-corrosion, anti-icing,
self-cleaning, or anti-bioadhesion applications) [1]. In this context, numerous methods have recently
been suggested to design super-hydrophobic hierarchical surfaces inspired by nature [2,3]. The super-
hydrophobic surfaces represent an interesting approach to maximizing the resistance to corrosion of
materials usually sensitive to corrosion degradation, particularly aluminum and its alloys, by the dint
in their capacity to reduce the interaction between metallic surfaces and liquids [4–6].

However, the proposed approaches usually require complex synthesis processes and production
technologies that are not easily scalable. Moreover, several methods used to elaborate superhydrophobic
surfaces require chemicals that are unsafe to the environment and human health such as
fluorinated compounds.

Therefore, the optimization of a facile, inexpensive, and environmentally friendly experimental
approach to create superhydrophobic surfaces is greatly desired. According to Ruan et al. [7], who
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studied different surface hydrophobizing techniques, the selection of experimental parameters have
a great effect on the surface properties and, thus, on the superhydrophobic behavior of the samples.
In particular, Chen et al. [8] observed that the chemical etching time has an important effect on the change
in the wettability behavior of the aluminum surface from hydrophilic to hydrophobic. Shi et al. [9]
produced a superhydrophobic surface on an aluminum sample using a two-step process. First, the
aluminum was hydrothermally treated to create a flower-like hierarchical structure. Afterward, the
obtained surface was treated by lauric acid to reduce the surface free energy.

In particular, some studies focused on the corrosion inhibition of superhydrophobic surfaces.
Indeed, Dou et al. [10] showed in their study of the corrosion behavior of a copper superhydrophobic
surfaces that the resistance to corrosion of these surfaces increased by more than 102 times in a
marine environment.

Moreover, the superhydrophobic surfaces optimized by Li et al. [11] on 6061 Al alloy showed
a corrosion resistance efficiency of about 76% compared to the hydrophobic surface. In addition,
Feng et al. [12] created a superhydrophobic surface with a water contact angle above 156 and a sliding
angle of about 3◦ on an Al alloy characterized by a long-term corrosion resistance.

On the other hand, several studies showed that the deposition of a self-assembled silane
monolayer on the surface is an efficient strategy to reduce the surface energy and improve the surface
hydrophobicity [11,13–17]. The self-assembly is a convenient route to prepare well-defined and highly
ordered monolayers [18,19]. In contrast to ultrathin films made by chemical vapor deposition (CVD),
and molecule beam epitaxy (MBE), self-assembled monolayers are highly oriented and can incorporate
a wide range of groups both at the chain terminal and in the alkyl chain [20]. Moreover, thanks
to their stable and dense structure, self-assembled monolayers have possible applications in wear
protection, corrosion prevention, chemical and biochemical sensing, and the optical field. Among
several self-assembled films, alkylsilane exhibits favorable properties such as mechanical and chemical
stability thanks to the strong siloxane bondings [21,22].

However, even if significant efforts have been carried out to elaborate superhydrophobic surfaces,
the multi-step preparation and relatively high costs are still drawbacks for their wide use in industrial
applications. Thus, further knowledge on manufacturing methods is required for the purpose of better
understanding the relationship between the hierarchical structure and the wettability behavior of the
surfaces to enhance the corrosion inhibition.

In the present study, different superhydrophobic surfaces were prepared through the combination
of three types of roughening approaches and low-surface-energy self-assembled alkylsilane on
a 6082-T6 Al alloy. Micro/nano-roughness morphologies were obtained by three pre-treatments:
(1) Boiling treatment, (2) etching using HNO3/HCl solution, and (3) chemical etching in HCl/HF
solution. Subsequently, a self-assembled silane monolayer was applied on the rough surfaces via the
dip-coating process to exalt the hydrophobicity of these surfaces. Different superhydrophobic surfaces
were effectively prepared using these methods. Several techniques were used to characterize these
surfaces and deeply understand the effect of the morphology on their performances.

