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Abstract

During aviation operations, low temperatures can cause fuel freezing and icing on 6061 alu-
minum fuel lines, threatening flight safety. To mitigate this, a surface treatment combining
FeCl; etching and an ORMOSIL sol-gel coating was proposed to construct a superhy-
drophobic functional layer. FeCl; etching generated a hierarchical micro/nanostructure
on the aluminum surface, while the ORMOSIL layer, formed by the co-hydrolysis and
condensation of PFOTES and HDTMS, built 5i-O-5i networks and introduced C-F groups
to reduce surface energy and enhance stability. The modified surface showed a high water
contact angle of 161.44°, confirming excellent superhydrophobicity. AFM analysis revealed
a significant increase in surface roughness (Sa = 0.844 um), confirming the formation of
a hierarchical micro/nanostructure. Electrochemical measurements showed a positive
shift in corrosion potential from —0.723 V to —0.652 V, demonstrating enhanced corrosion
resistance. More importantly, after 120 h of immersion in aviation fuel, the coating main-
tained a high contact angle of 156.73° and preserved its Si-O-5i network and fluorinated
functional groups, confirming outstanding fuel resistance and long-term stability. These
results demonstrate that the proposed ORMOSIL coating is a promising protective strategy
for aviation fuel systems operating under low-temperature and corrosive conditions.

Keywords: superhydrophobic; fluorosilane; micro/nano hierarchical structure; aviation
fuel; sol-gel method

1. Introduction

During high-altitude flight, aircraft are frequently exposed to extremely low temper-
atures and high humidity, with ambient temperatures often falling below the freezing
point [1]. Under such conditions, low temperatures can cause condensed water droplets
to freeze on the inner walls of aluminum alloy pipelines connecting the fuel tank to the
engine, potentially leading to blockage [2]. The formation of ice layers can narrow the
effective cross-section of the pipelines, increase flow resistance and the risk of blockage,
and disrupt the stable delivery of fuel, thereby compromising the operational safety of
the propulsion system. Prolonged exposure to low temperatures may also exacerbate
inner-surface icing and frost accumulation on components, leading to interruption of fuel
supply and posing a substantial threat to flight safety [3]. To address these challenges,
constructing superhydrophobic surfaces has emerged as an effective surface protection
strategy [4]. Such surfaces significantly reduce the contact area between water droplets
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and solid substrates, thereby weakening liquid adhesion [5]. Wettability is one of the most
important surface characteristics governing the interaction between a solid surface and
liquids. It is commonly evaluated by the water contact angle (CA), which reflects the degree
of spreading of a water droplet on a surface. Generally, surfaces with contact angles lower
than 90° are considered hydrophilic, whereas those with contact angles greater than 90°
are regarded as hydrophobic. When the contact angle exceeds 150° and the sliding angle
remains below 10°, the surface is classified as superhydrophobic [6]. Surface wettability
is strongly influenced by both surface chemistry and surface roughness. According to
the Wenzel and Cassie-Baxter wetting models, hierarchical micro/nanostructures com-
bined with low-surface-energy materials can effectively trap air pockets at the solid-liquid
interface, thereby reducing liquid adhesion and enhancing water repellency. These wet-
ting characteristics are particularly important for aircraft fuel systems, where reduced
water adhesion, delayed ice nucleation, and enhanced corrosion resistance are essential
for maintaining operational safety under low-temperature environments. Among various
coating materials, organically modified silicates (ORMOSILs) offer an ideal platform for
the fabrication of superhydrophobic surfaces due to their excellent chemical resistance,
thermal stability, mechanical robustness, and inherently low surface energy [7]. When ap-
plied to the surface of aerospace-grade aluminum alloys, ORMOSIL coatings demonstrate
promising durability and environmental adaptability, providing an effective protective
solution for critical components in aircraft fuel delivery systems [8]. Smitha [9] developed
an ORMOSIL-ZrO, hybrid nanocomposite coating by combining methyltrimethoxysilane
(MTMS) and glycidyloxypropyl trimethoxysilane (GPTMS) as organosilane precursors
with zirconium isopropoxide (ZIP) as the inorganic nano-dispersed phase. Electrochemical
tests conducted in 3.5 wt% NaCl solution revealed that the coated aluminum alloy exhib-
ited a significantly reduced corrosion current density of 10~7 A/cm? and a polarization
resistance as high as 10° O-cm?, demonstrating excellent corrosion resistance. Metroke [10]
fabricated ORMOSIL coatings on 2024-T3 aluminum alloy substrates. Electrochemical tests
showed that the coatings exhibited high polarization resistance and impedance modulus,
confirming their excellent protective performance for aluminum substrates and long-term
stability in corrosive environments.

