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Abstract

The superhydrophobic (SHP) films on metal surfaces are the most important class of
multifunctional coatings with a number of useful properties: anti-corrosion, anti-fouling, self-
cleaning and anti-icing. To obtain the anticorrosive SHP coatings, a method is used that
combines a preliminary surface preparation with subsequent modification with a hydrophobic
agent. It is important that the creation of a specific surface texture is a necessary condition for
obtaining stable SHP coatings. In this article, we consider the possibility of obtaining the
protective films of on a smooth and laser-textured surface of 6063 aluminum alloy. It is shown
that the laser treatment of the alloy and subsequent modification in solutions of
vinyltrimethoxysilane, octyltriethoxysilane, and octadecyltrimethoxysilane leads to SHP of the
surface. The results degradation of SHP state of the alloy in water indicate a greater stability of
the films formed from solutions of hydrophobic trialkoxysilanes: octyltriethoxysilane and
octadecyltrimethoxysilane. The protective ability of SHP coatings was evaluated by polarization
measurements, electrochemical impedance spectroscopy and corrosion test in a salt spray
chamber. The electrochemical tests of the samples in a sodium chloride solution showed that
the SHP films effectively prevented local depassivation. It has been established that SHP films
formed from a solution of octadecyltrimethoxysilane have the best anticorrosive properties, and
the time until the appearance of the first corrosion damage in a salt spray test is Tcor=32 days.
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1. Introduction

Aluminum alloys are widely used as structural materials in many industries due to their good
mechanical properties, thermal and electrical conductivity. However, in chloride-containing
solutions, a marine and humid environment aluminum alloys are subjected to local corrosion
[1, 2].
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Previously, the methods based on the use very toxic of chromium (V1) compounds were
used to protect of aluminum alloys from corrosion [3]. Therefore, many efforts have been
made to develop non-toxic methods for protect of aluminum alloys: the application of
conversion [4, 5] and organic coatings [6], corrosion inhibitors (CIs) [7-9].

Various trialkoxysilanes (TAS) can be used as potential Cls [10]. They can form self-
organizing molecular layers on metal surfaces for corrosion protection [11].

The inhibition of metal corrosion by TAS is due to their interaction with the surface
hydroxyl groups of metals leading to the formation of metallosiloxane covalent bonds
—Si—0O—Me- and polycondensation of neighboring molecules in the surface siloxane layer
[12]. Itis known [13, 14] that TAS are chemisorbed from aqueous solutions on the aluminum
surface and to prevent general and local corrosion in chloride-containing media.

Despite the fact that TAS can be used as potential Cls, the main disadvantage of
siloxane films over chromate coatings is the absence of the so-called “self-healing” effect of
siloxanes. Numerous studies are aimed at eliminating this deficiency of silanes by
introducing SiO; nanoparticles [15] and cerium (111) compounds [16, 17] into the siloxane
film, which contribute to the “healing” of defects.

Recently, to increase the corrosion resistance of aluminum alloys the superhydrophobic
(SHP) coatings have become widespread [18, 19]. It’s known, to achieve the SHP state at
the first stage a surface with a multimodal roughness is obtained, which is subsequently
modified with perfluorinated TAS [20, 21].

In practice, the laser ablation is an effective method for the formation of microstructures
on a metal surface [22, 23]. The shape and size of the microstructures can be varied by
adjusting parameters of laser processing: laser power, frequency, pulse duration and
processing speed. It was shown in [23] that after a laser treatment the periodic structure of
aluminum oxide on the surface of the AMg3 aluminum alloy are formed. The subsequent
modification of this surface in a decane solution of fluorosilane forms an SHP coating with
a high contact angle ®.=173.4° and a small roll-off angle of 2.4°. In addition, the obtained
SHP coating effectively inhibits the corrosion of the alloy in chloride solutions.

However, despite the success of the use of fluorinated TASs to achieve the SHP state,
their practical use is limited not only by their toxicity, but also by high cost. An alternative
fluorinated compounds can be application of cheap, fluorine-free and environmentally
friendly TASs. This work reports the results of superhydrophobization of alloy 6063 surface
from water and water—ethanol solutions of TAS for its corrosion protection in chloride
media.

