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Abstract 

One of the ways to protect metal surfaces from a corrosive environment that recently gained 

popularity is the creation of continuous surface films that feature water-repellent properties and 

the self-cleaning ability (the so-called superhydrophobic films). In academic and engineering 

publications, the term “superhydrophobic surfaces” is used for surfaces on which the contact 

angle of wetting with water and aqueous solutions exceeds 150°, a drop of water rolls off the 

surface when it is tilted by no more than 10°, and the surface exhibits a pronounced self-cleaning 

tendency. A known drawback of chemically produced superhydrophobic coatings (SHCs) is 

their low wear resistance. In this study, we examined the possibility of enhancing the wear 

resistance of SHC by preliminary anodic oxidation of aluminum and its alloys. An electrolyte 

for anodic oxidation of the surface of an AMg6 aluminum alloy containing 15 wt.% H2SO4 and 

15 wt.% H3PO4 was developed. It was found that anodizing in the electrolyte based on sulfuric 

and phosphoric acids results in the formation of anodic oxide films with the required well-

developed microstructured relief. It has been found that the preliminary anodizing of the 

aluminum surface leads to an increase in the adhesion strength with the next SHC and, 

consequently, to an increase in its wear resistance. Corrosion tests in a salt fog chamber showed 

that the developed coating withstands 830 hours in salt fog (5% NaCl) before the first centers 

of corrosion of the substrate appear, while the untreated aluminum alloy begins to corrode after 

22 hours of exposure.  
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Introduction 

Materials exhibiting the so-called “lotus effect” are called superhydrophobic. A 

manifestation of this effect is that when a water droplet contacts with such a material, it 

assumes a shape close to spherical, and if the material is slightly slanted with respect to the 

horizon, the droplet rolls down from the surface and captures all surface contaminants during 

its motion [1–4]. Materials are called superhydrophobic if they simultaneously feature three 

properties: the contact angle exceeds 150°, the roll-off angle does not exceed ten degrees, 
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and, finally, the surface self-cleaning effect occurs when water drops roll off the surface. 

The lotus effect or superhydrophobic surfaces are not a unique phenomenon in nature and 

are characteristic of many plants and insects. Water precipitating on the surface of leaves 

rolls down in the form of drops and, while draining from the leaf, captures dust particles with 

it, thus cleaning the surface of the plant [3–7]. Imparting superhydrophobic properties to a 

surface is used in practice to obtain anticorrosive, antifouling, or anti-icing coatings [8–19] 

and for the production of dirt-repellent textile materials [20]. In recent years, the creation of 

continuous superhydrophobic (SHP) self-cleaning films on the surface of metals is among 

the most popular methods for protecting metal surfaces from a corrosive environment. For 

example, due to the small thickness, the natural film on the surface of aluminum often does 

not provide reliable protection against corrosion, for example, in a humid industrial 

atmosphere or in sea water. Numerous studies of the possibility of imparting 

superhydrophobic properties to Al surface have shown that the development of stable SHP 

coatings can become a promising technology for corrosion protection [6, 8, 21–23], 

including an alternative to the process of its passivation with solutions of highly toxic Cr(VI) 

compounds. The preparation of a superhydrophobic surface usually includes two stages: the 

first stage involves the formation of a surface with microstructural roughness, followed by 

modification of this surface with low surface energy compounds containing long alkyls and 

often perfluorinated chains [3, 6, 8, 24]. 

To create the required surface roughness, chemical vapor deposition of ordered 

structures followed by treatment with hydrophobic reagents [6, 8], sol–gel technology [25–

27] and laser irradiation [28, 29] are used. However, the fabrication of these 

micro/nanostructures usually requires special conditions, expensive materials, and complex 

technology, which limits the use of SHP coatings. 

The anodizing process can also be used to create the necessary roughness of the 

aluminum surface [30, 31]. Many of the existing methods are based on the use of biologically 

toxic reagents, fluorosilanes, which are also rather expensive. As an alternative to the use of 

fluorine-containing compounds, phosphonic acids or higher carboxylic acids, such as stearic, 

can also be used [6, 8, 32, 33]. 

