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Abstract

The corrosion protection of AA2024-T3 aluminum alloy, widely used in aerospace applications, remains a critical challenge due to its susceptibility
to localized corrosion. The aluminum cladding layer from the 1XXX series (Alclad) provides a primary physical defense for the 2024 alloy, but its
vulnerability to wear and damage from debris makes the application of supplementary chromate-based surface treatments, such as BONDERITE®
M-CR 1200S AERO (Alodine 1200S), necessary to meet strict aerospace performance standards. However, due to the mutagenic and carcinogenic
nature of hexavalent chromium (Cr6+), these treatments are being replaced by environmentally friendly alternatives. This study investigated the
formation of a zirconium-based nanocoating by chemical conversion using polyethylene glycol (PEG)400 as a dispersing agent on the Alclad layer
of 2024-T3. The results demonstrated that adding PEG400 at a molar ratio of 0.1036 PEG400/Zr, at pH 4 and zirconium concentrations of 0.1825
mol/L; 0.365 mol/L; 0.5475 mol/L and 0.73 mol/L, at room temperature, resulted in coatings with protective performance.

Introduction

The Alclad AA2024-T3 aluminum alloy, widely used in the
aerospace industry, has been employed for decades in aircraft
manufacturing. This alloy stands out due to its heat-treatable
nature and characteristics such as high mechanical strength and
low weight [1]. However, due to the high copper content (between
3.8 and 4.9%) and the presence of intermetallic precipitates, this
alloy is more susceptible to corrosion in specific environments.
Galvanic microcells form within the material, leading to the
dissolution of alloying elements and resulting in localized corrosion
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such as pitting, crevice, and filiform corrosion [2-5]. To mitigate the
corrosion susceptibility of the 2024 alloy, surface treatments such
as cladding are applied, serving as the first protective barrier over
the aluminium-copper (Al-Cu) alloy [6]. Thus, when the 2024 alloy
is in sheet form, it receives a thin layer of 1xxx series aluminium,
providing galvanic protection that enhances corrosion resistance of
the (Al-Cu) alloy [7]. The clad acts as an effective physical barrier
against corrosion, but it can wear away in aircraft, particularly in
areas exposed to harsh conditions during operational service. In
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areas subjected to mechanical abrasion, such as fuselages near
landing gear and takeoff zones, the clad may be gradually worn
down by sand, gravel, or debris impacting the aircraft surface
during takeoff and landing. Ice particles, bird strikes, or runway
debris impacting the aircraft surface - either during flight or on the
ground - can damage the cald [8]. This is particularly problematic
in exposed areas, such as wing leading edges and control surfaces.
In regions with relative movement between components (such
as joints and fasteners), the clad become susceptible to fretting
corrosion [9]. Corrosive environments, such as coastal areas
or exposure to aggressive chemicals (like de-icing fluids), may
degrade the integrity of the clad over time [10]. To address this
issue, regular inspections are conducted to detect potential damage
to the clad layer before it escalates into more serious problems.
Damaged sections of clad sheets may undergo surface treatment
or be replaced during scheduled aircraft maintenance to prevent
damage propagation and preserve structural integrity [9,11].

Aircraftmaintenance companies, known as MROs (maintenance,
repair, and overhaul), follow the standards MIL-DTL-81706 and
MIL-DTL-5541F for chromate-based chemical conversion processes
such as BONDERITE® M-CR 1200S AERO (Alodine 1200S), a
commercial product by Henkel® approved by manufacturers like
Airbus, Boeing, and Embraer for corrosion protection of Alclad
sheet metal structures [12]. This surface pre-treatment, based on
hexavalent chromium, complex fluorides, and ferric compounds,
is prepared by diluting a powder in pure water and applied by
immersion, spraying, or brushing. Depending on the substrate alloy,
application method, and exposure time, the coating color ranges to
brown hues [13]. Known in the industry as Alodining, it forms a
protective layer containing chromates on the metallic substrate,
minimizing corrosion and enhancing the adhesive properties of
subsequent coatings such as paints and primers [14-16]. However,
Cr(VI)-based surface treatments have been limited or restricted by
environmental regulations in the United States and the European
Union due to the toxicity of Cr(VI) ions [17,18]. Eco-friendly,
hexavalent-chromium-free surface treatments remain the focus of
intensive research [13,19-21].