As a commonly used material in fuel systems, 6061 aluminum alloy has drawn at-
tention for surface modification aimed at improving its anti-icing and corrosion resis-
tance [11,12]. Although progress has been made in the fabrication of superhydropho-
bic surfaces, challenges remain in achieving structurally stable and functionally durable
coatings for key areas within aviation fuel systems [13,14]. In this study, a hierarchical
micro/nano-structured surface was fabricated on 6061 aluminum alloy via FeCl3 etch-
ing, followed by the deposition of an ORMOSIL coating derived from 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (PFOTES) and hexadecyltrimethoxysilane (HDTMS). The
resulting composite surface exhibited both superhydrophobicity and excellent corrosion
resistance [15,16]. The performance and applicability of this surface treatment were sys-
tematically evaluated under aviation-relevant conditions, offering a promising protective
strategy to enhance the environmental resilience and operational safety of aircraft fuel
systems. The hydrolysis and condensation of PFOTES and HDTMS, as well as the proposed
ORMOSIL siloxane network, are schematically illustrated in Figure 1.
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Figure 1. Schematic illustration of the hydrolysis and condensation of PFOTES and HDTMS to form
the ORMOSIL siloxane network.

2. Materials and Methods
2.1. Experimental Material

The substrate material used in this study was aerospace-grade 6061 aluminum al-
loy, which is widely used in aerospace structures and fuel system components because
of its favorable strength-to-weight ratio, corrosion resistance, and machinability [17].
Its nominal composition was Al > 96%, Si < 0.8%, Fe < 0.7%, Cu < 0.4%, Mg < 1.2%,
Mn < 0.15%, Cr < 0.35%, Zn < 0.25%, and Ti < 0.15%. The chemicals utilized included
ferric chloride hexahydrate (AR grade, Shanghai Titan Technology Co., Ltd., Shanghai,
China), 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES, RG grade, Shanghai Titan
Technology Co., Ltd., China), hexadecyltrimethoxysilane (HDTMS, RG grade, Shenzhen
Zhongfu Technology Co., Ltd., Shenzhen, China), methanol (BASIC HPLC grade, Shanghai
Titan Technology Co., Ltd., China), ethanol (HPLC grade, Shanghai Titan Technology Co.,
Ltd., China), petroleum ether (AR grade, Shanghai Titan Technology Co., Ltd., China), and
jet fuel (Maoming Yuanmao Petrochemical Co., Ltd., Maoming, China).

2.2. Experimental Equipment

The main experimental equipment used in this study included an electric heating
sleeve, an oven, an ultrasonic cleaning instrument, and beakers. The electric heating sleeve
(Shanghai Lichen Bangxi Instrument Technology Co., Ltd., Shanghai, China) was employed
for temperature-controlled heating during the preparation process. The oven (Shanghai
Shanzhi Instrument Equipment Co., Ltd., Shanghai, China) was used for drying and ther-
mal curing of the samples. The ultrasonic cleaning instrument (Shanghai Yixin Electronic
Technology Co., Ltd., Shanghai, China) was used to clean the aluminum alloy substrates
before surface treatment. Beakers (Sichuan Shuniu Horticulture Co., Ltd., Chongzhou,
China) were used for solution preparation, substrate immersion, and sample treatment.

2.3. Experimental Characterization Methods

The surface wettability of the samples was evaluated using a water contact angle test,
with a measurement range of 0-180° and an accuracy of £0.1°. For each sample group,
measurements were taken three times at five different positions, and the average value was
used to reflect the overall hydrophobic performance. Surface morphology was observed
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using a field-emission scanning electron microscope (SEM) (Carl Zeiss Microscopy GmbH,
Jena, Germany) with an accelerating voltage of 10 kV, a working distance of 5.5 mm, and a
magnification range from 20,000 to 100,000 x. Elemental composition and distribution were
analyzed using energy-dispersive spectroscopy (EDS) (Oxford Instruments, Abingdon,
UK) in conjunction with SEM. Atomic force microscopy (AFM) (Billerica, Billerica, USA)
was employed to analyze the microstructure of the surface, with a scan area of
3 pum X 3 um. Arithmetic mean roughness (Sa) and root mean square roughness (Sq)
were extracted for quantitative evaluation. The surface chemical states were analyzed
using X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific, Waltham, USA),
with a scanning energy range of 0-1200 eV. Fourier-transform infrared spectroscopy (FTIR)
(Thermo Fisher Scientific, Waltham, USA) was conducted over the range of 400-4000 cm !
to detect the vibrational frequencies of chemical bonds and obtain characteristic absorption
peaks. The corrosion resistance of the samples was analyzed using an electrochemical
workstation through potential-current curves, with a scan rate of 0.5 mV /s and a potential
range of open-circuit potential (EOCP) £100 mV.