2. Materials and Methods

First, 6082-T6 aluminum alloy specimens (size: 3 cm × 2.4 cm × 0.2 cm) obtained from a
100 × 100 × 0.2 cm3 commercially laminated plate (chemical composition: Si 0.70–1.3%; Mg 0.60–1.2%;
Fe ≤ 0.50%; Cu ≤ 0.10%; Mn 0.40–1.0%; Cr ≤ 0.25%; Zn ≤ 0.20%; Ti ≤ 0.10% and balance Al) were used
as substrates. Octadecyltrimethoxysilane (C21H46O3Si, 90%) and hydrofluoric acid (48% concentration)
were purchased from Sigma-Aldrich. Hydrochloric acid (37% concentration) and nitric acid (60%
concentration) were purchased from Carlo Erba. In addition, bi-distilled water with a resistivity of
18.0 MΩ·cm, from Best-Chemical, Vairono Patenora, Italy, was used throughout the experiments.

The as-received 6082 aluminum alloy samples were ultrasonically cleaned in ethanol, acetone,
and ultra-pure water for 5 min before roughening treatment. In order to create a hierarchical structure
on the aluminum surface, the samples were divided into three batches: The first batch was treated
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in boiling water for 5 min, the second one was chemically etched in HNO3/HCl (1:3) for 1 h, and the
third one was etched in Beck’s HF/HCl solution for 15 s. Then, the made specimens were ultrasonically
washed and dried at 70 ◦C for 1 h. Afterward, the rough samples were immersed in 1 vol.%
octadecyltrimethoxysilane/toluene solution for 10 min at room temperature and dried in an oven at
100 ◦C for 180 min for silane curing. All the parameters were optimized based on the literature [23–25]
and preliminary tests performed in our laboratory. Table 1 illustrates the specimen details.

Table 1. Samples details.

Code Step 1 Step 2

A_R – –
A_RS – Silane
A_W Boiling water –

A_WS Boiling water Silane
A_N HNO3/HCl –

A_NS HNO3/HCl Silane
A_F HF/HCl –

A_FS HF/HCl Silane

The surface morphologies of the specimens were studied by using a focused ion dual beam/scanning
electron microscope (FIB-SEM ZEISS Crossbeam 540). Moreover, the coating composition was evaluated
via energy-dispersive spectroscopy (Aztec Oxford, EDS). The roughness of the surfaces was measured
using the profilometer SJ-210 (Mitutoyo, Japan).

The static water contact angles (WCAs) of the different aluminum surfaces were measured using
an Attension Theta Tensiometer (Biolin Scientific, Sweden) following the sessile drop technique (≈3 µL).
The sliding angles (WSA) were recorded by tilting the platform until the water droplets rolled off the
surfaces. For each treatment step, five samples were prepared in order to ensure the reproducibility of
the process. Fifty replicas of water contact angle (WCA), located on the surface to obtain a regular
grid, for each sample were performed, and the average values and standard errors of WSA and WCA
were calculated.

Electrochemical measurements were performed, using a BioLogicSP-300 potentiostat, at ambient
temperature in simulated seawater (3.5 wt.% NaCl solution) open to air. A standard three-electrode
cell, having a platinum wire as the counter electrode, a saturated Ag/AgCl electrode as the reference
electrode, and the superhydrophobic sample as the working electrode, was used as the working cell.
The exposed area of the working electrode was 1 cm2. Prior to the test, each sample was in contact
with the NaCl solution for 30 min to ensure the steady state. The potentiodynamic polarization curves
were collected with a scanning rate of 0.2 mV/s.

3. Results and Discussions

3.1. Surface Morphology and Roughness

The effect of the manufacturing process on the sample surface was primarily evaluated by
morphological studies.

