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ABSTRACT

The fabrication of silane-based hydrophobic surfaces depends on factors such as organic substitution reactions,
the extension of the surface area being covered, and the distribution of hydroxyl groups on the surface area to
increase the anchoring of the coating and consequently improve the corrosion resistance of the metal. In this
sense, the objective of the present work is to evaluate the corrosion resistance of the 5052 aluminum alloy
was evaluated by the development of hydrophobic surfaces using silanes. Nanoparticles (NPTs) of tetracthox-
ysilane silane (TEOS) were used to provide morphological roughness for the studied substrates. TEOS and
vinyltriethoxysilane (VTES) NPTs were combined to verify the synergistic effect occurring when obtaining
angles greater than 150°. The fabrication of the TEOS NPT solution was based on propanone and sodium
hydroxide, whereas for the mixing of the VTES solution, ethanol, water and acetic acid were used. The silane
deposition was carried out using dip coating and electro-assisted techniques. The aluminum substrate with the
silane coatings was tested using two variations of surface morphology, as-received (L) and blasted (J). Sub-
strate composition was verified by X-ray fluorescence (XRF). Contact angle (CA) analysis was performed to
evaluate the hydrophobicity provided by the coating. The morphology of the substrates was analyzed by TEM
(transmission electron microscopy). Corrosion resistance was verified by electrochemical impedance spec-
troscopy (EIS) and potentiodynamic polarization. The results obtained from the VTES coating tests verified
that a potential of —1.2 V, combined with the blasted substrate, provided lower wettability. However, the results
of the electrochemical tests showed that smooth surfaces with film deposition and potentials of —1.2 V and
—0.8 V had more corrosion resistance compared to the other analyzed samples.

Keywords: Aluminum alloy; Corrosion; Coating; Hydrophobic silanes.

1. INTRODUCTION

The high applicability of aluminum and its alloys in several sectors of society, such as the aerospace, trans-
port, civil and maritime fields, makes it one of the main metals currently used. The abundant application of
this substrate is due to its efficient characteristics, notably its low density, excellent machinability, high fatigue
resistance, excellent heat conduction and low cost. However, when aluminum is in contact with ions dissolved
in water — especially halides (in particular CI') —, they can attack its natural oxide layer, destroying the passivity
of this material at localized points. In the resulting active-passive cell, the anodic area is in regions where the
passive layer is destroyed, which become small in relation to the cathodic areas and thus accelerate the corrosion
process at these points [1, 2]. In this context, aiming to increase the durability of this metal in environments
prone to triggering corrosive processes, hydrophobic silane coatings have become a promising alternative (insert
references, take one from materials research on hydrophobic silanes).

Silanes offer excellent corrosion protection and adhesion properties when used to create organic coatings
and can also serve as coupling agents. These properties come from the ability that silanes have to form bonds
with both inorganic and organic surfaces, as they have an inorganic and an organic part in their molecular
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structure, thus being defined as hybrid compounds. Their organic groups have properties of polymeric materials,
increasing the flexibility and functional characteristics of coatings. In turn, their inorganic groups have prop-
erties of ceramic materials, which increase the resistance, durability and adhesion to the metallic substrate of
coatings [3].

Generally, for the production of hydrophobic silanes, aliphatic hydrocarbons and non-polar fluorinated
hydrocarbons are used as the main substituents, which allow the silane molecule to induce the hydrophobicity
of the coating. It is known that most substrates that require the application of coatings are polar; that is, they are
easily wetted by water. However, the application of hydrophobic films circumvents this polarity of the substrate,
making it impermeable. During the deposition of the film on the substrate, the hydroxyls in the silane molecule
are adsorbed to the substrate. In the presence of hydroxyls, described here as residual groups that remain after
the condensation process, they become “sites” of water adsorption. Thus, for the fabrication of a “successful”
hydrophobic coating, hydroxyls (hydrogen bonds) must be eliminated, and the polar substrate, protected from
any interaction with water by a non-polar interface [4]. In this sense, the objective of the present study was to
obtain hydrophobic silane coatings in order to improve the corrosion resistance of 5052 aluminum alloys.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

AAS5052 aluminum plates measuring 7 x 4 cm were used as substrates and a chemical composition of the
AAS5052 alloy is illustrated in Figure 1.

The coatings analyzed were from alkoxide precursors, as follows: TEOS (98% — Aldrich Chemistry) +
VTES (96% — Aldrich Chemistry) NPT coatings were obtained; a second sample was manufactured from a 50%
mixture of each solution, which had a single coating curing phase and was named in the IST results. On the other
hand, to produce the samples using the electro-assisted deposition of TEOS NPTs, the respective potentials for
the application of the VTES layer were followed.

2.2. Surface preparation of samples

The initial stage of surface preparation is based on the process of obtaining roughness. To avoid the contamina-
tion of the particles used in the blasting process and of the metal surface itself, first, the samples were washed
using commercial detergent and water. Roughness was developed by two methods detailed below: Sandblasting:
for the sandblasting process, a Renfert sandblasting unit with 50 um alumina microparticles was used. This
method is carried out manually; i.e., the control of the distance and angle of emission of the microparticles on
the substrate is performed manually, since the emitter tip of these comes from a mobile and malleable polymeric
tube. This process was chosen because it is a simple, cheap and scalable method that can be applied to parts with
more complex structures. TEOS nanoparticles: Tetraethoxysilane nanoparticles (TEOS NPTs) were developed

100 99.053

AL |
AAAAS SIS A A
ISIASA SIS AS AL A
IAIII A IS SIS
FASLSAIS IS S S A A s
AL IS IS S
AL A A7
IIIA IS IS SIS S
SIS
SIS IS SIS S
IS IS SIS
IS IS SIS
A I AIA IS
SIS CA S
IS

il

Voo

8

-1 a0 ey
Lo Lacer 050 M 50 RN

Fe CuMn Cr Zn Ti

| N T e T N N

N

g

Percentage (%)
3
=
&
®

A
N\,
N,
i\
,
N,
N,
LY
A

oy ///II//’//////
1///////,,/1///,,/
s /////,/’,:il// oS

A s
/ S

CAS A A
- e ey
20 ;,;:”/11/”//11/;
A AL
,I///II/’,//IIIII;‘
7 /11/':///111/;,,
A IAAAIAIAA ST 7 1.141
IS .
0 Y T
Al M
Composition 9

Figure 1: Graph of the X-Ray fluorescence analysis of aluminum alloy 5052 containing the percentage of elements Al, Mg,
Si, Fe, Cu, Mn, Cr, Zn and Ti.