2. Experimental

2.1. Materials

The studies were carried out on 6063 aluminum alloy samples, content (wt%): Fe<0.35,
Si 0.2-0.6, Mn<0.1, Cr<0.1, Ti<0.10, Cu<0.1, Mg 0.45-0.9, Zn<0.1, Al — the rest.
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As hydrophobic agents, we used TAS solutions in water (methyltriethoxysilane (MTES,
97%, Penta-91), vinyltrimethoxysilane (VTMS, 97%, Penta-91), aminopropyltriethoxy-
silane (APTES, 99%, Penta-91)) and in a water—ethanol mixture (octyltriethoxysilane
(OTES, 97.5%, Sigma Aldrich) and octadecyltrimethoxysilane (ODTMS, 90%, Sigma
Aldrich)) (Table 1).

Table 1. Structural formulas of the TAS and IgP values.
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2.2 Preparation of SHP layers

The protective layers were studied on smooth and laser textured surfaces. In the first case,
aluminum samples 30x40x2 mm in size were polished with emery paper of various grain
sizes (up to 1500), degreased with ethanol, washed with distilled water, and dried in air for
60 min to form an oxide layer.

In the second case, to obtain a uniformly inhomogeneous rough surface, the samples
were processed with an air-cooled fiber-optic laser marker XM-30 with the following
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parameters of laser processing (LP): A (wavelength) 1.064 um, v (radiation frequency)
20 kHz, d (laser beam diameter) 0.01 mm, | (distance between linear trajectories) 0.01 mm,
v (speed of movement of the laser beam) 500 mm/s, W (laser power) 10 W. The treatment
was carried out with two laser passes in the perpendicular direction to the surface, i.e. with
obtaining a “mesh, cell” structure. Further, to remove the metal dust formed during the LP
process, the samples were washed with ethanol and dried in air at t=65°C.

The hydrophobic treatment of alloy 6063 samples was carried out at room temperature
t=20+2°C for 1 h, then the samples were dried for 1 h with air at 150°C and washed with
distilled water to remove physically adsorbed layers.

2.3 Optical microscopy

The micrographs of the alloy 6063 surface after mechanical polishing and LP were obtained
using an optical microscope Biomed-3 equipped with a camera Levenhuk M1000PLUS at
x100 magnification.

2.4 Water contact angle (©.) measurements

The hydrophobic properties of the protective layers on an aluminum alloy formed from TAS
solutions were evaluated by the value of the static contact angle ®.. To measure ©. the
samples were placed in a laboratory setup with a built-in camera DCM 300 and a drop of
distilled water (3—5 p-It) was placed on the surface under study. Determination of ® was
carried out from photographic images of a drop using the Corel R.A.V.E. 2.0 image editor.
To obtain reliable wetting characteristics, the initial ®. was measured 5-10 s after the
droplet landing on 5 different areas of the surface of each sample. The average value of the
angle was determined for 10 successive images of the drop.

The stability of the SHP properties of the coatings was estimated by the change in the
®. value with time during corrosion tests of samples in distilled water. The testing of
samples, which lasted up to 70 days, the ®. measurements were carried out after 7, 14 and
then every 14 days. The samples were removed from distilled water, dried at 150°C, ®. was
determined, and then returned to the solution to continue testing.

2.5 Polarization measurements and EIS

The electrochemical studies of the protective properties of SHP films were carried out by
the polarization (potentiodynamic) method. The polarization measurements were performed
in 0.05 M NacCl solution with pH 6.5, using an IPC-Pro MF potentiostat with a potential scan
rate of 0.002 V/s. The measured electrode potentials were converted to the normal hydrogen
scale. A platinum wire was used as the auxiliary electrode. A two-key silver chloride
electrode was used as the reference electrode. All electrochemical measurements were
carried out under static conditions at room temperature of the solution and with natural
aeration.
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To avoid damage of the SHP film formed on the surface of alloy 6063, the electrode
was not kept in the solution until Ec, was established. The resistance of alloy 6063 coated
with SHP films to the corrosive action of chloride ions was evaluated by the difference of
the local depassivation potentials, AE, =E;™ —Ey", which were determined from the
anodic polarization curves on samples after laser treatment (EthT) and with preliminary
modification with SHP agents (E;™).