Figure 1 shows SEM images of the aluminum alloy samples prepared by the three roughening
processes: Boiling (A_WS), HF/HCl etching (A_FS), and HNO3/HCl etching (A_NS). Clear modifications
were observed on all the surfaces after the roughening treatment. However, the silane self-assembled
monolayer did not affect the surface morphologies. Combined micro/nano-structures were formed
after the boiling treatment and the two types of acidic etching. The different surfaces are characterized
by high homogeneity thanks to the efficient and no localized pretreatment. However, different sorts of
surface morphologies can be identified.
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Figure 1. Low-magnification and high-magnification SEM images of aluminum alloy sample prepared
by (a) boiling (A_WS), (b) HNO3/HCl etching (A_NS), and (c) HF/HCl etching (A_FS).

Several flower-like petals with thicknesses of about 20–30 nm and a great deal of cavities with
diameters around 100 nm appear at the boiled aluminum surface. The adjacent flower-like petals
overlap and connect with each other, creating, during its growth, a micro/nano-structure. In fact, in
the initial stage of the aluminum substrate immersion in boiling water, a reaction between the Al and
H2O occurs:

2Al + (3 + χ)H2O→ Al2O3.χH2O + 3H2 ↑ (1)

Thus, Al at the surface of the AA6082 transforms into Al2O3.χH2O. This latter reacts with H2O to
generate an AlO(OH) crystal called boehmite, resulting in the flower-like rough structure [6,12,26,27].

Moreover, the surface etched with HNO3/HCl solution appears as a multiple-scale structure with
dimensions of 2 to 4 µm (microstructure). Nanometric pits, with dimensions lower than 200 nm, are
randomly nucleated on the aluminum surface of these scales [25]. This bimodal structure is formed
thanks to the associated action of the two acids [28]. The vigorous reaction of the aluminum alloys with
the hydrochloric acid probably induced the formation of the microscales following the crystallographic
orientation. However, the nitric acid, which is an oxidizing acid that can have a passivation property,
has low corrosive action on the aluminum alloy. Thus, it can participate only on the formation of
nano-pits [29].
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On the other hand, the structure formed by the HF/HCl etching is totally different from the
HNO3/HCl one. In fact, this etching induced the formation of large deep attack zones in the microscales
and a large amount of clean-cut and rugged nano-ladder structures over the AA6082-T6 surface.

The main reason for the deep attack zone’s appearance is the presence of the several dislocation
defects and the crystal boundaries in the aluminum alloy with a relatively greater energy in crystalline
metals that are prone to damage when attacked by etchants [30,31]. In particular, HF has a great effect
in dissolving the silicon (Si) impurities distributed on the aluminum alloy surface [32].

In order to quantify the different surface morphologies in the surface structure, the roughness
parameters: Ra, Rq, and Sku, were determined using a Mitutoyo profilometer. Ra is the arithmetic
average of the absolute values of the profile heights, Rq is the root-mean-square average of the profile
roughness, and Sku is a measure of the height distribution and provides information about the number
of valleys and hills on the surface [33]. As the basic strategy behind creating a superhydrophobic
surface is making a hierarchical structure, the roughness parameters Ra and Rq are not enough to
explain the superhydrophobicity; we need other factors such as the skewness parameter to complete
interpretation. In fact, the Sku parameter measurement showed that the method of roughening has
a great effect on the peaks/valleys distribution [34]. These parameters are summarized in Table 2.
The as-received (A_R) sample has a low roughness of Ra = 0.254 µm and Rq = 0.301 µm. Moreover,
Sku (= 0.256) indicates that the height distribution on the A_R surface is symmetric. After treatment
with the different roughening processes, the surface roughness clearly increased. In fact, the A_WS
sample is characterized by a positive skewness value (1.063), indicating a large number of peaks and a
few valleys on the surface. Thus, the silane layer is likely mainly deposited on the peaks of this surface.
However, the negative skewness obtained on the A_NS surface indicates a greater percentage of the
profile above the mean line and a number of valleys higher than the number of peaks. On the other
hand, the Sku value of the A_FS sample is around zero (0.234), indicating a symmetric and regular
distribution of peaks and valleys on the surface [35]. These different profiles are illustrated in Figure 2.

Table 2. Roughness parameters of different prepared samples.