[“)_ SACILOTTO, D.G.; KUNST, S.R.; SOARES, L.G., et al., revista Matéria, v.30, 2025

synthetically in order to homogenize the surface roughness of the substrate. Their synthesis was based on the
use of Propanone P.A 99% from Synth, 0.1 mol/L sodium hydroxide and TEOS in proportions of 93:3:4% by
volume, respectively. The deposition of NPTs was performed after the surface degreasing step. Unlike sanding
and blasting processes, which change the roughness of the metallic substrate itself, the deposition of nanopar-
ticles produces a “rough” coating layer. Thus, this process was carried out after degreasing, in order to obtain
high adhesion to the metallic surface. Electro-assisted deposition was used to deposit TEOS TPNs, applying a
potential of —0.8 V for 3 minutes using an Autolab PGSTAT 302 potentiostat from Ecochemie. A transparent
acrylic cell was built to this end, where the working electrode was adjusted in the middle of two counter elec-
trodes of AISI 304 steel, with the presence of a Ag/AgCl reference electrode. The sample drying/curing process
took place at 125 °C for 60 minutes.

2.3. Degreasing and surface activation

The degreasing of the samples was carried out in a Saloclean commercial alkaline solution. This step aimed
to remove organic contaminants as well as oils and dirt on the metallic surface and, simultaneously, perform
surface activation due to the adhesion of hydroxyl groups (-OH) to the surface. The degreasing process, simul-
taneously with the activation process, consisted of immersing the substrate for 5 minutes in a preheated solution
at 6570 °C [5]. Afterward, the samples were washed in running water to remove excess degreaser, then washed
with deionized water and dried with a jet of hot air. The time span of 5 minutes was chosen for the aluminum
alloy due to its high reactivity (amphoteric character) in alkaline solution, despite the use of a specific degreaser
for aluminum. The degreasing efficiency was verified by the water break test. The depositions of the silane-
based coating were carried out in the subsequent step.

2.4. Preparation of solutions, deposition and curing of the silane coating

The vinyltriethoxysilane solution was prepared using VTES, deionized water and ethanol (99.5% P.A. — Synth)
in the proportions of 6%/47%/47% by volume, respectively. The pH of the solution was adjusted with acetic acid
(100% P.A. — Synth), 1 mol/L, to pH 4 [6]. The reagents were mixed using electromagnetic stirring for 2 h at
room temperature. The samples were deposited by dip coating for 3 minutes and cured at 150 °C for 60 minutes
in an oven. The surface free energy of the substrate coated with TEOS NPTs was altered with the deposition of
the VTES solution using the same electro-assisted deposition parameters for TEOS. This phase involved apply-
ing a potential of —0.8 V to the material for 3 minutes using the Autolab PGSTAT 302 potentiostat from Ecoche-
mie, with subsequent curing in an oven at 150° for 60 minutes. In both procedures, each sample was produced
in triplicate in order to verify the reproducibility of the results. A “new” solution of the respective coating was
used for each sample. After drying/curing, the samples were stored in a desiccator.

Coating combinations were performed in order to increase hydrophobicity and corrosion resistance. The
results of transmission electron microscopy, CA and EIS using a double layer of silane based on nanoparticles of
tetraethoxysilane (TEOS NPTs) and vinyltriethoxysilane (VTES) will be presented. Both coatings were applied
by electro-assisted deposition with potentials of 0.8, —1.2 and —1.6 V.

2.5. Nomenclature of samples

Table 1 presents the list of acronyms comprising the nomenclature of the samples used in this study, where they
are divided in relation to substrate, roughness and coating. A representative nomenclature scheme for the studied
samples was adopted in Table 1, where L/B = smooth AA5052 aluminum sample as received from the supplier

Table 1: Acronyms used in the nomenclature of the samples.

ACRONYMS NAME
Substrate
Al Aluminum
Substrate
S Straight (as received from the supplier company)
S Sandblasted
TEOS NPTs Tetracthoxysilane nanoparticles
Coating applied
VTES Vinyltriethoxysilane
B Blank (no coating)
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company without coating (white); J/B = uncoated sandblasted AA5052 Aluminum sample (white); L/'VTES-
0.8V = Aluminum sample AA5052 smooth as received from the company with vinyltriethoxysilane silane and
TEOS NPTs deposition applying potential of —0.8 V; L/VTES-1.2V = Aluminum sample AA5052 smooth as
received from the company with silane vinyltriethoxysilane and TEOS NPTs deposition applying potential of
—1.2 V. J/VTES-0.8V = Aluminum sample AAS5052 sandblasted with silane vinyltriethoxysilane and deposition
of TEOS NPTs applying potential of —0.8 V; J/VTES-1.2V = AA5052 aluminum sample blasted with vinyl-
tricthoxysilane silane and TEOS NPTs deposition applying potential of —1.2 V.

2.6. Characterization of samples

2.6.1. X-ray fluorescence

X-ray fluorescence (FRX) analysis was performed to assess the chemical composition of the substrate used
in this work. This technique allows identifying chemical elements that have an atomic number greater than
10 (Z > 10), establishing their existing proportion in the sample. To carry out this non-destructive and qualita-
tive analysis, a Thermo Scientific handheld FRX analyzer — model Niton XL3T — was used. Figure 1 shows the
X-Ray fluorescence analysis of the 5052 aluminum alloy, indicating that the 5052 aluminum alloy has a high
degree of purity in its composition, being 99% (£0.551) aluminum, 1% magnesium and containing other chemi-
cal elements in smaller proportion, such as Si (0.285%), Fe (0.331%), Cu (0.002%), Mn (0.029%)), Cr (0.263%),
Zn (0.008%) and Ti (0.033%). According to the composition presented in Figure 1, it is observed that the alloy
5052 Al presents good plasticity, moldability, corrosion resistance and weldability.