In this work, we study the anodic texturing of the surface of products made of Al and 

its alloys followed by hydrophobization in solutions based on stearic acid.  

Experimental 

Aluminum AMg6 grade alloy with the following composition (in %) was selected for 

treatment: Al 91.1–93.68, Mg 5.8–6.8, and Mn 0.5–0.8. Samples with dimensions of 

30×40×1 mm were degreased in a solution containing (g/L): Na3PO4·12H2O, 22; Na2CO3, 

25; NaOH, 7.5; Na2SiO3, 10; and DS-10, 4, at 60–70°C for 10 min. The alloy surface was 

etched with 10% NaOH solution for 30 s at 70°C. Stearic acid was employed as the 

hydrophobizing agent. To dissolve stearic acid, a binary system obtained by mixing given 

amounts of dimethyl sulfoxide DMSO and distilled water was used. After hydrophobization, 

the samples were washed and dried at 80°С for 10 min. 
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The drop method was used for the accelerated assessment of the protective ability of 

conversion coatings. This is an express method that uses Akimov’s solution, which contains: 

CuSO4·5H2O 82 g/L; NaCl 33 g/L; and 0.1 N HCl, 13 mL/L. The PAA (protective ability 

according to Akimov) of conversion coatings on aluminum or its alloys was estimated 

according to this method as the time (in seconds) until the color of the surface under a drop 

changes from gray to black [34]. 

The contact angle of water on aluminum plates was determined using a KRUSS DSA25 

device (Germany). To operate a goniometer, pictures of drops were taken with a camera, and 

then the contact angle was calculated using software. Water drops with a volume of 2–5 μL 

were applied to the surface of the samples, and the contact angle was first determined by 

measuring the slope of the tangent to the drop at the liquid/solid interface. For an accurate 

assessment, the water contact angle was calculated by taking measurements at 4–6 different 

locations on the sample. Purified water was used in all these experiments. The experiments 

were carried out at room temperature (~25°C) and at constant air humidity (~60%). 

Thу same goniometer was also used to determine the drop roll-off angle. 

Corrosion tests were carried out in an Ascott S450iP salt fog chamber (UK) in 

accordance with ASTM B117 standard. 5% NaCl (pH 6.5–7.2) salt solution was used, which 

was sprayed inside the chamber with the test samples. The temperature in the chamber was 

35°C and the humidity was 95–100%. Inspection of the samples was carried out 3 times a 

day to detect the appearance of the first corrosion spots. 

The surface topography of the samples with the coatings in question was studied using 

a 3D optical profilometer (SuperView W1, CHOTEST, China). The profilometer was 

configured in the scanning phase-shifting interferometer mode, the declared resolution along 

the Z axis was 0.1 nm, and the measurement accuracy was 0.7%. Profilometers of this type 

include an interferometer with a reference plate installed in one arm and the sample under 

study in the other. To measure the path difference of the interfering rays, the interference 

pattern was modeled and converted into a photoelectric signal, after which information about 

the surface profile was extracted from the phase component of the detected signal. 

Monochromatic radiation generated by a green LED was used to obtain the interference 

pattern. 

To determine the features of the relief (morphology) of the surface of the conversion 

coatings formed on aluminum samples, the surface was photographed with a scanning 

electron microscope (Thermo Fisher Scientific Quattro C) equipped with an Everhart and 

Thornley R580 SE secondary electron detector at an accelerating voltage of 10 kV, a probe 

current of 0.18–3 nA, an aperture size of 20 µm, and a focal length of 10 mm in high 

vacuum. The sample was located perpendicular to the incident electron beam, and the 

detector was tilted with respect to the surface being studied. The object was photographed 

with a magnification of 10000 with a 25 cm diagonal length of the raster image on the 

monitor. 

Polarization measurements were carried out using an Autolab PGT302N potentiostat in 

potentiodynamic mode at a scanning rate of 0.5 mV/s. Samples of galvanized steel with 
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coatings being developed were used as the working electrodes. The electrode potentials were 

measured relative to the silver chloride electrode, and their values were converted to the 

normal hydrogen scale. 