Chemical conversion coating (CCC) via brushing, also known
as “Alodining”, is widely used in the aircraft maintenance industry
due to its versatility and effectiveness in localized applications.
This process allows the treatment of specific areas without the
need for large volumes of solution or complex infrastructure.
Among its advantages are material savings, the possibility of on-site
application during maintenance, and reduced waste generation. In
the last decade, zirconium-based salt coatings have emerged as
promising candidates due to their environmentally friendly nature,
strong adhesion, and excellent corrosion resistance, along with
minimal mass incorporation to the substrate [22-25].

Significant progress has been made in the development
of zirconium-based conversion coatings for aluminium alloys.
Studies such as those by [26] and [25] have demonstrated that
zirconium coatings exhibit high stability and corrosion resistance
due to the formation of protective zirconium oxides and fluorides.
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[12,13,27] proposed zirconium coatings as sustainable alternatives
to chromate-based treatments, aligning with environmental
regulations from aviation authorities such as [17,18]. Studies such
as [27-30] have detailed the protective mechanisms of zirconium-
based coatings, highlighting their ability to form dense oxide layers
that act as physical barriers to chloride penetration cald [8]. and
[31] present insights on the role of polymeric additives—such as
polyethylene glycol (PEG)—in improving the homogeneity and
properties of nanocoatings [33,34] demonstrated that the addition
of stabilizers and modifiers can enhance protective properties.
Despite advancements in surface treatment research, no scientific
references were found regarding the application of zirconium-
based chemical conversion coatings using the brushing technique.
This gap highlights the novelty and relevance of the present study,
which applies this technique traditionally used in processes like
Alodining to a sustainable alternative coating.

The objective of this study was to obtain and investigate the
effectiveness of zirconium oxide nanocoatings on AA2024-T3
aluminum substrates clad with AA1230 (Clad-Material) through
chemical conversion, using two different zirconium sources
and adding PEG400 as a dispersing agent. The application was
performed using the brushing technique and compared with the
immersion method, both based on standards used in aerospace
sector. The corrosion protection properties of the treated samples
were investigated using electrochemical impedance spectroscopy
(EIS), scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDS) to evaluate surface characteristics. An
epoxy coating was also applied to the treated substrate to assess
adhesion properties using the pull-off test. By exploring the
application of a PEG-modified zirconium nanocoating obtained
via chemical conversion on aerospace-grade Alclad aluminum, this
study aims to contribute to advancing knowledge in the field of
protective coating technologies.

Materials and Methods

The Alclad 2024-T3 aluminum alloy, in laminated sheet form
with a thickness of 1.2 mm, was used as the substrate. The sheet
includes an Alclad cladding layer on both sides, with a thickness
ranging from 60 to 80 pm. The cladding was composed of aluminum
alloy 1230 (Al 99.3%, Si 0.7%, Cu 0.1%, Mn 0.05%, Mg 0.05%),
analyzed by X-ray fluorescence using the Nilton XL3T GOLDD+
device from Thermo Scientific. The surfaces of test specimens
measuring 50 mm x 50 mm were pre-cleaned to remove any surface
contaminants, oils, and greases.

The procedure was based on the MIL-DTL-5541F standard,
which specifies surface cleaning requirements prior to the
application of chemical conversion coatings. This step aims to
eliminate oxides, including native oxides and passivation films,
which may interfere with the formation of the chemical coating. This
step is essential to ensure coating adhesion and effective corrosion
protection by providing a uniform surface and enabling an efficient
chemical reaction between the substrate and the conversion
solution. Initial degreasing, or pre-cleaning, was performed using
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deionized water (to avoid contamination by undesirable ions) and
Scotch-Brite® for the removal of coarse particles. Subsequently,
the substrate was decontaminated using two solvents, acetone
(Sigma-Aldrich; 99.5% purity) and isopropanol (Sigma-Aldrich;
99.8% purity), to remove greases and adhesives. This pre-
cleaning is not specifically established in MIL-DTL-5541F, but is
recommended as industrial best practice and in supplementary
documents such as MIL-DTL-81706, Qualified Product Lists (QPL),
AMS 1650, Society of Automotive Engineers (SAE) AMS 4037, and
manufacturers’ guidelines for conversion coating solutions. These
guidelines provide detailed descriptions of approved materials
and procedures for surface preparation, widely adopted in the
aerospace and defense industries.