The results obtained through FRX analysis were compared with the nominal composition of AA5052
aluminum. To this end, the following chemical composition presented by Silva et al. was used as a basis: Si
(0.5%), Fe (0.23%), Cu (0.002%), Mn (0.058%), Mg (2.324%), Cr (0.176%), Zn (0.003%) and Ti (0.013%)
[7]. The chemical components found in this study (Figure 1) were similar to this composition. Previously,
in the study by ALIASGHARI et al., [8] the following proportions were also mentioned for 5052 aluminum:
Si < 0.25%, Fe < 0.4%, Cu < 0.1%, Mn 0.15-0.35 %, Mg 2.2-2.8%, Cr < 0.1%, and the presence of zinc and
titanium was not detected.

2.6.2. Transmission electron microscopy
The size of the TEOS NPTs was characterized using a Jeol JEM 1200 ExII transmission electron microscope.

2.6.3. Contact angle

3 uL drops of distilled water were deposited using a Kriiss Drop Shape Analyzer — as 30 — and a Phoenix Mini
P10001 contact angle analyzer. The results presented below were obtained using the calculated mean of the
contact angle (CA) of 5 drops from each specimen of the triplicate, via the Surftens 4.5 software.

2.6.4. Electrochemical tests

For both tests, an Autolab PGSTAT 302 potentiostat from Ecochemie and a conventional three-electrode cell
were used, with a saturated Ag/AgCl reference electrode and a platinum counter-electrode. All assays, for each
sample, were performed in triplicate. For all measurements, 0.1 mol/L NaCl solutions (pH 6.0) were used, with
the exposure of an area of 1.0 cm? of the working electrode. The potentials shown in the results are described in
relation to the potential of the reference electrode used. A Faraday cage was used to avoid external interference
in the signal. EIS analyses were performed under open circuit potential (OCP) after 30 minutes of immersion in
the 0.1 mol/L NaCl solution for system stabilization. The sinusoidal signal used was 10 mV, and the frequency
range varied from 104 to 102 Hz, at room temperature. The test used a 1 mV/s sweep. The samples were moni-
tored from 0 to 96 hours (being analyzed each 24 hours until completing the 96 hour cycle) of immersion in the
NaCl electrolyte using the FRA software, 0 hour being after the 30 minutes of stabilization under open circuit
potential (OCP). The potentiodynamic polarization test was carried out after 5 minutes under OCP to stabilize
the potential of the samples after immersion in the solution. The sweep range (from the cathodic area to the
anodic area) was from —0.400 V to +0.500 V, with a sweep speed of 1 mV.s™!. Corrosion tests were performed
in triplicate.

3. RESULTS AND DISCUSSIONS

3.1. Electrochemical impedance spectroscopy

Figure 2 shows the Bode phase diagrams plots obtained after 2 hours of immersion in 0.1 M NaCl comparing
samples L/B = Aluminum sample AA5052 smooth as received from the supplier company without coating
(white); J/B = uncoated sandblasted AA5052 Aluminum sample (white); L/'VTES-0.8V = Aluminum sample
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Figure 2: Bode phase diagrams plots obtained after 2 hours of immersion in 0.1 M NaCl comparing samples L/B, J/B, L/
VTES-0.8V, L/'VTES-1.2V, J/VTES-0.8V, J /VTES-1.2V.

AA5052 smooth as received from the company with vinyltriethoxysilane silane and TEOS NPTs deposition
applying potential of —0.8 V; L/VTES-1.2V = Aluminum sample AA5052 smooth as received from the com-
pany with silane vinyltriethoxysilane and TEOS NPTs deposition applying potential of —1.2 V. J/VTES-0.8V =
Aluminum sample AA5052 sandblasted with silane vinyltriethoxysilane and deposition of TEOS NPTs applying
potential of —0.8 V; J/VTES-1.2V = AA5052 aluminum sample blasted with vinyltriethoxysilane silane and
TEOS NPTs deposition applying potential of —1.2 V.

After 2 hours of immersion, a phenomenon is observed at high frequency and another at medium and
low frequency with a high phase angle value (of around 72°). After 24 hours of immersion, this low-frequency
phenomenon disappears, but a “broad” medium frequency phenomenon with a high phase angle appears, and
the high-frequency phenomenon remains, with a small shift toward lower frequencies and a small decrease in
its phase angle. This high-frequency phenomenon is associated with the silane barrier film, which denotes a
resistance to charge transfer. The corrosion protection mechanism of films based on alkoxy-silanes is relatively
simple, as it does not involve electrochemical protection; i.e., protection occurs through a physical barrier. The
good barrier properties of the coatings are due to the development of a dense Si-O-Si network, which results
in the formation of a compact, uniform and adherent film on the substrate. This film retards corrosion, prevent-
ing the passage of ions from the medium to the metallic substrate, making it difficult for aggressive species to
penetrate [9]. Furthermore, the adhesion of the silane film to a thicker barrier oxide layer, which is naturally
formed on aluminum in contact with air, possibly made the oxides more stable, enabling a greater resistance to
corrosion. After 48 hours of immersion and until the end of the test at 96 hours, the high-frequency phenomenon
disappeared and only a well-defined phenomenon appeared at medium frequency. The latter was associated with
the permeability of the electrolyte through the film, yet a high phase angle value (of around 70°) indicates that
permeation may have occurred, albeit at a slower pace. CANDIDO et al. [10] also verified this type of behavior
in aluminum silane films, associating it with the passive oxide growth on the surface. However, they add that
this passivation is not enough to guarantee adequate resistance. Figure 3 shows the Bode phase diagrams plots
obtained during times of 2, 24, 48, 72 and 96 hours of immersion in 0.1 M NaCl for the AA5052 aluminum
sample sandblasted with silane vinyltriethoxysilane and deposition of TEOS TPNs applying —1.2 V potential.