Electrochemical impedance spectroscopy (EIS) was performed using an Autolab
PGSTAT302 potentiostat with an FRA32M module. The impedance spectra were recorded
in the frequency range f from 10 kHz to 0.1 Hz with AC voltage amplitude of 10 mV. Test
electrodes were prepared similarly to samples for contact angle and polarization
measurements. The results were processed using NOVA 2.1.4 software. The experimental
data were in agreement with the calculated data at least 95%.

2.6 Corrosion tests

The corrosion tests of aluminum samples with coatings of Cls were carried out in a salt spray
chamber (SSC) Weiss SC/KWT 450. The 5% NaCl (pH 6.9) was used as a salt solution in
the SSC. The chamber operated continuously in a cyclic mode (one cycle — 15 minutes of
spraying the salt solution, then the chamber was turned off for 45 minutes, then the cycle
was repeated). The tests were carried out at t=35°C and 100% humidity. Inspection of the
samples was carried out 3 times a day from the beginning of the tests to determine the time
until the appearance of the first corrosion damage tcor.

3. Results and Discussion

3.1 Surface morphology of alloy 6063

Figure 1 shows micrographs of the surface of alloy 6063 subjected to mechanical polishing
and LP. In the photograph of the smooth surface, there are small surface defects and traces
of mechanical polishing (a). After LP, a rough uniformly inhomogeneous structure (b) is
formed on the surface, and according to the results of profilometric measurements, the height
of irregularities in the selected LP mode does not exceed 8—12 um [24].
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Figure 1. Micrographs of the alloy 6063 surface after mechanical polishing (a) and LP (b).

3.2 The effect of laser treatment of surface on hydrophobic properties of the layers formed
from TAS solutions

The adsorption activity of organic compounds depends on hydrophobicity, which can be
quantitatively characterized by the logarithm of the distribution coefficient (IgP) of a
substance in a system of two immiscible liquids, octanol-water. The value of IgP is a
characteristic of the hydrophobicity of neutral molecules, and can be obtained both
experimentally and by calculation, using hydrophobicity f-constants of substituents [25].

The values of IgP for the studied TAS, calculated using the “ACDLABS 12.0”
software, can be arranged in the series APTES<MTES<VTMS<OTES<ODTMS (Table 1),
thus confirming the highest hydrophobicity of ODTMS molecules, which is even higher than
that of octadecylphosphonic acid, IgP =7.01+0.44 [26].

The smooth surface of alloy 6063 after mechanical polishing is hydrophilic and
characterized by a low value of ®.=26°. The modification of the surface in solutions of
MTES, AEAPTS and VTMS, possibly from aqueous solutions, due to their good solubility
in water at C=10 mM. However, the treatment of samples only in a VTMS solution leads to
hydrophobization, and ®.=97° (Table 2). The surface modification in MTES and AEAPTS
solutions is less effective, and the contact angle does not exceed 50°.

Because of the limited water solubility of TAS with a long alkyl chain, OTES and
ODTMS, their water—ethanol solutions were used for surface modification (the
water/ethanol volume ratio was 1:1 for OTES and 1:9 for ODTMS). Treatment of the
samples with an OTES solution leads to surface hydrophobization, ®.=101°, and
modification with an ODTMS solution increases the value of ®; to 105°. Thus, the efficiency
of the studied TASs in achieving the hydrophobic state is consistent with the calculated series
of IgP.



Int. J. Corros. Scale Inhib., 2022, 11, no. 1, 293—-306 299

Table 2. The values of contact angles (®c) and images of water droplets on smooth and textured surfaces of
aluminum alloy 6063 samples modified in TAS solutions.