The Tafel extrapolation method was used to determine the values of the corrosion 

potential (Ecorr) and corrosion current density (icorr) [35]. The Ecorr and icorr values were 

determined from the coordinates of the intersection points of the extrapolated anodic and 

cathodic Tafel portions of the voltammograms. 

The mechanical durability of the surface of samples with a protective coating was tested 

according to the ASTM F735 standard [36]. The sample fixed at the bottom of a container 

was covered with a 20-mm high layer of calibrated sand (fraction from 500 to 800 µm). The 

container with sand was placed on the platform of an SHO-1D orbital shaker (Daihan, South 

Korea), which oscillated with a frequency of 300 min–1. The forces of inertia cause the entire 

mass of sand to move inside the container and exert a significant abrasive effect on the 

surface of the sample fixed at the bottom of the container. 

The specific pore surface area and porosity of the studied coatings were calculated from 

the low-temperature nitrogen adsorption-desorption isotherms obtained using a NOVA 600 

gas sorption analyzer (Anton Paar GmbH, Austria). The specific surface area (Ssp) of the 

samples was calculated by the BET (Brunauer–Emmett–Teller) method using the 

adsorption branch of the isotherm in the range of relative pressures (p/p0) 0–0.35. The 

volume (Vp) and diameter (dp) of the pores were calculated by the BJH (Barrett–Joyner–

Halend) method from the desorption branch of the isotherm. 

Results and Discussion 

The process of making the surface a superhydrophobic one usually consists of two stages: 

the first one is the creation of a microrough structure on the surface, while the second stage 

is the modification of the created microrough surface by adsorption of compounds containing 

long alkyl chains with low surface energy. 

A solution containing dimethyl sulfoxide and water in 7:1 ratio and stearic acid in an 

amount of 3 g/L was used as the object of the study. It makes it possible to form, at t =30°C 

and τ=10 min, superhydrophobic coatings (SHCs) with a contact angle of 160° [37, 38]. 

In treating the surface of AMg6 alloy with a solution of stearic acid in the binary 

DMSO/H2O solvent system, it can be assumed that aluminum stearate is predominantly 

formed on the surface, which is ultimately responsible for the hydrophobization effect 

achieved. Probably, the formation of a hydrophobic coating results from the sequence of 

stages shown in Figure 1 [37]. 

A microrough structure can be created on the surface in several ways: by etching, laser 

processing, anodic oxidation, etc. In this work, the effect of the parameters of anodic 

oxidation of AMg6 alloy on the properties of the finishing superhydrophobic coating was 

studied. 
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Figure 1. Scheme of the formation of a superhydrophobic coating. 

A solution containing 15 wt.% sulfuric acid was chosen as the electrolyte. Anodizing 

in this electrolyte was carried out for 20 min at a temperature of 25°C, the voltage on the 

bath being 12 V. It was found that the subsequent hydrophobization of the aluminum surface 

anodized in a sulfuric acid solution results in a coating with a high protective ability 

(PAA)=65 min. Despite the high protective ability, the contact angle of the surface was only 

125°, while the roll-off angle was 60° (Table 1). 

Table 1. Composition of anodizing solutions and characteristics of coatings. 

H2SO4 

concentration 

in the 

anodizing 

electrolyte, 

wt.% 

H3PO4 

concentration 

in the 

anodizing 

electrolyte, 

wt.% 

Θ, deg 
Roll-off 

angle, deg 

PAA, 

min 

Roughness, μm 

Ra Rz 

15 

0 125 60 65 0.16 0.82 

5 143 20 76 0.73 5.04 

10 162 8 70 0.4 3.28 

15 164 6 60 0.54 3.85 

20 158 9 35 0.45 3.68 

The isotherms of low-temperature nitrogen adsorption-desorption obtained using a 

NOVA 600 gas sorption analyzer made it possible to calculate the specific surface area and 

porosity of the oxide coatings (Figure 2). 