Samples Arithmetic Roughness Ra
(µm)

Root-Mean-Square Roughness Rq
(µm) Skewness (Sku)

A_R 0.254 0.301 0.256
A_WS 0.297 0.382 1.063
A_NS 4.151 4.800 −0.783
A_FS 1.427 1.722 0.243

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 15 

Table 2. Roughness parameters of different prepared samples. 

Samples 
Arithmetic Roughness Ra 

(μm) 
Root-Mean-Square Roughness Rq 

(μm) 
Skewness 

(Sku) 
A_R 0.254 0.301 0.256 

A_WS 0.297 0.382 1.063 
A_NS 4.151 4.800 –0.783 
A_FS 1.427 1.722 0.243 

 
Figure 2. Scheme of the as-received (A_R), A_WS, A_NS, and A_FS profiles. 

3.2. Element Analysis 

The EDS technique was used to investigate the chemical compositions of surfaces. 
Figure 3 shows the recorded EDS spectra of the as-received surface A_R (a) and the treated 

surfaces A_WS (b), A_NS (c), and A_FS (d). The EDS quantitative analysis of the A_R aluminum 
substrate reveals a composition rich in Al and confirms the presence of the alloy elements Si, Mg, Mn, 
and Fe. Small peaks of carbon and oxygen were also evidenced, due to contamination. However, the 
spectra of the treated surfaces reveal a great increase in the percentages of C and O, indicating that a 
silane layer was successfully grafted on the rough aluminum substrate [26,36]. 

Figure 2. Scheme of the as-received (A_R), A_WS, A_NS, and A_FS profiles.

3.2. Element Analysis

The EDS technique was used to investigate the chemical compositions of surfaces.
Figure 3 shows the recorded EDS spectra of the as-received surface A_R (a) and the treated

surfaces A_WS (b), A_NS (c), and A_FS (d). The EDS quantitative analysis of the A_R aluminum
substrate reveals a composition rich in Al and confirms the presence of the alloy elements Si, Mg, Mn,
and Fe. Small peaks of carbon and oxygen were also evidenced, due to contamination. However, the
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spectra of the treated surfaces reveal a great increase in the percentages of C and O, indicating that a
silane layer was successfully grafted on the rough aluminum substrate [26,36].Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 15 

 
Figure 3. EDS spectra of A_R (a), A_WS sample (b), A_NS sample (c), and A_FS sample (d). 

Figure 4 shows FTIR spectra of A-WS. In this spectrum, the broad peak at 3450 cm−1 is assigned 
to the stretching vibration of silanol (O-H group). The peaks at 950 and 800 cm−1 are due to Si-O 
stretching and the deformation of Si-OH, respectively, in silanol. The peaks at 1100 and 470 cm−1 are 
due to asymmetric and symmetric stretching of Si-O-Si in the siloxane group, respectively. This 
spectrum also reveals the presence of two peaks of around 2930 and 2840 cm−1, which are 
characteristic bands of silane corresponding to symmetric and antisymmetric stretching of the –CH2 

group, respectively. The presence of these bands could be attributed to the entanglements of 
hydrocarbon chains after the monomer due to the polymerization on a surface and also to the effect 

Figure 3. EDS spectra of A_R (a), A_WS sample (b), A_NS sample (c), and A_FS sample (d).

Figure 4 shows FTIR spectra of A-WS. In this spectrum, the broad peak at 3450 cm−1 is assigned to
the stretching vibration of silanol (O-H group). The peaks at 950 and 800 cm−1 are due to Si-O stretching
and the deformation of Si-OH, respectively, in silanol. The peaks at 1100 and 470 cm−1 are due to
asymmetric and symmetric stretching of Si-O-Si in the siloxane group, respectively. This spectrum
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also reveals the presence of two peaks of around 2930 and 2840 cm−1, which are characteristic bands
of silane corresponding to symmetric and antisymmetric stretching of the –CH2 group, respectively.
The presence of these bands could be attributed to the entanglements of hydrocarbon chains after the
monomer due to the polymerization on a surface and also to the effect of neighboring electrons drawing
a carbonyl group [37]. The small peak at 1450 cm−1 corresponds to the Si-CH2 bending vibration
present in silane [38]. Thus, the presence of these characteristic bands of silane in the spectrum of A-WS
confirms the formation of a self-assembled silane monolayer on the surface of the aluminum substrate.
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3.3. Wettability Behavior