O, degree
Treatment
smooth surface textured surface
Without treatment 0420
26+3°
e n
97+2° 155+3°
AEAPTS - OS
42+2° 1042
OTES
101+2° 157+2°
ODTMS
105+2° 160+3° -

For achieving the SHP state, it is necessary to take into account the surface morphology.
Indeed, after LP and subsequent treatment of samples in an aqueous solution of VTMS, the
surface becomes superhydrophobic, and ®.=155°. Treatment in solutions of MTES and
AEAPTS not only does not lead to surface superhydrophobization but even reduces the
values of contact angles obtained on a smooth surface. Modification of samples in OTES

and ODTMS solutions is more effective and gives ®.=157° and 160°, respectively.
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3.3 The stability of superhydrophobic silane coatings

To assess the effectiveness of SHP coatings and the possibility of their practical application,
it is important that they retain their properties in an aqueous environment.

The coating degradation was evaluated by the exposure of the samples in distilled water
for 70 days (Figure 2). For samples with VTMS films, the SHP state persists for 7 days of
testing, then the value ®, decreases, but after 14 days of exposure to water, the highly
hydrophobic state remains ®.=148°. Further, in time a decrease of the ®. occurs and after
70 days of exposure the surface loses hydrophobic properties.

The stability of films formed by TAS with a long alkyl radical is higher in aqueous
solution. The SHP state of samples with OTES films is retained for 21 days, and ODTMS —
28 days. Further exposure of the samples leads to a decrease of the values ®., however, even
after 70 days of testing in water, the surface remains hydrophobic.

It is important that the degradation of SHP properties of TAS films is uneven.
Therefore, after 20 days of testing on the samples single corrosion damage is observed, even
with saving of the SHP properties on many areas of the surface.

©, degrees
170 1
. ”"‘"""-'-"iff.i*"*“-'f-'i .......
------ 3. l
130 . !
90 -
70 1 !
7, days
50 v v T —
0 14 28 42 56 70

Figure 2. The evolution of contact angle ®. on alloy 6063 from the time of exposure of the
samples in water, previously subjected to LP, and then modified in ethanol solutions
containing 10 mM TAS: 1 — VTMS; 2 — OTES; 3 — ODTMS.

3.4 Electrochemical behavior of alloy 6063 modified with TAS

The high protective ability of SHP coatings for a long time in an aqueous solution suggests
that it can be effective in the depassivation by chloride anions. In Figure 3 shows the anodic
polarization curves of alloy 6063 in 0.05 M NaCl with pH 6.5. The initial potential of
aluminum electrode in the test solution is £=—0.55V, after anodic polarization a slight
increase in current density i,=2-3 pA/cm? occurs, but then, at E=-0.47 V, a rapid i,
increase is observed, indicating the formation of pits on the surface.
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Preliminary LP of the electrode leads to a change in E to —0.74 V, but the potential of
local depassivation changes insignificantly to £,=-0.45 V. However, if such an electrode
after LP is treated with an ethanolic solution containing 10 mM VTMS, then its E¢, reaches
—0.57 V, while Ey increases to —0.35 V.

As expected, treatment of the textured surface of alloy 6063 with OTES and ODTMS
solutions is more efficient, with £,,=—0.07 and —0.01 V, and the values of AE are 0.40 and
0.46 V, respectively. Consequently, a high stability of the SHP surface can also be detected
by the ability of the electrode to be more resistant to local depassivation by chlorides when
recording anodic polarization curves.

i, LA-cm™
100 -
90 -
80 5

3 70 -
60 |4
50 -
40
30
20 /
1

-0.9 -0.7 -0.5 -0.3 0.1 E,V 0.1

Figure 3. Anodic polarization curves of 6063 alloy in a 0.05 M NaCl solution without (1)
and with preliminary LP (2) and then treated in TAS solutions (C=10 mM): 3 — VTMS;
4 — OTES; 5 — ODTMS.

Additional information about the interaction of TAS (on the example of VTMS and
ODTMS) with the surface of alloy 6063 can be obtained using the EIS method. The
equivalent circuits used to describe the results of EIS are shown in Figure 4 (a — for an
electrode subjected to LP, b — for an electrode subjected to LP and covered with VTMS and
ODTMS films). The circuits contain the following elements: Rs — solution resistance; Qq
and ng are the parameters of the constant phase element (CPE 1) describing the capacitance
of the electric double layer; R, — polarization resistance; Qs and ns — parameters of CPE 2
describing the capacitance of the surface film; Rt is the film resistance.