Following pre-cleaning, a visual inspection was conducted to
ensure that the surface of the test specimens appeared clean and
uniform, with no visible residues. Next, the Water Break Test was
performed, which is widely used in the industry to verify surface
cleanliness prior to treatments such as chemical conversion.
Although not specified in a single exclusive standard, it is described
in various standards and guidelines as part of surface cleaning
and preparation procedures. Based on acceptance criteria from
standards such as MIL-DTL-5541F, ASTM F22, and Federal
Test Method Standard 141C, Method 5331, surfaces should be
hydrophilic, allowing water to spread evenly without forming
droplets. The second decontamination step, or chemical pickling,
is recommended for removing stubborn contaminants such as
oxides and passivation films. Alkaline solutions compatible with
the alloy were selected for this step. Immersion time and solution
concentration were controlled to prevent excessive substrate
attack. In this study, a commercial alkaline detergent, Salocin
667N®, was used at a concentration of 70 g-L'1 in distilled water
at 343 K for 10 minutes, followed by rinsing with distilled water.
Once the specimen was properly cleaned, the chemical conversion
processes followed.

Two zirconium sources were used: a standard analytical
solution from Sigma-Aldrich (density 1.512 g-mL™, 50 wt%
H,ZrFs, 3.65 mol-L™ Zr), and the commercial solution ZRC-23 from
manufacturer Klintex. Solutions were prepared at concentrations
of 0.1825, 0.365, 0.5475, and 0.73 mol-L™ Zr (approximately
5%, 10%, 15%, and 20% by mass of Zr), with PEG400 added at
a molar ratio of PEG/Zr = 0.1036 (around 20% by mass). he pH
was adjusted to 4, and tests were conducted at room temperature.
The chemical conversion solution was applied using immersion
and brushing methods, based on MIL-DTL-5541F specifications.
Immersion was carried out using a beaker made of polypropylene,
a material resistant to corrosion and non-reactive with the fluoride
present in the conversion solution. To fully submerge the specimen
in the chemical solution, the dip-coating technique was employed
using a Marconi MA 765 disc lift, with 2 minutes of immersion
at a rate of 420 mm-min~* for both immersion and withdrawal,
at room temperature (between 20°C and 25°C). Samples were
immersed in the conversion solutions for 3 minutes, the average
time recommended by MIL-DTL-5541F for chemical conversion via
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immersion. After immersion, the specimens were thoroughly rinsed
with deionized water to remove any residual chemicals and reaction
by-products. All treated specimens were air-dried in a controlled
environment to avoid contamination. The brushing application was
carried out using cotton as the vehicle for applying the chemical
conversion solution onto the substrate. The cotton was dipped
into the conversion solution and gently squeezed to remove excess
solution, preventing waste and dripping. The cotton was gently
rubbed over the substrate using uniform and overlapping strokes to
cover the entire surface, ensuring the solution formed a continuous
layer without accumulating in specific areas. The solution was
allowed to react with the substrate for a controlled period of 1
minute; after the reaction time, the surface was thoroughly rinsed
to remove excess solution and reaction by-products. The treated
specimens were air-dried in a controlled environment.

To characterize the nanocoating, electrochemical impedance
spectroscopy (EIS) tests were conducted in 0.5 M NaCl (26 g-L™)
at room temperature to evaluate corrosion resistance. In each
electrochemical cell, the exposed area of the sample was 7.07 cm?.
A saturated KCl Ag/AgCl electrode (+0.207 V vs. SHE) was used as
the reference electrode, and a platinum sheet served as the counter
electrode. EIS spectra were acquired over a frequency range from
10° Hz to 10 Hz, using a 10 mV (RMS) perturbation amplitude at
the open-circuit potential (measured after a 2-minute stabilization
period), employing an Autolab PGSTAT302 potentiostat and Nova
software version 1.11.2. The tests were performed in duplicate,
and samples were monitored over immersion periods of up to 696
hours. The contact angle (wettability) test was carried out using
the sessile drop method with the SEO Phoenix Mini system from
LACOR, and ultrapure water was used as the test liquid. Scanning
electron microscopy (SEM), along with the pull-off adhesion test,
were employed to assess the surface morphology and the adhesion
strength of subsequent coatings such as paints and primers.