2.4. Experimental Process

First, the 6061 aluminum alloy samples were sequentially immersed in 99.9% methanol,
99.5% ethanol, petroleum ether, and deionized water, with each step involving 15 min
of ultrasonic cleaning to remove surface oils and impurities. The cleaned samples were
then immersed in a 15 wt% FeCl; solution and chemically etched at 40 °C for 10 min.
After etching, the samples were again ultrasonically cleaned with methanol to remove
residual FeCl; and reaction byproducts and subsequently dried under a nitrogen stream
to ensure complete surface dryness. Next, the ORMOSIL sol-gel solution was prepared
using PFOTES (98%) and HDTMS (5%) as organosilane precursors. Ethanol, deionized
water, and 37% hydrochloric acid were added according to the molar ratio of Precursor:
EtOH:H,O:HCl = 1:856:7.2:0.9, and the mixture was vigorously stirred for 2 min to promote
hydrolysis and condensation reactions. The prepared sol was then applied onto the etched
aluminum alloy surface at room temperature using dip coating.

During FeClj treatment, the aluminum surface underwent a redox-assisted chemical
etching process. Fe>* acted as an oxidizing agent and promoted the dissolution of metallic
Al, while Fe3* was reduced to Fe?*. The main reactions can be expressed as follows:

Al — AIP* + 3¢
3Fe?t + e~ — Fe?t
Al + 3FeCl; — AICl; + 3FeCly

In addition, C1™ ions could locally disrupt the native aluminum oxide layer and
promote pitting corrosion, resulting in the formation of micro-scale pits and hierarchical
rough structures on the aluminum alloy surface.

After deposition, the samples were first heat-treated at 60 °C for 30 min to remove
residual solvent, followed by heating at 120 °C for 60 min to complete curing of the coating.
Upon cooling, ORMOSIL composite coatings with superhydrophobic properties were
successfully obtained. The chemical etching process followed by the deposition of the
ORMOSIL coating is schematized in Figure 2.
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Figure 2. Illustration of the experimental procedure.

3. Results

To evaluate the effectiveness of surface modification and confirm the formation of the
ORMOSIL coating, energy-dispersive spectroscopy (EDS) was conducted to analyze the sur-
face elemental composition of the aluminum alloy samples before and after treatment [18].
As shown in Figure 3a, the untreated aluminum alloy primarily exhibited strong signals
of aluminum (Al) and carbon (C). According to the elemental total spectrum measured
by EDS, aluminum, as the main component of the substrate, accounted for 87.51 wt%,
whilecarbon accounted for 11.20 wt%, which may be derived from residual organic matter
frommechanical processing or pollutants adsorbed from the environment. Minor signals of
oxygen (O) and fluorine (F) were also detected, which can be attributed to the native oxide
layer and trace environmental fluorine species [19]. At this stage, no silicon (Si) signal
was observed, indicating the absence of any silane-based hybrid coating on the surface.
After FeCl3 etching and deposition of the ORMOSIL sol-gel coating, significant changes
in surface composition were observed. The Al signal was greatly reduced, suggesting
that a coating layer had formed and that the underlying Al signal was further attenuated
by the micro/nanostructures generated by etching [20]. The carbon content increased to
12.38 wt%, primarily due to the long alkyl chains introduced by HDTMS, which help estab-
lish a low-surface-energy coating. The oxygen content rose to 2.23 wt%, likely due to the
hydrolysis and condensation of the silane precursors and the formation of AI-OH groups
during the etching process. The fluorine content reached 2.17 wt%, originating from the
-CF; and -CF;- groups in PFOTES, which are crucial for imparting superhydrophobic prop-
erties. Silicon, which was previously undetectable, appeared at 0.54 wt% after modification,
confirming the successful formation of a siloxane-based hybrid network derived from the
hydrolyzed PFOTES and HDTMS [21]. Overall, the significant reduction in Al content and
the marked increase in non-metallic elements such as C, O, F, and Si after modification
indicate the successful construction of an organic-inorganic hybrid ORMOSIL functional
coating on the aluminum alloy surface, effectively enhancing the surface composition and
functional performance of the material [22].

To further investigate the elemental composition and chemical states of the sample
surfaces, X-ray photoelectron spectroscopy (XPS) was conducted on untreated aluminum
alloy, etched samples, and ORMOSIL-modified samples [23]. As shown in Figure 3b,
the wide-scan XPS spectrum of the untreated 6061 aluminum alloy reveals the presence
of O 1s, C 1s, and Al 2p peaks, indicating that the surface mainly consists of oxygen,
carbon, and aluminum. The O 1s peak is attributed to the naturally formed oxide layer on
the aluminum surface, while the C 1s peak likely originates from organic contaminants
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adsorbed from the ambient environment [24]. The presence of the Al 2p signal suggests
that the oxide layer is relatively thin, allowing photoelectrons from the aluminum substrate
to be detected [25]. Overall, the untreated sample exhibits the typical surface composition
of metallic aluminum [26]. After surface modification, the XPS wide-scan spectrum of the
sample is shown in Figure 3c. In addition to the original O 1s, C 1s, and Al 2p peaks, new
signals corresponding to F 1s, Cl 2p, and Si 2p are observed. The prominent F 1s peak
confirms the successful incorporation of fluorine, mainly derived from the fluorocarbon
chains in PFOTES [27]. The presence of the Si 2p peak indicates the formation of a siloxane-
based network structure [28]. The CI 2p signal may originate from residual FeCl; used
during etching or from reaction by-products [29]. Compared to the untreated sample, the
Al 2p signal is significantly weakened, suggesting that the modified coating forms a more
complete coverage on the surface; however, the remaining signal also indicates that the
film is thin enough for some photoelectrons from the substrate to escape. This indicates the
successful incorporation of fluorocarbon groups and siloxane structures into the ORMOSIL
coating, as well as a significant enhancement in surface coverage on the aluminum alloy.