At all immersion times (2, 24, 48, 72 and 96 hours), a well-defined phenomenon was observed at medium
frequency with a high phase angle value (72°). This phenomenon appears similarly in the uncoated samples and
in the sandblasted sample with VTES coating applied at a potential of —0.8 V, indicating that the silane film did
not show good adhesion to the sandblasted substrate and that the resistance found at medium frequency is asso-
ciated with the aluminum oxide. This medium-frequency behavior was also reported by RIBEIRO et al. [11],
who associated it with the change in electrical conductivity of the passive oxide formed on the surface during
exposure to a corrosive environment, possibly related to the charge-transfer effect. To ensure that sandblasted
samples have better corrosion resistance properties, in addition to studying other mechanisms to improve the
adhesion of the coating to the substrate, it is important to control the distance and angle of incidence of the
alumina microparticles during the blasting process, aiming at greater homogeneity of the surface roughness
obtained. These parameters must be monitored, since the angle of the microparticle, when colliding with the
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Figure 3: Bode phase diagrams plots obtained during the times of 2, 24, 48, 72 and 96 hours of immersion in NaCl 0.1 M
for the sample of Aluminum sample AA5052 sandblasted with silane vinyltriethoxysilane and deposition of TEOS NPTs
applying potential of —1.2 V.
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Figure 4: Potentiodynamic polarization curves of samples L/B, J/B, L/VTES-0.8V, L/VTES-1.2V, J/VTES-0.8V, J/
VTES-1.2V in NaCl 0 solution 1 mol/L.

substrate, determines the inclination and direction of the peak, while the distance (peak to peak) is related to the
height of the formed peak. When considering peak height, it is important to remember that the relationship of a
peak to its neighboring peaks can determine the degree of wettability, as droplets can become trapped between
their valleys due to the difference in height and distance.

3.2. Potentiodynamic polarization

The graph in Figure 4 presents the potentiodynamic polarization curves in 0.1 M NacCl for the samples Samples
L/B = Aluminum sample AA5052 smooth as received from the supplier company without coating (white);
J/B = uncoated sandblasted AA5052 Aluminum sample (white); L/'VTES-0.8V = Aluminum sample AA5052
smooth as received from the company with vinyltriethoxysilane silane and TEOS NPTs deposition applying
potential of —0.8 V; L/VTES-1.2V = Aluminum sample AA5052 smooth as received from the company with
silane vinyltriethoxysilane and TEOS NPTs deposition applying potential of —1.2 V. J/VTES-0.8V = Aluminum
sample AA5052 sandblasted with silane vinyltriethoxysilane and deposition of TEOS NPTs applying potential
of 0.8 V; J/VTES-1.2V = AA5052 aluminum sample blasted with silane vinyltriethoxysilane and deposition
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Table 2: Simulation of the Tafel lines of the studied samples (L/B, J/B, L/VTES-0.8V, L/VTES-1.2V, J/VTES-0.8V, J/
VTES-1.2V).

SAMPLES ICORR (A/cm?) | ECORR (V)
L/VTES -0.8 V 4.05x 107 ~0.588
J/VTES -0.8 V 2.10x 10°® ~0.644
L/VTES -1.2 V 3.82x 107 -0.835
JVTES -12V 1.12 x 107 ~0.628

L/B 453 x 107 -0.635
/B 1.37 x 1076 ~0.588

of TEOS NPTs applying a potential of —1.2 V. Table 2 shows the extrapolation of the taffel lines from the polar-
ization curves of the Figure 4.

Comparing the uncoated samples (L/B and J/B), the smooth sample showed better electrochemical
performance, with a corrosion current density an order of magnitude lower than the sandblasted sample
(Table 2), demonstrating that the Al,O, layer plays an important role in substrate protection. This indicates that
the blasting process significantly affects the structure of the metallic surface, making it more vulnerable to corro-
sive processes. Analyzing the polarization curves of the samples with coatings, it can be noted that the L/'VTES
—1.2 V sample has a lower corrosion current density (Table 2), an order of magnitude in relation to the sandblasted
samples, two orders of magnitude in relation to the L/VTES —0.8 V sample and three orders of magnitude in rela-
tion to the smooth uncoated aluminum sample. This result corroborates the EIA data, in which this sample was
the only one that had a high frequency phenomenon after 2 and 24 hours of immersion associated with the silane
barrier film, denoting resistance to charge transfer (Figure 2). In addition, this result demonstrates that although
aluminum has a natural resistance conferred by the aluminum oxide, this is adsorbed by CI-. The literature reports
several types of mechanisms for the attack of Cl- anions on the aluminum oxide film: via the transport of chloride
ions through the oxide film by oxygen vacancies [12], transport of chloride ions through the oxide film by con-
ductive pathways, and localized dissolution of the film and thinning of the oxide layer [13].

The coated samples J/VTES -0.8 V, L/VTES —1.2 V and J/VTES —1.2 V showed corrosion current den-
sities at least one order of magnitude lower in relation to the aluminum sample without coating (Table 2), which
highlights the importance of silane coatings in anticorrosive protection. The group led by Van Ooij has exten-
sively studied silane-based treatments of the AA 2024-T3 Al alloy. They have carried out investigations with the
objective of obtaining more protective silane films, involving varied conditions for preparing the silane solution,
using mixtures of different types of silanes [14] and silanes containing different functional groups in their struc-
ture. Their results proved that the silanes inhibit the corrosion of the AA 2024-T3 Al alloy. The L/VTES 0.8 V
sample shows similar behavior to the L/B sample, with corrosion current density of the same order of magnitude,
as well as similar potentials (Table 2). This result is in accordance with the Bode phase diagrams plots shown
in Figure 2, where, for 2 hours of immersion, a phenomenon on average at low frequency and a phase angle of
approximately 50° were observed, being reported as a controlled diffusion of the corrosive process occurring at
the metal/coating interface. TAMBORIM et al. [14] also observed in the silane-based coating on the AA 2024-T3
aluminum alloy two time constants in the first hour of immersion, in low-frequency region. The time constants
were attributed by the authors to inductive processes being characterized by diffusion due to the presence of
pores in the silane layer. It can be seen that in the case of these samples (sandblasted), with the VTES film being
obtained at both —0.8 V and —1.2 V, they have a well-defined pitting potential (approximately —0.5 and —0.4 V,
respectively), which can be explained by heterogeneous deposition due to surface irregularity. Analyzing the
potentials used for the application of the coating, it can be concluded that the —1.2 V potential yields better results
when compared to —0.8 V. The variation of potentials when performing the coating deposition had the goal of
analyzing the influence of potentials on the fabrication of a coating with better corrosion resistance properties.