Results and Discussion

SEM and EDS analyses were carried out to assess the adhesion,
chemical composition, and homogeneity of the coating. Top-view
SEM images of the samples subjected to nanometric Zr oxide
deposition, as described in Section 2, are shown in Figures 1-2. The
EDS analyses at each marked point on the micrographs, presented
in Tables 1-2, confirmed the presence of zirconium (Zr), oxygen
(0), and fluorine (F), indicating the formation of fluorides and
oxides on the substrate surface. However, the micrographs reveal
an irregular distribution of zirconium within the nanocoating, with
certain regions where the substrate remains exposed.

The surface morphology of the sample after surface treatment
with hexafluorozirconic acid and PEG exhibited regions with more
uniform deposition, as shown in Figure 2. By comparing the EDS
analyses of the points marked on the micrographs in Figure 1 with
those in Figure 2, a more homogeneous deposition is observed,
corroborating the findings of [24], who obtained a similar coating
on a 1XXX series alloy using the immersion process.
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Figure 2: SEM image of the sample with Zr immersion coating.
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Table 1: Mass composition (%) of points 1 to 3 marked in Figure 1.

1 4.54 20.98 5.31 69.17
2 2.79 17.39 8.63 69.79
- 1.24 3.37 95.39
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Table 2: Mass composition (%) of points 1 to 3 marked in Figure 2.
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1 - 191 - 98.09
2 9.72 10.63 6.26 71.9
3 15.25 12.35 3.72 68.68

The presence of elements such as zirconium (Zr), aluminum
(Al), fluorine (F), and oxygen (O) suggests the formation of a
zirconium-based chemical conversion coating layer. Regions with
lower zirconium concentration may indicate coating defects or
areas of exposed substrate. Mass quantification revealed higher Zr
density in well-coated areas, consistent with the findings of [26],
who obtained zirconium-titanium-based chemical conversion
coatings on AA6061 aluminum alloy. However, the detection of
aluminum near the edges of the sample suggests reduced thickness,
absence of coverage, or poor adhesion. These variations highlight
the importance of pH, contact time, and solution concentration.

In a previous study conducted by the laboratory, [35] observed

that a solution with pH 4 led to less effective formation of the Zr
conversion coating, as the Zr contents measured by the author were
lower compared to other pH conditions tested. However, there is a
theoretical limitation to the usable pH range, since aluminium tends
to corrode in both highly acidic and highly alkaline environments,
as shown in Figure 3. The Pourbaix diagram Potential vs Standard
hydrogen electrode x pH for aluminium in water at 25 °C [36,37]
illustrates the regions where aluminium exhibits passivity,
immunity, and corrosion. It is observed that at pH values below 4,
aluminium is susceptible to acid corrosion, favoring the formation
of AI** ions, while at pH above 9, aluminium undergoes alkaline
corrosion, forming Al(OH),™ ions.
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Figure 3: Pourbaix diagram for aluminium in water at 25 °C, showing the stability limits of water. Redrawn and adapted from [36,37].
k J

The electrochemical equations governing aluminum corrosion
are:

Al — AP +3e”

0,+2H,0+4e” - 40H" For alkaline or neutral, aerated
environments

2H" +2e  — H,For acidic, deaerated environments

Thus, aluminum could theoretically be processed at pH values
below 4 or above 9, however, the hexafluorozirconate complex is
stable under acidic to mildly acidic conditions, but may decompose
at higher pH levels, releasing Zr(IV), which can then precipitate as
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zirconium hydroxide (Zr(OH),). Specifically, precipitation begins to
occur around pH 4.5 and becomes more pronounced at pH ranges
above 5.5 to 6.0. The precipitation reaction of zirconium hydroxide
can be represented as:

Zr*" +40H™ — Zr(OH), ()

Thus, only the acidic pH range would be viable for a
hexafluorozirconate-based chemical conversion solution, with a pH
range of 3.5 to 4.5 considered ideal for such solutions. This range

is mildly acidic and beneficial for forming a uniform and adherent
conversion layer, but not so acidic as to induce excessive corrosion
of aluminum. These pH ranges are critical for designing chemical
treatments and predicting the behavior of aluminum in different
environments.

Higher zirconium concentrations—above 20 wt.% in the
solution—and prolonged exposure times led to the formation
of thick and brittle deposits, as illustrated in Figure 4. In these
samples, the sessile drop contact angle was zero.

Figure 4: Deposit obtained at high zirconium concentrations in solution.

In the contact angle analysis, lower surface wettability was
observed in the brushing process without PEG, indicating that

H,ZrF¢ and ZRC-23 induce changes in the surface properties of the
substrate, rendering it hydrophobic, as evidenced in Figures 5-6.