To further elucidate the chemical bonding states within the ORMOSIL coating, high-
resolution XPS analysis was performed on the Si 2p and C 1s orbitals, as shown in
Figure 3d,e. In the Si 2p spectrum (Figure 3d), three characteristic peaks were observed
at binding energies of 101.70 eV, 102.90 eV, and 104.12 eV. The component at 101.70 eV is
assigned to Si-O-C/SiOxCy-related species derived from partially hydrolyzed or organi-
cally modified silane structures, rather than Si-C bonds. The peak at 102.90 eV is attributed
to Si-O-5i bonds in the siloxane network, while the component at 104.12 eV is associated
with residual Si-OH or highly oxidized silicon species. In the C 1s high-resolution spec-
trum (Figure 3e), a strong peak at 284.8 eV corresponds to C-C/C-H bonds, while peaks at
290.6 eV and 292.8 eV are associated with CF,-CF; and CF;3-CF, structures, respectively [30].
No distinct C 1s component near 283 eV was observed; therefore, the presence of Si-C
bonds cannot be confirmed from the C 1s spectrum. These fluorinated features originate
from the functional groups of PFOTES, and their strong signals indicate surface enrichment
of fluorine-containing species. According to studies, the critical surface tensions of -CF,
and -CF3; groups are approximately 23 mN/m and 15 mN/m, respectively—which are
much lower than those of conventional hydrocarbon groups such as -CH, and -CH3 [31].
This surface fluorination plays a crucial role in lowering the surface free energy, which
directly contributes to the excellent hydrophobic performance observed in subsequent
contact angle measurements. Together, the XPS results confirm the successful formation
of a hybrid organic-inorganic ORMOSIL network on the aluminum alloy surface, where
the fluorinated moieties and siloxane backbone synergistically enhance the coating’s envi-
ronmental durability and superhydrophobic properties, providing a solid structural and
functional foundation for applications in aircraft fuel systems [32].