It has been found that the pore diameter of the oxide coating obtained from the sulfuric 

acid electrolyte is predominantly in the range of 6.6–12.5 nm. The specific pore area (Ssp) is 

1.37 m2/g. With an increase in the H3PO4 concentration in the sulfuric acid electrolyte, the 
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specific pore area decreases and formation of larger pores begins. The layers formed in the 

15 wt.% H2SO4+15 wt.% H3PO4 solution in 15 min at a temperature of 35°C and a voltage 

of 12 V show the highest protective ability (Table 1). The surface of anodized aluminum 

mainly contains pores with a diameter of 17.7–30.9 nm and a specific area of 0.15 m2/g. 

 
Figure 2. Pore distribution over the surface of anodized aluminum. Anodizing solutions:  

a –  15% H2SO4; b –  15% H2SO4+5% H3PO4; c –  15% H2SO4+10% H3PO4; d –  

15% H2SO4+15% H3PO4; e –  15% H2SO4+20% H3PO4. 

The photographs obtained using a scanning electron microscope made it possible to 

determine that the coatings obtained from the 15 wt.% H2SO4+15 wt.% H3PO4 solution 

followed by hydrophobization have a uniform structure on the entire surface (Figure 3). The 

maximum contact angle of the surface is 168°, and the roll-off angle is 6°. For comparison, 

the roll-off angle for the non-hydrophobized alloy exceeds 100°. 
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Figure 3. Images of the surface of anodized aluminum (×28000). Anodizing solutions:  

a –  15% H2SO4; b –  15% H2SO4+5% H3PO4; c –  15% H2SO4+10% H3PO4; d –  

15% H2SO4+15% H3PO4; e –  15% H2SO4+20% H3PO4. 

It is known that the surface morphology of anodized aluminum is affected by the bath 

voltage. Therefore, we studied the effect of voltage on the characteristics of 

superhydrophobic layers (Table 2). The experimental data obtained made it possible to 

determine that the optimal voltage of the anodizing process in this electrolyte for obtaining 

a superhydrophobic coating is 12 V. 
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Table 2. Dependence of the characteristics of the superhydrophobic coating on the bath voltage used for 

anodizing. 

Voltage Θ, deg Roll-off angle, deg 

10 166 7 

11 160 15 

12 168 7 

13 164 10 

14 166 7 

The effect of the duration of the treatment in a solution of stearic acid on the 

characteristics of the resulting coatings was studied. It was shown that if the duration of 

hydrophobization is increased to 10 min, the contact angle of the surface of the resulting 

coating increases to 168°. 

The effect of the concentration of stearic acid on the characteristics of the resulting 

coatings was studied. It was found that to improve the contact angle, a solution containing 

3–4 g/L of stearic acid should be used. 

Thus, to make the surface of anodized aluminum hydrophobic, it is recommended to 

use a solution containing 3–4 g/L of stearic acid and the following process parameters: 

t=30°C, τ=10 min, with stirring. 

Scanning microscopy of cross-sections was used to determine the thickness of the 

anodic oxide and the superhydrophobic layers formed on the aluminum surface. It was found 

that the thickness of the oxide layer formed after 15 min of anodization was 0.46 µm, while 

the thickness of the upper superhydrophobic coating was 2.617 µm (Figure 4). 

 
Figure 4. Photo of a microsection of an anodized aluminum sample with a superhydrophobic 

coating (×10000). 
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The wear resistance of the coatings being developed was studied in comparison with 

superhydrophobic coatings obtained by a technology that involves a preliminary etching 

stage. It has been found that the superhydrophobic coating on the aluminum surface loses its 

superhydrophobic properties after 15 min of the sand resistance test. Superhydrophobic 

coatings formed on anodized aluminum show greater wear resistance. The coating maintains 

superhydrophobic properties even after 20 hours of testing (Figure 5). The protective ability 

is reduced from 60 to 45 minutes. The coating ceases to be superhydrophobic after 22 hours 

of testing, though it is not erased completely. 

  
Figure 5. Dependence of the contact angle on the duration of abrasion. 1 –  etching+SHP;  

2 –  anodizing+SHP. 

Corrosion testing of samples of aluminum alloy AMg6 with oxide oxidation and a 

hydrophobic coating in a salt fog chamber showed that the developed coating withstands 

830 h in salt fog (5% NaCl) until the first corrosion sites appear on the metal, while the 

untreated alloy begins to corrode after 22 h (Figure 6).  