BRUSHING in B.

Figure 5: Sessile drop image of surfaces treated with H,ZrF solution without PEG — BRUSHING in A, and with ZRC-21 solution without PEG —

J
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IMMERSION in B.

Figure 6: Sessile drop image of surfaces treated with H,ZrF, solution without PEG — IMMERSION in A, and with ZRC-21 solution without PEG —

J

Figures 7-8 present comparative images of sessile drops on each
of the evaluated surfaces, with the lowest contact angle observed
in samples treated with PEG—regardless of Zr concentration—
compared to those treated only with H,ZrF¢ or ZRC-23, suggesting
that the mechanism of hydration and precipitation of aluminum
hydroxide on the Alclad surface was altered, indicating that the
addition of PEG to the conversion solution changed the surface

interaction with the chemical conversion bath, influencing surface
tension and the ability to repel or absorb moisture. The lower
contact angle observed in PEG-treated samples indicates greater
wettability compared to those treated solely with H,ZrF¢ or ZRC-23.
This suggests that PEG reduces surface hydrophobicity, potentially
due to the formation of more homogeneous and less porous layers,
as observed by [38] and [39].

( 1
Figure 7: Sessile drop image of surfaces treated with H,ZrF solution with PEG — BRUSHING in A, and with ZRC-21 solution with PEG -
BRUSHING in B.

. J

( 1
Figure 8: Sessile drop image of surfaces treated with H,ZrF solution with PEG — IMMERSION in A, and with ZRC-21 solution with PEG -
IMMERSION in B.

. J
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The adhesion test demonstrated that the application method
has a significant impact on the mechanical strength of the coatings,
as shown in Figures 9-10. When comparing the H,ZrFq coating
without PEG across both application methods, it was observed
that the brushing method exhibited lower mechanical strength
than immersion, particularly at higher concentrations (15% and
20%). In contrast, the immersion method demonstrated superior
performance, with a peak strength at 15% concentration (3.64

MPa), attributed to the formation of more homogeneous zirconium
layers.

The zirconium coating obtained using ZRC-23 via brushing
achieved the highest initial strength (3.66 MPa at 5%), but showed
a progressive reduction at higher concentrations. Immersion
provided more consistent values, suggesting greater control over
the coating deposition process.

e N
H2ZrF6 Brushing
H2ZrF& Brushing + PEG 400
3.5 H2ZrF6 Immersion
H2ZrF& Immersion + PEG 400
ZrC-23 Brushing
ZrC-23 Brushing
3.0 ZrC-23 Immersion
i) 2rC-23 Immersion + PEG 400
a
=
£ 25
[=:]
=
2
@
2.0
15 e
5 10 15 20
Concentration (%)
Figure 9: Performance comparison of coatings (MPa) with and without PEG.
N J
e N
35 #— H2ZrF6 Brushing + PEG 400
) —a— H2ZrF6 Immersion + PEG 400
—a— ZRC23 Brushing + PEG 400
—a— ZRC23 Immersion + PEG 400
3.0
a
=
£ 25 =
= —
= _'_'___,-'—'
g | —
w
2.0 -— -
15 - i
5 10 15 20
Concentration (%)
Figure 10: Performance comparison of coatings (MPa) with PEG.
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The presence of PEG 400 had a distinct influence on the
performance of the coatings, depending on the precursor and
application method. For coatings in which H,ZrFs was used as the
zirconium source and applied by brushing, the addition of PEG 400
reduced the mechanical strength at higher concentrations (15%
and 20%), suggesting that PEG interferes with coating formation,
in agreement with the findings of [34]. In the immersion process,
however, PEG improved the results at intermediate concentrations
(10% and 15%), promoting denser and less porous layers, with
mechanical strengths ranging from 2.48 to 2.67 MPa.

For coatings that used ZRC-23 as the Zr source and were applied
by brushing, PEG increased adhesion strength at concentrations of
10% and 15%, indicating a positive effect on coating uniformity. In
contrast, for the immersion process, the values remained constant,
suggesting that this application method is effective regardless of
PEG 400 addition.