Figure 3f,g present the Fourier-transform infrared (FTIR) spectra of the ORMOSIL-
coated sample and the control specimens to analyze the functional group composition
and structural characteristics of the coating. As shown in Figure 3f, both the untreated
and ferric chloride-etched samples exhibit negligible absorption peaks across the spectral
range, primarily due to the predominance of metal oxides and other inorganic species
on their surfaces, which lack IR-active organic functional groups and therefore do not
generate significant spectral responses [33]. In sharp contrast, the ORMOSIL-coated sample
displays distinct absorption bands in multiple regions, indicating the successful incor-
poration of various organic and inorganic hybrid structures. To further elucidate these
features, the magnified spectrum in Figure 3g reveals several characteristic peaks. The
peaks observed at 1085 cm 1 [34], 1119 em ™! [35], and 1189 cm ™! are attributed to the
asymmetric stretching vibrations of the Si-O-5i network and the C-F stretching vibra-
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tions of -CF; and -CF3 groups [36], respectively, confirming the formation of a siloxane
backbone and the introduction of fluorocarbon functionalities during the sol-gel process.
Additionally, weaker absorption bands at 1444, 1365, and 1319 cm™! correspond to the
bending vibrations of C-H bonds from the long alkyl chains in PFOTES and HDTMS, as
well as partial C-F skeletal vibrations [37]. These long hydrophobic chains contribute to
molecular-level water repellency, thereby enhancing the surface’s hydrophobic character.
The band at approximately 897 cm ™! is reassigned to Si-O-C, Si-O-Si bending, or residual
alkoxy /silanol-related vibrations, rather than Si-C stretching. This reassignment is more
consistent with the hydrolysis and condensation chemistry of PFOTES and HDTMS during
ORMOSIL formation. The absorption at 694 cm ™! is attributed to the out-of-plane bending
vibrations of C-H bonds, which may indicate the presence of ordered alkyl chain packing on
the surface [38]. Taken together, these functional groups synergistically form a chemically
stable hybrid network with intrinsically low surface energy The integration of fluorocarbon
chains and siloxane structures significantly reduces the surface free energy, which is critical
for achieving superior superhydrophobic performance [39]. This hybrid structure provides
a solid theoretical and structural foundation for enhanced anti-icing, anti-corrosion, and
self-cleaning functionalities under extreme service conditions.
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Figure 3. (a) EDS elemental mapping of aluminum alloy and ORMOSIL-coated samples; (b,c) XPS
survey spectra; (d,e) High-resolution XPS spectra of Si 2p and C 1s; (f) FTIR spectrum; (g) magnified
FTIR spectrum of the ORMOSIL coating.
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Figure 4 presents SEM images of the coating surface at lower (5 pm scale bar) and
higher (1 pm scale bar) magnification scales, respectively. Numerous fine particles can
be observed on the rough micro/nanostructured surface. These images clearly reveal the
morphological evolution from a relatively smooth surface to a hierarchically rough struc-
ture, demonstrating the significant regulatory effects of chemical etching and ORMOSIL
modification on the surface microstructure. As shown in Figure 4a, the untreated aluminum
surface appears relatively smooth. In the low-magnification SEM image with a scale bar of
5 um, no noticeable structural features are observed aside from slight machining marks. In
the corresponding high-magnification SEM image with a scale bar of 1 um, the surface still
lacks nanoscale features such as sharp protrusions or pores. The overall flat morphology
and low surface roughness indicate an inability to stably trap air, which is unfavorable for
forming an ideal superhydrophobic state. Following FeCl; etching, the surface morphology
changes significantly, as shown in Figure 4b. In the low-magnification SEM image with a
scale bar of 5 um, a large number of uniformly distributed cubic microstructures appear
across the surface, arranged in stacked lamellar formations with clear edges and high
regularity. Further observation in the high-magnification SEM image with a scale bar of
1 um reveals that these individual platelets exhibit well-defined boundaries and ordered
vertical alignment, forming step-like terrace structures. These microstructures are the result
of localized dissolution induced by FeCls, possibly aligned with specific crystallographic
orientations of the aluminum substrate [40]. This localized dissolution was mainly caused
by the redox reaction between Al and Fe3*, accompanied by Cl~-induced disruption of the
native oxide layer, which promoted anisotropic etching and pit formation. The formation
of these micron-scale step-like and layered features greatly increases surface roughness and
provides a suitable scaffold for the attachment of low-surface-energy materials [41]. On this
basis, the introduction of the ORMOSIL coating leads to further morphological changes, as
illustrated in Figure 4c. EDX analysis confirmed that the particles mainly consisted of Si,
O, C, and F elements, suggesting that they originated from the ORMOSIL network rather
than corrosion products or residual etching species. In the SEM image with a scale bar of
5 um, the original cubic structures remain partially visible but are covered by numerous
irregular granular deposits, suggesting that sol-gel reaction products have accumulated
on the substrate [42]. In the high-magnification SEM image with a scale bar of 1 um, these
fine particles are seen to be uniformly distributed among the microstructures, forming a
multiscale composite surface composed of particles, lamellae, and pores. This hierarchical
roughness effectively promotes a Cassie-Baxter wetting regime, enabling water droplets to
remain suspended on the air-solid composite interface, thereby significantly enhancing
both the superhydrophobic and oleophobic properties of the surface [43].

To systematically evaluate the regulatory effects of different surface treatments on
the microstructure of aluminum alloy, atomic force microscopy (AFM) was employed to
characterize the surface topography, and two key parameters—arithmetic mean roughness
(Sa) and root mean square roughness (Sq)—were extracted to quantitatively assess the
evolution of surface roughness. As shown in Figure 4d, the untreated 6061 aluminum
alloy surface exhibited a relatively smooth morphology, with Sa and Sq values of 0.212 pm
and 0.185 pm, respectively. Upon FeCl; etching (Figure 4e), the AFM images revealed the
emergence of densely stacked lamellar structures and pronounced etching pits, forming
micron-scale terrace-like protrusions. These features are attributed to the localized dis-
solution of aluminum driven by crystallographic orientation-dependent reactivity with
FeCl; [44]. The resulting increase in surface roughness provides favorable air entrapment
sites and establishes the initial geometric framework necessary for the formation of a
three-phase (solid-liquid-gas) interface, thereby laying a structural foundation for the
construction of superhydrophobic coatings [45]. Following the subsequent deposition
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of the ORMOSIL coating via sol-gel processing (Figure 4f), surface roughness increased
further, with Sa and Sq values rising to 0.844 pm and 0.654 pm, respectively, nearly double
those of the etched-only sample. The coating introduced numerous organic-inorganic hy-
brid clusters, generating densely distributed irregular particulate protrusions that formed
a hierarchical multiscale roughness across the surface. This synergistically constructed
micro/nanostructured topography greatly enhances the air-retention capacity beneath
water droplets, effectively reducing the actual contact area between the liquid and solid
phases [46,47]. As a result, the surface remains in a stable gas—solid composite state, sig-
nificantly improving its superhydrophobicity. More importantly, the enhanced roughness
endows the surface with the ability to maintain the Cassie-Baxter state even under ex-
treme conditions such as high humidity and low temperature [48]. The corresponding

quantitative roughness parameters obtained from the AFM analysis are summarized in
Table 1.