In order to assess the relationship between the different obtained morphologies and the surface
wettability behavior, the water contact angles of the as-received and modified samples were measured
and are shown in Figure 5 and Table 3.

Table 3. Summary of water contact and sliding angles at AA6082 surfaces after different treatment steps.

Samples CA (◦) SA (◦)

A_R 69 ± 3◦ –
A_RS 101 ± 2◦ 55 ± 6◦

A_W 16 ± 2◦ –
A_WS 174 ± 3◦ >90◦

A_N 23 ± 3◦ –
A_NS 160 ± 3◦ 26 ± 5◦

A_F 12 ± 2◦ –
A_FS 179 ± 3◦ 0◦

After roughening pretreatment, the aluminum alloys, ultrasonically cleaned and dried, showed
static contact angles lower than 25◦ with water in accordance with Wenzel theory. Indeed, as stated by
the theory of Wenzel, the wettability of the hydrophilic surface increases when its roughness increases.
The substrates after the growth of the self-assembled silane monolayer exhibited a great change in the
surface states by altering their wetting properties.
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on Al alloys surface: (ai) A_R; (bi) A_W; (ci) A_N; (di) A_F where a0 is the just-cleaned sample, b0 is
the boiled sample, and c0 and d0 are the etched samples.

The wettability of the surfaces depends sensitively on both surface morphology and surface
energy. In fact, the roughening pretreatment induced the decrease in the water contact angle of the
as-received aluminum surface from 69 ± 3◦ to <25◦. Then, these surfaces became superhydrophobic
with a water contact angle higher than 150◦ after silane deposition. This rise in contact angle is a result
of the reduction in the surface energy thanks to the alignment of hydrophobic organic alkyd chains on
the topside of the self-assembled silane monolayer. We also evaluated the effect of silane deposition
on the surface of the as-received surface. The water contact angle of the A_R surface increased from
around 69◦ to around 101◦ after silanization, confirming the decrease in the surface energy. The best
result was observed for the A_FS sample that is characterized by an average water CA of around
180◦ and a very low water sliding angle (≈ 0◦). In fact, the water droplet fell down, hit the substance,
and directly rebounded upward before rolling off the Al surface without any residual water. Instead,
the A_NS sample showed an average WCA of about 160◦ with an intermediate WSA (26 ± 5◦), and
the A_WS was characterized by an WCA of about 174◦ and a high water adhesion on its surface
(SA > 90◦). This difference on the water repellency behavior between the three batches is due to the
transition between Wenzel and Cassie–Baxter regimes [24]. According to Wenzel’s model, the water
fully penetrates the surface valleys [39]. Thus, it is a homogeneous wetting mode resulting in a high
contact angle and high water adhesion to the surface. However, in the Cassie–Baxter model, the surface
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roughness traps air pockets and the water rests on the air/solid interface; thus, the water droplets on
the surface are easy to roll [40].

The air entrapped in the liquid/solid interface of the A_FS surface reduces the contact area between
the water droplet and the sample surface, according to the Cassie–Baxter state, inducing a high water
repellency at a null sliding angle. However, for the A_WS, the liquid fully penetrates in the surface
cavities, forming a continuous water/substrate contact line resulting in a very high sliding angle (>90◦)
following the Wenzel state. On the other hand, A_NS, with a sliding angle of about SA ≈ 25◦, evidenced
an intermediate state between Wenzel and Cassie–Baxter. Therefore, the adhesion behavior depends
on the quantity of air entrapped on the substrate and, thus, on the morphology of the surface.