The highest overall performance of the zirconium coating was
observed in the samples treated with H,ZrFs via immersion at
15% concentration with PEG. This treatment achieved the highest
mechanical strength value (3.64 MPa), standing out as the best
combination of precursor, method, and concentration. Although
the samples coated with ZRC-23 by brushing at 5% without PEG
initially exhibited the highest value (3.66 MPa), their strength
significantly decreased at higher concentrations.

As the main objective of this study was to evaluate the brushing
application method, electrochemical impedance spectroscopy
(EIS) tests were conducted on these samples. Impedance was
measured as a function of frequency, and the results were analyzed
to assess the corrosion resistance provided by each treatment. The
graphs shown in Figures 11 and 12 illustrate the electrochemical
impedance results of the coatings after 1 hour and 168 hours of
exposure to a 0.5 mol/L NaCl aqueous solution.
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Figure 11: Brushing application after 1 h of exposure to chloride solution.
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The graph in Figure 11 shows that the ZRC-23 at 5% and H,ZrF¢
at 5% treatments exhibit higher impedance at low frequencies,
suggesting good initial corrosion protection. As a comparative
surface treatment, Alodine demonstrates relatively good protection,
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although slightly inferior to the zirconium-based treatments. The
“Blank” sample (untreated) shows the lowest impedance, indicating
significantly lower corrosion protection.
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Figure 12: Brushing application after 168 h of exposure to chloride solution.
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The electrochemical impedance test remained stable until 168
hours (Figure 12), when a significant reduction in impedance was
observed for the ZRC-23 5% and H,ZrFs 5% treatments, indicating
a possible partial loss of protection. However, both treatments
still maintained higher protection levels compared to the Alodine
coating and the “Blank” sample, which continued to show lower
impedance values, due to corrosion products of AL

The increase in impedance in the uncoated (blank) sample
at low frequencies is consistent with the formation of corrosion
products that create a diffusional barrier. However, this increase
does not necessarily indicate effective corrosion protection. The
sample treated with Alodine maintained a higher impedance,
reflecting the superior efficacy of chromate conversion coatings,
confirmed by decades of industrial use and extensive scientific
literature. The Nano Zirconium treatments showed slightly lower
but stable impedance, suggesting an effective and long-lasting
protection mechanism.

Samples that did not exhibit high mechanical strength were
also evaluated in terms of corrosion behavior to understand
whether the coating could serve as a standalone barrier layer
without the addition of paints or primers. In this regard, the
H,ZrF¢ immersion treatment at 15% with PEG showed the highest
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electrochemical resistance observed in the EIS test, which aligned
with its mechanical performance (3.64 MPa). This result suggests
that immersion at 15% + PEG promotes a denser and more uniform
coating deposition, corroborating the findings of [32] and [39].

Although brushing generated coatings with good initial
performance, the EIS semicircles were smaller, indicating greater
porosity and permeability. Despite the high initial mechanical
strength (3.66 MPa) achieved by the ZRC-23 coating applied by
brushing, the electrochemical behavior suggests limitations in long-
term protection, attributed to the lower uniformity of the formed
layer. This behavior was very similar to that observed in the ZRC-
23 immersion samples, suggesting that the performance of this Zr
source remains relatively constant regardless of the application
method.

Conclusion

This study demonstrated that zirconium-based nanocoatings
assisted by PEG 400 exhibit performance that is significantly
influenced by the combination of precursor, application method,
and the presence of PEG 400. PEG appears to act as a morphology
modifier of the coating layer, but its effectiveness depends on
both concentration and application method. At higher zirconium
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concentrations, interferences may occur, leading to the formation of
less corrosion-resistant layers. Immersion tends to promote a more
uniform and controlled deposition, resulting in superior adhesion
strength values.

Based on the results obtained, it can be concluded that H,ZrFg
applied via immersion produced the most stable performance, with
less variation across different concentrations. This suggests that
the method is more robust for this specific precursor. In contrast,
the brushing application method showed greater variability,
particularly when PEG was used, and seems to be suitable only at
low concentrations (5%) for this precursor, due to performance
limitations at higher concentrations. The addition of PEG should be
carefully evaluated, as its effect depends on both the precursor and
the application technique.

Further testing under extreme environmental conditions—
such as prolonged exposure to marine atmospheres or elevated
temperatures—would be valuable to validate the coating’s
robustness. The incorporation of other polymeric additives
or nanoparticles may potentially enhance both protective and
mechanical properties of the coatings. Finally, studies addressing
the economic and operational feasibility of large-scale application

are essential for the industrial adoption of this process.
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