3.3. CHARACTERIZATIONS OF ALUMINUM - TEOS + VTES

3.3.1. Transmission electron microscopy

Figure 5 shows the micrographs obtained by Transmission Electron Microscopy of tetracthoxysilane nanopar-
ticles (TEOS NPTs) produced using a solution of propanone, TEOS and sodium hydroxide. To analyze the
influence of the proportion of NaOH added in the manufacturing process, using the pH variation of the solution
as a parameter, varying the pH between 8, 10 and 12.
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Figure 5: Micrographs obtained by Transmission Electron Microscopy of tetracthoxysilane nanoparticles (TEOS NPTs) pro-
duced using propanone solution, TEOS and sodium hydroxide, influence of pH variation of the solution in values between
8, 10 and 12.
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Figure 6: Mechanism of hydrolysis reaction in a basic medium [21].

According to Figure 5, regardless of the pH value, the TPNs were connected in a network, showing sev-
eral agglomerates deposited on top of the plate used for analysis under the microscope, which is satisfactory for
the subsequent adhesion of the silane layer. It is documented in the literature that the hydrolysis of silanes and
the condensation of silanol groups are accelerated in alkaline media [15, 16]. According to the literature regard-
ing different metals, one of the most important aspects for the stability and good performance of silane layers is
the formation of metal-siloxane bonds (Me-O-Si) with the metallic substrate [17]. For this to occur satisfactorily,
the presence of a large number of hydroxyl groups on the surface of the metal is necessary, which is favored by a
deposition in alkaline solution [18]. Aluminum is highly sensitive to alkali attack [19], so it is expected that after
caustic attack, only a thin layer of oxide will cover the electrode surface. According to TEO et al. [18], during
silane treatment, aluminum is simultaneously subjected to attack, protonation and coupling reactions. These pro-
cesses must be favored by the presence of fine oxides (naturally formed), which explains the better performance
in terms of adhesion, coverage and, consequently, corrosion resistance when the samples show alkaline behavior
[20]. The hydrolysis reaction has a mechanism that is highly dependent on the type of catalyst employed, since
silicon alkoxides have low reactivity. In an alkaline medium, water quickly dissociates to produce nucleophilic
hydroxyl anions in a first stage. The hydroxyl anion, in turn, attacks the silicon atom inverting the tetrahedron
[21]. Figure 6 shows the hydrolysis reaction mechanism in alkaline medium.

Given this behavior, the alkaline attack tends to increase the concentration of hydroxyls on the metal
surface, making it more active, which favors the formation of metallic hydroxides (Me-OH) [22]. The greater
formation of metallic hydroxides promotes an increase in the amount of metalloxane bonds (Me-O-Si) on the
surface, improving the adhesion efficiency of the organosilane layers on the metal. Studies show that alkaline
treatments with sodium hydroxide applied to metals, in addition to increasing the concentration of hydroxyls on
their surface, promotes the removal of surface impurities [22]. Hence, it can be stated that the increase in the pH
of the solution (which becomes more alkaline) has an influence on the increase in size of the nanoparticles. At
pH 8, particles with an average size of 50 nm are verified in the solution; at pH 10, they increase to 100 nm and
grow to 150 nm in diameter with a pH of 12. When the reactions are catalyzed by a base, a rapid gelation occurs,
as evidenced by the turbidity in the solution, which indicates the presence of condensation products. Conversely,
when reactions are catalyzed by acid, due to hydrolysis being favored, a slow gelation is observed [23]. In view
of this, the pH of the mixture must be adjusted to a certain value, in which the maximum hydrolysis rate of
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the alkoxy-silanes molecules and the minimum condensation rate of the already-hydrolyzed alkoxide molecules
(silanol) in the solution are achieved to obtain a coating [23]. In this case, the formation of TEOS NPTs was
aimed at the homogeneous generation of roughness to be deposited on the substrate. In view of this goal, despite
having obtained higher mean values in terms of particle size with the increase in pH, we opted for the lowest pH
value (pH 8). This is due to the identification, during the analysis, of a greater tangle of particles united in a single
network, which creates, analogically, a more homogeneous coating on the surface. Therefore, in this study, the
samples manufactured with TEOS NPTs are 50 nm in diameter; that is, with a pH 8 solution.

3.3.2. Contact angle

The hydrophobicity of a surface is entirely linked with the surface energy of a solid, and can be evaluated by
the CA formed by a drop of liquid in relation to the surface. In this phenomenon, the greater the surface free
energy, the greater the wettability and, consequently, the greater the adhesion of liquids. Greater adhesion of
liquids results in a smaller contact angle, which indicates a more hydrophilic character of the surface [19]. Given
this behavior, the degree of hydrophobicity that a surface coating promotes is directly related to its anti-corro-
sion protection capacity, which is proportional to the CA between the liquid and the coating surface. Figure 7
shows the values with the images obtained from the contact angle for all coated samples: Aluminum sample
AAS5052 smooth as received from the company with vinyltricthoxysilane silane and TEOS NPTs deposition
applying different potentials: —0.8 V, —1.2 V and —1.6 V and AA5052 Aluminum sample sandblasted with silane
vinyltriethoxysilane and deposition of TEOS NPTs applying different potentials: —0.8 V, 1.2 V and 1.6 V. And
Table 3 presents a comparison of samples with smooth and sandblasted surfaces in relation to the type of coating
(NPTs + VTES or VTES) and applied potential for coating deposition (-0.8 V, —=1.2 V and —1.6 V).