The results of measuring the EIS confirm the higher protective efficiency of the
ODTMS (Figure 5). On the Nyquist plots, one can observe an increase in the radius of the
hodographs obtained on the treated electrodes, in comparison with the untreated samples.
The obtained values of the capacitance of the protective film (Table 3) show that it is higher
in the case of VTMS than for ODTMS, but the resistance is higher for ODTMS. At the same
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time, the polarization resistance increases from VTMS to ODTMS. This indicates an
undoubtedly higher protective effect of the ODTMS coating than that of VTMS.

Qa

&

Rs

Ry
a

Figure 4. Electrical equivalent circuits used to describe the experimental EIS results.
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Figure 5. Nyquist plots obtained in a 0.05 M NacCl solution on alloy 6063 after LP (1) and
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subsequent treatment with VTMS (2) and ODTMS (3) solutions.

3.5 Results of corrosion tests in an SSC

On samples of alloy 6063 in an SSC, the first corrosion damage is observed after 8 hours of
testing (Figure 6). The results of corrosion tests show a low protective ability of TAS films
on a smooth surface. The surface modification with aqueous solutions of MTES and APTES
C=10 mM leads to increase tcor=1—1.5 days. Treatment in an aqueous solution of VTMS
turns out to be more effective, and tcr=2.5 days. The surface modification in water—ethanol
solutions of hydrophobic TASs demonstrates better protective properties, for OTES
Teor=5 days, and ODTMS 1.,,=8 days, respectively.
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Table 3. Calculated parameters of the equivalent electrical circuits for alloy 6063 with SHP coatings of
VTMS and ODTMS.

Treatment
Parameter
LP LP - VTMS LP — ODTMS

Rt (Ohm - cm?) - 6.04-10° 1.65-10°
Qr (S-s"/ecm?) - 8.89-10° 5.56-10°

N - 0.556 0.607
Rp (Ohm-cm?) 5181.7 3.57-10° 9.58-10°
Qui (S-s"cm?) 7.66-10°° 2.09-10 1.40-107°

Nal 0.874 0.973 0.927

Laser texturing of the surface increases the anti-corrosion resistance of alloy 6063,
Teor= 2.3 days. Subsequent treatment in solutions of MTES and APTES leads to an increase

IN Tcor, but their efficiency is low, 1cor=3—4 days. The SHP films formed from VTMS solution
protect the alloy surface from corrosion for 14 days. Surface modification with OTES and
ODTMS solutions is more effective not only according to polarization measurements and
the Kkinetics of degradation of SHP properties, but also under SSC conditions. In fact, for

OTES films, the time until the first corrosion damage on alloy 6063 is 28 days, while for
ODTMS layers it is more than 32 days.

T, days -

35+ —
30
25
20
15
10

Figure 6. Time until the appearance of the first corrosion damage (tcor) in the SSC on smooth

samples (SS) and LP alloy 6063 samples (1) modified in ethanol solutions of TAS: 2 — MTES;
3-VTMS; 4 - APTES; 5 OTES; 6 - ODTMS.

Conclusions

1. A method for the preparation of SHP coatings on an aluminum alloy 6063 surface, based
on the laser treatment and followed modification in TAS solutions, is proposed. According
to the efficiency in achieving the SHP state of the alloy, the studied TASs can be arranged
in the row VTMS <OTES <ODTMS, which correlates to calculated values of IgP.
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2. There is a gradual degradation of the SHP properties of coatings in water; for OTES and
ODTMS the SHP state persists for 28 days exposure of samples in water.

3. The electrochemical tests of 6063 alloy samples in a chloride solution showed that the
OTES and ODTMS coatings effectively prevent local depassivation. The EIS results
confirm the polarization measurements, showing a significant increase in the corrosion
resistance of the alloy after adsorption of TAS, with a great advantage of ODTMS.

4. The results of corrosion tests in SSC indicate the high protective properties of SHP layers.
On 6063 alloy samples covered by SHP coating of ODTMS the first corrosion damage is
observed after 32 days.
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