The self-assembled layers were grown by using toluene solution as an apolar reaction medium.
Several solvents have been utilized in the literature, such as ethanol [41], toluene [25], and hexane [31],
for self-assembled silane monolayers. However, only the polar solvents have been extensively
used under the consideration that they dissolve the molecules well. Recently, Nie [42] demonstrated
experimentally that the dielectric constant of the solvent has a great role in producing the self-assembled
monolayers because it measures the ability of dissolving or separating charged particles. Thus, not
only the polar solvent but also the apolar solvent with an appropriate dielectric constant is able to
align and concentrate the polar head-groups of the molecules on its surface. Then, when physical
contact between the hydrophilic substrate and the apolar medium occurs, the aligned silane molecules
spontaneously transfer onto the hydrophilic surface, forming a self-assembled monolayer that makes
the dip-coating suitable for industrial application [31,41,43]. In our case, the interaction between the
octadecyltrimethoxysilane and the toluene probably renders a situation where the S18 molecules are
well dispersed and oriented. These molecules spontaneously transfer and align on the aluminum
alloy hydrophilic surface, forming a monolayer with oriented hydrophobic organic alkyl chains on the
topside of this layer, as shown in Figure 6. The formation of the silane layer induced the reduction in
surface energy and, thus, the reduction in the affinity of the surface with the polar liquids [44].
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However, the difference in contact angles between the three superhydrophobic surfaces suggest
that the polarity of the solvent is not the only factor that influences the orientation of the amphiphilic



Appl. Sci. 2020, 10, 2656 10 of 15

molecules but also the morphology of the surface. The silane functional long alkyl chains formed a
monolayer on the aluminum surface thanks to the high reactivity of the Si-OH silanol groups with
the Al-OH aluminum hydroxyl groups [45]. However, the silane monolayer structure, which strongly
depends on the surface profile, cannot be optimized when the silanol groups interact only with limited
surface sites.

On the surface of A_W, the flower-like structure overlapped and connected petals that may
limit the silane deposition on the cavities. Indeed, the reaction between the silanol groups (Si-OH)
of the silane and the hydroxyl groups (Al-OH) of the aluminum surface is limited on these narrow
cavities that may induce a partial saturation of the –OH sites, resulting in a high water adhesion.
However, the silane is mainly deposited in the A_N surface cavities due to the large number of valleys
in this structure, as shown by the skewness factor, inducing the reduction in the surface roughness.
This limits the contribution of the surface hierarchical structure on the superhydrophobic behavior
where an intermediate water adhesion (≈26◦) and quite low contact angle (164◦), compared to the other
surfaces, were observed. The synergic effect of the micro/nano-structure and the symmetric and regular
distribution of the peaks and valleys on the A_F surface (Sku ≈ 0) induced the formation of a uniform
silane monolayer, resulting in a very high contact angle (180◦) and great water repellency (SA ≈ 0◦).

3.4. Corrosion Resistance

Superhydrophobic surfaces were elaborated by the three proposed methods. This reduction in the
wettability of these surfaces may deeply affect their corrosion resistance. For this reason, the corrosion
resistance of the prepared samples was evaluated.

Table 4 shows the open circuit potential values (OCPs), in seawater, of the different prepared
samples. The results clearly demonstrate that the OCP is strongly influenced by the presence of silane
on the aluminum alloy surface [46]. Indeed, all the silanized surfaces showed OCPs more noble than
the non-silanized ones.

Table 4. Open circuit potential values (OCP) of AA6082 surfaces after different treatments steps in
3.5 wt.% NaCl solution.