In Figure 7, it is possible to visualize that the largest contact angles are formed by the sandblasted
samples, showing, on average, 40° of greater hydrophobicity in relation to the samples with a smooth sur-
face. The verification of the contact angle, under the same electro-assisted deposition conditions used only for
VTES, serves to confirm or disagree with the results obtained previously. Additionally, the verification is done
to analyze the influence of adding TEOS NPTs (pH 8) as the first layer/roughness of the deposited coating,
considering that the CA of samples L/B (39.1°) and L/J (26.7°) remained the same due to their lack of coat-
ings. In Figure 7, only the results for samples coated with TEOS + VTES are shown. Coatings based on alkoxy
silanes, when well cross-linked, have an extremely hydrophobic character. Authors report that in this case,
the film is able to reduce the permeability of electrolytes, promoting an effective barrier protection [24].
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Figure 7: Graph of the values with the images obtained from the contact angle for all coated samples: AA5052 aluminum
sample smooth as received from the company with vinyltriethoxysilane silane and TEOS NPTs deposition applying differ-
ent potentials: —0.8 V, —1.2 V and —1.6 V and AA5052 Aluminum sample sandblasted with silane vinyltriethoxysilane and
deposition of TEOS NPTs applying different potentials: —0.8 V, 1.2 Vand 1.6 V.
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Table 3: CA comparison of samples with smooth and sandblasted surfaces in relation to the type of coating (NPTs + VTES
or VTES) and applied potential for coating deposition (—0.8 V, —1.2 V and —1.6 V).

CA(°)
Potential 0.8V -12V -1.6V
Surface L J L J L J
VTES 83.6 110.2 71.1 118.7 | 71.0 | 93.5
NPTs + VTES 76.5 1154 77.4 126.8 | 759 | 117.6

However, according to the same authors, the CA of a properly—cross-linked silane-based film is approximately
90°, attesting to a high hydrophobicity in all sandblasted samples, as they showed values higher than 90°, which
demonstrates that the adhesion increased with the removal of oxides. In addition, this higher hydrophobicity
indicates an improvement in the barrier protection of the alloy, which decreases the permeation of electrolytes,
as well as the leaching of chloride ions on the silane layer corroding the metal. This result may be related to an
increase in anchorage provided by the sandblasting process to the organosilane coating, due to a better chemical
interaction. The literature describes satisfactory results for the application of sandblasting with alkaline solu-
tions, in the case of coatings based on alkoxy-silane precursors, since the presence of hydroxyl groups on the
surface is desirable for this coating, so that the metallosiloxane bond (Me-O-Si) occurs [16].

Samples with a smooth surface had contact angles smaller than 80°, a value that underscores the impor-
tance of the roughness development process to achieve the hydrophobicity of a material. Furthermore, the
roughness of the TEOS NPTs, deposited together with the VTES coating, did not contribute to the increase in the
CA of these samples. It is noteworthy that the silane-based coating may show instability in its Si-O-Si groups,
and, eventually, they undergo hydrolysis reactions when in contact with an aqueous solution, forming hydro-
philic Si-OH groups again [24-26]. This instability is related to the pre-treatment of the surface and the lack of
adhesion on the aluminum oxide. VAN OOIJ and ZHU [27] demonstrated that organosilane coatings failed due
to the delamination resulting from the formation of cathodic hydroxyl groups at the aluminum interface. Many
authors have shown that surface pre-treatment is the most important step for the good performance of a coating
system. These authors demonstrated that, without the surface pre-treatment step, the coating delaminates from
the surface much more quickly when exposed to aggressive aqueous environments. When observing the CA
of the samples, it can be noted that there was a general increase in hydrophobicity; i.e., the presence of TEOS
provided an increase in the contact angle. A double layer of silane gives the coating a lower probability of failure
and greater thickness. Therefore, it appears that the contact angles of the samples coated with TEOS + VTES
NPTs have increased hydrophobicity compared to the coating with only VTES, as shown in Table 3.

Studies performed by VAN OOLJ and ZHU et al. [27] showed that a silane monolayer is not sufficient
to provide the metallic substrate with good protection against corrosion. Therefore, it is recommended that the
metals be covered with a bilayer, two-step treatment. The first layer grants corrosion protection and adhesion
to the metallic substrate, while the function of the second layer is to react with the organosilane layer so as to
provide good adhesion to the metal/coating system. The second layer is formed by the reaction between the
Si-OH groups of each layer, resulting in a siloxane network at the interface. Thus, the two-layer treatment forms
a barrier that is more effective and hydrophobic, and, consequently, with greater anti-corrosion performance.
RAHIMI et al. [22] developed a multilayer coating using the dip coating method by applying the precursors
tetracthoxysilane silane (TEOS) and 3-glycidoxypropyltrimethoxysilane (GPTMS) to the AA5083 alloy. The
hybrid films were produced by the dip coating technique with exposure to the sun for 2 minutes and a removal
and entry speed of 2 cm.min™'. After the application of the coating, the samples were dried at 60 °C for 1 hour.
The influence of the double and triple layer was investigated; however, in the last layer the hybrid film was cured
at 130 °C for 1 hour. The authors concluded that the hybrid film obtained by the triple layer had the best per-
formance in the electrochemical tests. The morphological results showed hybrid films (double and triple layer)
without cracks and with homogeneous distribution on the substrate, in addition to no significant alterations
regarding wear resistance.