Figure 4. (a—c) SEM images of aluminum alloy, FeCl3-etched aluminum alloy, and the ORMOSIL-
coated surface; (d—f) AFM 3D topography images of aluminum alloy, FeCl3-etched aluminum alloy,
and the ORMOSIL-coated surface.

Table 1. Sa and Sq values of aluminum alloy surfaces with different treatments.

Aluminum Alloy Surface FeCl; Etching ORMOSIL Coating
sa (um) 0.212 0.479 0.844
sq (um) 0.185 0.359 0.654

The contact angle quantitatively reflects the wettability of a solid surface by a
liquid [49]. Figure 5a—c schematically illustrates the wetting behavior of water droplets
on aluminum alloy surfaces before and after each treatment step, with representative
contact angle values labeled to demonstrate the trend of wettability change. Specifically,
the untreated 6061 aluminum alloy surface exhibits a contact angle of 74.34°, primarily
due to its smooth morphology and high surface energy, which promotes strong interfacial
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adhesion between water droplets and the solid surface [50]. After FeCls etching (Figure 5b),
the contact angle decreases to 47.35°, indicating enhanced wettability. This is attributed
to the increased surface roughness and lamellar microstructures formed during etching,
which, in the absence of low-energy functional groups, promote liquid infiltration into
the grooves—typical of the Wenzel wetting regime [51]. In contrast, the ORMOSIL-coated
sample (Figure 5c) shows a contact angle of 161.44°, reflecting a transition to a superhy-
drophobic state. This is the result of the synergistic combination of hierarchical surface
roughness and the low surface energy introduced by the fluorinated alkyl chains of PFOTES
in the ORMOSIL layer [52]. These features enable the Cassie-Baxter wetting state, in which
air pockets are trapped beneath the droplet, significantly reducing solid-liquid contact
and resulting in high water mobility and low adhesion [52,53]. To improve the reliability
of the tests and minimize random errors, each sample group was measured at five differ-
ent positions, with three repeated measurements at each position, resulting in a total of
15 contact angle data points. Figure 5d presents the average contact angles and standard
deviations for each group: 73.34° for untreated aluminum, 47.13° after FeCl; etching, and
159.85° after ORMOSIL coating [54].

To evaluate the electrochemical corrosion performance of aluminum alloy under
different surface treatments, potentiodynamic polarization tests were carried out in
3.5 wt% NaCl solution, and the results are shown in Figure 5e. The untreated aluminum
alloy exhibited a corrosion potential of —0.723 V and a corrosion current density of
3.48 x 1078 A/cm?, indicating a relatively low corrosion rate under unprotected con-
ditions, though the surface remained vulnerable to corrosion activation. After FeCl;
etching, the corrosion potential shifted positively to —0.657 V, which implies a thermo-
dynamic improvement. However, the corrosion current density increased sharply to
1.00 x 10~° A/cm? due to the formation of microstructural defects and discontinuities
that significantly increased the specific surface area and reactivity. These features pro-
moted localized corrosion processes and accelerated anodic dissolution, revealing that
etching alone does not provide sufficient protection [55]. The sample treated with both
FeCl; etching and ORMOSIL coating showed the most positive corrosion potential at
—0.652 V, reflecting the highest thermodynamic stability among the three samples. Al-
though its corrosion current density reached 5.66 x 10~® A/cm?, slightly higher than
that of the untreated alloy, it was markedly lower than the etched sample. This result
demonstrates that, while the underlying etched structure may still contribute to surface
activity, the ORMOSIL coating effectively suppresses corrosion [56]. The coating features
a densely cross-linked Si-O-Si network and abundant fluorinated groups, which act to-
gether to block the ingress of water and chloride ions and reduce surface energy [57].
Overall, the ORMOSIL-coated aluminum alloy achieved a favorable balance between cor-
rosion potential and corrosion current density, demonstrating a synergistic enhancement in
both thermodynamic and kinetic corrosion resistance. This surface modification strategy
provides a robust and practical approach for protecting aluminum alloy components in
aggressive environments, particularly in the context of aviation fuel systems.