The data obtained correlate with the results of electrochemical studies (Table 3). The 

corrosion rate of anodized aluminum after superhydrophobization calculated using the Evans 

diagram is 5.5·10–10 A/cm2 and is smaller than the corrosion rate of the aluminum anodized 

in a sulfuric acid solution followed by thickening in hot water or in a solution for aluminum 

chromatizing. 

The results of corrosion tests also indicate that even if the coating loses 

superhydrophobic properties, it continues to provide strong protection of the alloy against 

corrosion: the appearance of the first corrosion site of the metal on the sample is only 

observed after 830 h of testing. 
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Figure 6. Results of corrosion tests in a salt fog chamber. 

Table 3. Results of electrochemical studies. 

Treatment type Еcorr, V (SHE) icorr, А/cm2 Kp, mm/year 

Al without processing –0.7 5.9·10– 7 0.019 

Al with hydrophobization –0.6 2.1·10– 6 0.069 

Anodizing in H2SO4 –0.5 1.24·10– 8 0.00041 

Anodizing in H2SO4 followed by thickening in 

water 
–0.76 5.3·10– 9 0.00017 

Anodizing in H2SO4 followed by chromatizing –0.64 1.7·10– 9 5.6·10– 5 

Anodizing in H2SO4+H3PO4 –0.45 8.5·10– 9 0.00028 

Anodizing in H2SO4+H3PO4 followed by 

hydrophobization 
–0.34 5.5·10– 10 1.8·10– 5 

It is known that the parameter of a hydrophobic coating that determines its self-cleaning 

ability is the roll-off angle of a water drop from its surface. If the roll-off angle is large, self-

cleaning of the surface is hindered and the corrosion resistance of the coating deteriorates. 

We studied the variation in the contact angle of the surface of hydrophobized anodized 

samples as a function of the duration of their exposure in a salt fog chamber. The results 

displayed in Figure 7 show that after 50 h of exposure, the surface retains superhydrophobic 
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properties, but after 100 h the contact angle decreases to 117°, which indicates the 

degradation of the protective coating. 

 
Figure 7. Contact angle of the surface as a function of the duration of corrosion tests in a salt 

fog chamber. 

In this study, we examined not only the roll-off angles, but also the self-cleaning 

tendency. The tests for removal of graphite powder from the surface are shown in Figure 8. 

 
Figure 8. Test of the self-cleaning capability: (1–3) AMg6 aluminum alloy substrate;  

(4–6) AMg6+anodizing+superhydrophobic coating. 
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The test samples were sprinkled with GK-3 graphite powder with a particle size less 

than 6 µm and placed at an angle of 5°. Drops of water were applied continuously to remove 

contaminants. Once the drops rolled off, carbon black remained on the samples of non-

hydrophobized aluminum alloy. On the sample that was previously anodized and a 

superhydrophobic coating was applied on it (Figure 8 d, e, f), water drops bounced off the 

surface, carrying the simulated contaminants with them, which indicates a good ability to 

self-clean the surface from contaminants. 

Conclusions 

As a result of the studies, an electrolyte was developed for anodic oxidation of the surface 

of an AMg6 aluminum alloy, which contained 15 wt.% H2SO4 and 15 wt.% H3PO4. It was 

found that anodizing in the electrolyte based on sulfuric and phosphoric acids resulted in the 

formation of anodic oxide films with a well-developed microstructured relief. 

It was found that the samples that were subjected to anodic oxidation exhibited the best 

resistance to abrasion. Such a coating lost its superhydrophobic properties after 20 hours of 

abrasion, whereas a superhydrophobic coating lost superhydrophobic properties after 

20 minutes. 

It was found that an increase in the concentration of stearic acid in the hydrophobizing 

solution to 4 g/L led to a significant increase in the contact angle of the surface up to 170°. 

Corrosion testing (ASTM B117) in a salt fog chamber showed that the developed 

coating withstood 830 hours under salt fog conditions (5% NaCl) before the first corrosion 

sites appeared on the metal, while the untreated aluminum alloy began to corrode after 

22 hours of exposure. 
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