Code OCP(V) Ecorr (V vs. SCE) Icorr (µA/cm2)

A_R −0.931 −0.906 21.17
A_RS −0.786
A_W −0.769

A_WS −0.698 −0.735 0.04
A_N −0.645

A_NS −0.537 −0.449 0.03
A_F −0.620

A_FS −0.472 −0.419 0.03

In addition, the corrosion resistance can be roughly estimated by means of a potentiodynamic
polarization test. Figure 7 shows the potentiodynamic curves recorded for the as-received sample
(A_R) and the three superhydrophobic samples with different water contact angles/water sliding angles
in 3.5 wt.% NaCl solution. The electrochemical parameters such as the corrosion current density (Icorr)
and the corrosion potential (Ecorr) derived from the potentiodynamic polarization using the Tafel
extrapolation approach are also reported in this figure. A lower corrosion current density (Icorr) and a
higher corrosion potential (Ecorr) indicate a better corrosion resistance [24,47].
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It can be seen that the corrosion potential of the aluminum alloy positively increases in the
presence of superhydrophobic surfaces from −0.906 to −0.734 V for the A_WS sample, –0.449 for the
A_NS sample, and then –0.419 mV for the A_FS sample. The low corrosion resistance of the untreated
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aluminum alloy is due to the pitting corrosion that occurs after immersing in an aggressive environment
containing Cl−. However, the corrosion current density decreases by about three orders of magnitude
(from 21.17 µA × cm−2 for the untreated surface to ≤0.04 µA × cm−2 for the superhydrophobic surface),
demonstrating that the instantaneous corrosion rate of aluminum alloy decreases when the water
repellency of the surfaces increases.

The order of corrosion resistance is A_FS, A_NS, A_WS, and A_R. This order is consistent
with water repellency results, where sliding angles to the superhydrophobic surfaces were in the
order of A_WS > A_NS > A_FS. In particular, the A_FS is the noblest specimen thanks to its high
water repellency.

Thus, the elaborated superhydrophobic aluminum alloy surfaces have better corrosion resistance
than the as-received AA6082-T6 alloys. In fact, the corrosion behavior of the samples is affected by the
surface morphology. The superhydrophobic surface traps air within the valleys on the hierarchical
interface when immersed in seawater (3.5 wt.% NaCl) solution. Therefore, the trapped air in
micro/nano-hierarchical structures of the superhydrophobic samples acts as an “air cushion” to prevent
the penetration of corrosive ions (Cl−), effectively resulting in excellent corrosion protection [48–50].
These results are in significant accordance with literature. In fact, Feng et al. [27] showed that the
superhydrophobic aluminum alloy surfaces have better corrosion resistance than untreated aluminum
alloys. In addition, He et al. [51] found that the superhydrophobic surfaces improved the corrosion
resistance of aluminum in sterile seawater.

To sum up, the proposed sol–gel self-assembling approach of the silane layer coupled with the
different roughening treatments significantly improved the water repellency and, thus, the corrosion
resistance of the aluminum alloy AA6082-T6. In addition, this approach opens the door to various
industrial applications thanks to the controllable wettability behavior.

These results are promising for further investigation to understand the effect of hierarchical
morphologies on the interactions of the surface with liquids, at different polarities, not only in static
but also in dynamic conditions.

4. Conclusions

Superhydrophobic surfaces were successfully obtained by the cooperation of a low-surface-energy
self-assembled silane coating and surface roughness with a hierarchical micro/nano-structure.
The wettability behavior of the aluminum alloy surface varies with the roughening processes. In fact,
the highest contact angle ≈180◦ and the lowest sliding angle were achieved by HF/HCl chemical
etching. However, a very high water adhesion (SA > 90◦) coupled with high contact angle (174◦) were
obtained by the boiling process. An intermediate sliding angle with a quite low contact angle (160◦),
compared to the other samples, was observed on the surface prepared by HNO3/HCl chemical etching.
This difference in contact and sliding angles is due to the different obtained morphologies, which
affect the silane monolayer deposition on the surface of the aluminum alloy. The corrosion resistance
of the superhydrophobic aluminum surfaces was evaluated by electrochemical tests in seawater.
The corrosion resistance increases with the enhancement of surface water repellency, indicating that
the surface with a lower sliding angle has better corrosion resistance. Thus, the superhydrophobic
aluminum alloy surfaces demonstrate a significant increase in the corrosion resistance compared to the
as-received one.
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