Figure 5f presents the low-temperature stability test of the ORMOSIL-coated samples
conducted at —10 °C, —20 °C, and —30 °C. Water droplets were deposited onto the coated
surfaces, and images were captured every 20 s during a 100 s observation period to
monitor changes in surface morphology and appearance under freezing conditions, thereby
evaluating the coating’s structural integrity and stability at low temperatures. Under all
three temperature conditions, the droplets initially maintained a stable hemispherical shape
without any immediate signs of crystallization or phase transition. However, between
60 and 80 s, changes in droplet transparency and contour deformation were observed,
indicating the onset of ice nucleation. The similar freezing onset time observed at all
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temperatures suggests that the ORMOSIL coating maintained its wetting properties and
structural integrity under subzero conditions without noticeable degradation or failure.
This demonstrates the coating’s excellent low-temperature durability, as it retained its
micro/nanostructure and fluorinated low-surface-energy characteristics even in severe cold
environments. Although the coating could not completely prevent icing, the synergistic
effects of the surface micro/nanostructures and fluorinated functional groups contributed
to reducing heat transfer efficiency and suppressing ice nucleation at the solid-liquid
interface [58]. The dynamic process of droplet behavior at low temperatures is provided in
the Supplementary Video.
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Figure 5. (a—c) Water contact angle images and measured values on aluminum alloy surfaces under
different treatment conditions; (d) Bar chart of average water contact angles; (e) Potentiodynamic
polarization curves; (f) Time-lapse images of icing-delay tests on ORMOSIL-coated samples at
—10°C, —20 °C, and —30 °C.

Under typical conditions, superhydrophobic coatings are prone to failure in jet fuel
environments [59]. Active components in jet fuel can chemically react with or physi-
cally erode the coating surface, weakening its surface structure and low-surface-energy
characteristics, thereby reducing its hydrophobic performance [60]. This degradation is
especially pronounced under prolonged immersion and frequent contact, where the mi-
cro/nanostructures and hydrophobic functional groups of the coating are more likely to
be damaged [61]. Therefore, this study systematically evaluated the coating’s structural
integrity and performance after jet fuel immersion to assess its stability and application
potential. Detailed information on the jet fuel used for the immersion tests is provided in
the Supplementary Materials.

Figure 6a evaluates the wetting durability of the ORMOSIL superhydrophobic coat-
ing after immersion in jet fuel. The results show that even after immersion, the coating
maintains a high water contact angle of 156.73°, indicating excellent superhydrophobic
performance [62,63]. To further assess its fuel resistance, continuous immersion tests were
conducted to simulate the challenges encountered in real-world applications [64,65]. As
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shown in Figure 6b, the contact angle showed a slight decreasing trend after 24 h, 48 h,
72 h, 96 h, and 120 h of immersion, but the coating still maintained good superhydropho-
bicity even after 120 h. This demonstrates the coating’s excellent chemical stability and
resistance to fuel corrosion, highlighting its potential for use in aviation and other long-term
fuel exposure environments, and providing a solid foundation for further optimization and
practical deployment [65].

Figure 6¢ shows the EDS elemental composition of the ORMOSIL coating after jet
fuel immersion. The results reveal that the surface remains mainly composed of Al, C,
O, F and Si, consistent with the original coating state. Aluminum, as the substrate’s
primary element, accounts for 83.38 wt%. Compared with the pre-immersion condition
(Figure 3a), the contents of carbon and fluorine remain stable at 13.60 wt% and 0.94 wt%,
respectively, indicating no significant degradation of the hydrophobic functional groups.
Notably, silicon is still detectable at 0.33 wt%, confirming that the siloxane network remains
largely intact in the fuel environment, demonstrating good chemical stability and structural
integrity of the coating [66]. Figure 6d presents the XPS survey spectrum of the immersed
sample, clearly showing the continued presence of key elements such as Si, O, C, and F,
which indicates that the chemical composition of the coating remains stable. Figure 6e
displays the high-resolution Si 2p spectrum, showing binding states corresponding to
Si-O-8i, 5i-O-C/SiOxCy-related species, and a small amount of Si-OH, confirming that the
organic-inorganic hybrid structure remains largely undamaged in the jet fuel environment
and exhibits excellent chemical stability [67].

To further investigate the chemical structure changes after immersion, FTIR spec-

troscopy was conducted, as shown in Figure 6f. The absorption peak at 1639 cm !

cor-
responds to O-H bending vibrations; peaks at 1445, 1358, and 1314 cm~! correspond
to C-H bending vibrations, indicating that the long alkyl chains introduced by HDTMS
remain intact, which helps maintain surface hydrophobicity [68,69]. Peaks at 1234 and
1138 cm ! are assigned to the asymmetric stretching of C-F bonds, confirming the stability
of -CF, and -CF; groups, which are essential for maintaining low surface energy [70].
Peaks at 1116, 1064, and 1015 cm ™! correspond to Si-O-Si stretching vibrations, verifying
the integrity of the siloxane framework [71]. Additionally, the bands at approximately
895 and 804 cm ! are assigned to Si-O-C, Si-O-Si bending, or residual alkoxy/silanol-
related vibrations, confirming that the siloxane-based ORMOSIL network was retained
after jet fuel immersion.