3.3.3. Electrochemical impedance spectroscopy

Due to the great instability of the electrochemical system, the Bode phase diagrams plots in this section only
display data obtained after 24 hours of analysis. The results at 2 hours are similar, but the data have several
random points when analyzed at low frequencies. In this study, only the curves of the samples with the appli-
cation of the —1.2 V potential were plotted, considering that these samples showed greater hydrophobicity in
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Figure 8: Bode phase diagrams plots of aluminum samples with coatings and smooth (L/VTES —1.2 V and —1.2V IST) and
sandblasted (J/VTES —1.2 V) substrates, compared to the sample without coating, L/B, after 24h of immersion in 0.1 mol/L
NaCl.

relation to the others, and only with the application of the VTES coating did they show greater resistance to
corrosion in the previous session. In order to minimize the pre-curing process that occurs after the deposition
of TEOS NPTs, prior to this deposition, a third sample was made by mixing 50% of each solution (TEOS and
VTES) using the smooth substrate and performing only the process of final curing, named L/TEOS + VTES —1.2
V IST (immersion at the same time). Figure 8 shows the Bode phase diagrams plot for the samples coated with
TEOS and VTES NPTs, applying a potential of —1.2 V for the electro-assisted deposition step and comparing the
result only with the L/B sample, since it has greater resistance to corrosion than the sandblasted sample due to
the time constant at high to medium frequency, with a high phase angle value associated to the innermost layer
of aluminum oxide, named barrier oxide. In addition, the sandblasting of the J/TEOS+VTES-1.2 V sample made
its surface more active and more susceptible to corrosion.

After 24 hours of immersion, sample L/TEOS + VTES —1.2 V displayed a phenomenon at high fre-
quency, where its curve shifted to the right, representing higher frequency values in relation to the other samples
studied, which can be confirmed by summing the impedance resistances in the Bode phase diagrams plot of the
phase modulus. This good performance may be associated with the efficiency of applying bisilanes (TEOS +
VTES) to aluminum oxide, as the adsorption step is an important factor for the anticorrosive efficiency of silane
layers. More efficient adsorption will ensure a more protective film after the film treatment (curing) steps. It
is known that the number of Si-OH groups of bisilane molecules is twice that of monosilane molecules; thus,
bisilanes are able to form a greater density of Me-O-Si bonds and, simultaneously, originate a more efficient
polysilane film, with a greater amount of crosslinks (Si-O-Si network). A comparison of the possible interfacial
regions formed between these two systems and Al is presented in Figure 9 [3], which shows in the Figure the
bonds between silanes and Al substrates: (a) bis-silane; (b) monosilane. It can be observed that the interfacial
region of the bis-silane/Al film (Figure 9a) has a higher density of Si-O-Si and Al-O-Si bonds than the mono-si-
lane film (Figure 9b). As both bonds contribute to greater adhesion of silanes to the metal, bisilanes should have
greater adhesion to aluminum oxide than monosilanes and, consequently, greater resistance to corrosion, as can
be seen in this study, in Figure 8.

VAN SCHAFTINGHEN et al. [24] compared the electrochemical behavior of films with similar thick-
nesses of functional mono-silanes (y-aminopropyl-triethoxy-silane, y-APS), functional bisilanes (bis(trimethox-
ysilylpropyl)amine, BAS) and non-functional bisilanes (bis-1,2-(triethoxysilyl)ethane, BTSE) when applied to
cold-rolled steel. According to the results obtained, the best protection was conferred by BTSE, followed by
BAS, while the performance of y-APS was comparable to that of the sample not protected by the silane layer.
The authors attributed their results to the formation of more cross-linked films by the bisilanes and to a possible
deleterious effect of the amine group on the crosslinking. Sample L/TEOS + VTES —1.2 V IST (immersion
at the same time), with only one final curing, showed a phenomenon of high to medium frequency associated
with the permeability of the electrolyte through the film, denoting a performance inferior to that of sample
L/TEOS + VTES —-1.2 V, which was cured and immersed in 2 steps. The curing step of the coating based on
alkoxide precursors must guarantee the adequate crosslinking of the film for the formation of a dense layer of
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Figure 9: Bonds between silanes and Al substrates: (a) bis-silane; (b) monosilane [3].

siloxane bonds (Si-O-Si), which ensures the effectiveness of the coating since it offers protection via barrier
effect [26]. Film crosslinking occurs even when the treated metal is exposed to air, albeit in a slow and incom-
plete manner. In view of this, studies demonstrate that the curing of the film in each immersion step induces
a better and faster crosslinking of the layer [27]. The J/TEOS + VTES —1.2 V sample showed a well-defined
phenomenon at medium frequency associated with the permeability of the electrolyte through the film as early
as 24 hours of immersion: this behavior may be associated with the fact that there is no aluminum oxide, which,
together with the silane, helps in the anticorrosive process. Results obtained by VAN OOIJ and ZHU [27] also
show that silane-coated Al samples form Si-O-Si bonds during immersion in a non-corrosive electrolyte (K, SO,
0.5 M). The main benefit of EIS measurements of a non-corrosive electrolyte is the layer structure information
that can be extracted without interference from the corrosion of the substrates. Using EIS, the authors detected,
after 4 hours of immersion, an additional time constant at intermediate frequencies, which was related to a new
phase formed between the aluminum oxide and the reticulated silane film (AI-O-Si) that offers better protec-
tion against corrosion. The authors observed that the additional time constant increases the impedance value
even after 24 hours of immersion in the electrolyte solution. The L/B sample, on the other hand, demonstrated
a “wide” phenomenon of medium to low frequency associated with corrosion products, an expected behavior
since it does not have a coating and aluminum oxide is susceptible to the aggressive electrolytes of chloride ions.
That is, when the passive aluminum oxide film is exposed to aggressive environments, this film is not enough
to completely protect the metal, and Al and its alloys react with species in the medium, mainly chloride, to form
complex interfaces. In the presence of this species, the passive film is susceptible to localized attack, which may
induce the development of pitting corrosion. This form of corrosion can lead to structural attack, acting as a site
for the initiation of structural cracking due to a stress corrosion mechanism [28].

Figure 10 shows the Bode phase diagrams plot for the coated samples with smooth (L/TEOS + VTES
—1.2 V and —1.2 V IST) and sandblasted (J/JTEOS + VTES —1.2 V) substrates, compared to the uncoated L/B
sample analyzed after 48, 72 and 96 hours of immersion in 0.1 mol/L NaCl.

After 48 hours of immersion, it can be observed, with regard to the L/TEOS + VTES —1.2 V sample, that
the phenomenon at high frequency associated with the barrier effect of the silane coating remains. However,
there is also the appearance of a phenomenon at medium frequency associated with permeability of the elec-
trolyte through the film, as well as a decrease in the phase angle when compared to the sample after 24 hours
of immersion. After 72 and 96 hours of immersion, the phenomenon decreases at high frequency and the medi-
um-frequency phenomenon remains, with no significant change in phase angle. Nevertheless, the only coating
that maintained the phenomenon at high frequency until the end of the test was sample L/TEOS+VTES -1.2'V,
which highlights the protective characteristics of this coating. CABRAL ef al. [29] carried out a comparative
study with different silanes: BTESPT, BTSE and y-MPS, all applied to an 2024-T3 Al alloy. Analytical charac-
terization of the silane layers was performed by Auger electron spectroscopy (AES) and X-ray photoelectron
spectroscopy (XPS).

All coatings performed well against corrosion due to the decrease in corrosion speed stemming from
the presence of the silane film and/or the barrier effect, which improves the protection provided by the natural
oxide film. The authors compared the studied silanes using EIE and potentiodynamic polarization curves in a
0.1 M NaCl solution. All layers provided effective protection in the first hours of immersion and had a decrease
in resistance at high frequency, with an increasing analysis time. Samples L/TEOS + VTES —1.2 V IST and
J/TEOS+VTES -1.2 V remained with the same medium-frequency phenomenon associated with electrolyte
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Figure 10: Bode phase diagrams plots of coated samples with smooth (L/VTES —1.2 V and —1.2V IST) and sandblasted
(J/VTES —1.2 V) substrates compared to uncoated sample L/B after 48, 72 and 96 hours of immersion in 0.1 mol/L NaCl.

permeability through the silane film and without significant difference in the phase angle value until the end of
the 96-hour immersion test. In addition, these coatings showed a similarity with the uncoated sample, which
also had a medium-frequency phenomenon associated with the permeability of aluminum oxide and a phase
angle value slightly higher than the aforementioned coatings, denoting the fragility of the coatings as well as
their low corrosive resistance. In the study by LIANG ef al. [30], using the aluminum substrate with TEOS and
VTES, the loss of superhydrophobicity was noted according to the time of immersion in solution during the EIS
analysis. During this analysis, the degradation of the microstructure occured, creating cracks in the coating —1i.e.,
preferential pathways for the electrolytes —, with the desorption of the vinyl group also occurring due to pro-
longed exposure to the chloride ions. ZUCCHI anjd OMAR [31] used n-octadecyl-trimethoxy-silane to study
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the curing of the coating by simple immersion for the formation, on copper, of a very porous, almost monomo-
lecular interfacial layer, which was not protective. The authors performed tests using electrochemical techniques
(EIS and potentiodynamic polarization curves), in addition to Fourier transform infrared spectroscopy (FTIR),
to analyze a 0.6 M NaCl solution. The electrochemical tests showed that the best results were obtained by the
sample cured in an oven for 1 hour at 100 °C with a two-stage immersion process, in comparison with the sam-
ple immersed with a double layer and only a final curing for 1 hour at 100°C. They also observed, via FTIR,
that some silane molecules did not react between the layers in the sample that only had a final cure, resulting in
a poor connection and producing an easily penetrable layer, and, consequently, compromising the anticorrosive
activity of this coating [32]. The addition of TEOS NPTs to the VTES coating reduced the wettability of the
samples in general, in relation to the coating containing only VTES, but the size of the nanoparticles did not sup-
ply the necessary roughness to achieve hydrophobicity (smooth) and superhydrophobicity (sandblasted) in the
developed samples. Regarding all sandblasted samples, whose CA was higher than that of the smooth samples,
they had low performance in terms of substrate corrosion protection, indicating some failure in the applied coat-
ing or some more hydrophilic point, which would facilitate the interaction of the substrate with the electrolyte.
In the case of both coatings (VTES and NPTs + VTES), the smooth samples with a potential of —1.2 V showed
better corrosion resistance properties. Furthermore, this surface, together with the bi-silane coating (TEOS
NPTs + VTES), showed good resistance to corrosion at high frequencies, indicating the efficiency of the double
layer of silane applied and the importance of the curing process of the coating between them.

4. CONCLUSIONS

Based on the results obtained, it can be concluded that it was possible to obtain and characterize hydrophobic
coatings on the 5052 aluminum alloy using silanes, with satisfactory results in terms of substrate corrosion
resistance. With regard to the the VTES coating, the tests carried out verified that the potential of —1.2 V com-
bined with the sandblasted substrate provided lower wettability. However, the electrochemical tests showed that
smooth surfaces with film deposition and potentials of —1.2 V and —0.8 V had greater resistance to corrosion
compared to the other analyzed samples. As to the coating with TEOS + VTES NPTs, the results demonstrated
that the increase in the pH of the solution (gaining more alkalinity) influences the increase in size of the nanopar-
ticles and that the potential of —1.2 V provides better conditions for obtaining more hydrophobic surfaces. In
addition, there was a general increase in the hydrophobicity of the coated samples; that is, the presence of TEOS
provided an increase in the contact angle. The electrochemical tests showed that the L/TEOS+VTES -1.2 V
sample has a higher total resistance when compared to the other analyzed samples, which was associated with
the efficiency of bisilanes (TEOS + VTES) on aluminum oxide. However, the IST sample, whose TEOS pre-cur-
ing process was eliminated and where both TEOS and VTES solutions were deposited simultaneously, showed
worse electrochemical performance compared to the sample that had a 2-step curing. The heterogeneous surface
morphology of the samples sandblasted with TEOS and/or VTES, combined with angles below 150°, decreased
the corrosion resistance of these samples. Furthermore, the application of two silane coatings, as well as the
two-step curing of the silanes, increased the anti-corrosion properties of the materials.
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