To evaluate the microstructural stability under jet fuel conditions, SEM and AFM
analyses were conducted, as shown in Figure 6g,h. In Figure 6g, the coating retains clear
lamellar and particulate micro/nanostructures with no visible damage or delamination,
indicating good adhesion and morphological integrity [72]. Figure 6h shows the 3D surface
morphology, with an arithmetic average roughness of 0.679 um and a root mean square
roughness of 0.858 pm. These values confirm the continued presence of micro/nanoscale
surface undulations, with no signs of collapse or smoothing. This multiscale roughness is
beneficial for maintaining the Cassie-Baxter wetting state, which supports the superhy-
drophobic effect and ensures excellent water repellency in complex fuel environments [73].
As shown in Figure 6i, the corrosion current was determined to be 5.650 x 10~7 A, fur-
ther confirming that the ORMOSIL coating retains good corrosion resistance after fuel
immersion [74].

https://doi.org/10.3390/ cryst16070449


https://doi.org/10.3390/cryst16070449

Crystals 2026, 16, 449

13 of 17

(a)

(d)

(g),

Intensity(a.u.)

(b) 160 (e)

I ORMOSIL coating after immersion
156.291°

155.575°
154.506°

153.195° 152717

Water contact Angle(°)

0 24 48 72 96 120 14
Soaking time(h)
— = (ed €]
Survey /= Si-C 101. 81 0.20
$i-0 102.75
Si-OH 104. 03 o b
0.16
3 / 12
s
: 0.12
£ Si-C
z
= /
2 Si-0H v4 0.08
E N\ Y
/\\ 0.04 169 s B

1200

s
1000

n
300

Binding Energy(cV)

0.00 R h ) " ) .
2000 1800 1600 1400 1200 1000 800 600 400
Wavelength(cm™)

600 4002000 104 102 100 98

Binding Energy (eV)

106

ORMOSIL coating after immersion

/

-8k

9t

-1.1 -1.0 =09 -08 -0.7 -0.6 -05 -04
E(V)

Figure 6. Characterization and performance tests of the ORMOSIL coating after jet fuel immer-
sion: (a) water contact angle image showing the maximum value; (b) average water contact angle
versus immersion time; (¢) EDS elemental mapping; (d) XPS survey spectrum; (e) high-resolution
Si 2p XPS spectrum; (f) FTIR spectrum; (g) SEM image; (h) AFM 3D surface morphology; and
(i) polarization curve.

4. Conclusions

We developed a superhydrophobic surface on 6061 aluminum alloy using a two-step
modification strategy, integrating FeClz-induced microstructuring with ORMOSIL-based
surface functionalization to achieve low surface energy and superior water repellency. The
aluminum surface was chemically etched with FeCl; to create hierarchical microstructures,
followed by the sol-gel deposition of ORMOSIL using PFOTES and HDTMS precursors.
Water contact angle measurements further revealed that the coating achieved a maximum
contact angle of 161.44°, with water droplets forming nearly spherical shapes, indicat-
ing excellent water repellency and self-cleaning capability. Moreover, under simulated
low-temperature icing conditions relevant to aviation fuel systems, the ORMOSIL coating
exhibited outstanding low-temperature durability. Even in harsh cold environments, its
micro/nanostructure and fluorinated low-surface-energy characteristics remained stable.
Further characterization results revealed that the ORMOSIL-coated 6061 aluminum alloy
surface exhibited distinct lamellar structures and granular deposits, forming an effective
multiscale roughened architecture. AFM measurements showed an arithmetic average
roughness of 0.654 nm and a root mean square roughness of 0.844 nm, indicating the
successful construction of the micro/nanostructure. XPS and FTIR analyses confirmed the
formation of a siloxane-based organic—inorganic ORMOSIL network containing Si-O-5i,
Si-O-C/SiO«Cy-related structures, residual Si-OH, C-F, and C-H groups. Potentiodynamic
polarization tests conducted in 3.5 wt% NaCl solution demonstrated that the corrosion
potential shifted positively from —0.723 V for the bare substrate to —0.652 V after coating,
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indicating excellent corrosion resistance. This improvement is primarily attributed to the
dense siloxane network and the hydrophobic barrier properties of the coating. Compared
with the untreated and etched-only samples, the ORMOSIL-coated surface exhibited signif-
icantly enhanced electrochemical stability, confirming its potential as a protective material
for aviation and other corrosive environments.

In the jet fuel immersion test, the performance of the ORMOSIL superhydrophobic
coating exhibited a slight decline over time. However, even after 120 h of continuous
immersion, the coating maintained excellent superhydrophobic and hydrophobic proper-
ties, demonstrating strong fuel resistance and long-term stability. To further evaluate its
chemical and structural integrity, the coating was subjected to post-immersion character-
ization. XPS and FTIR analyses revealed that key functional groups such as -CF,, -CFs3,
and Si-O-5i remained present, with no significant changes in the characteristic absorption
peaks, confirming the chemical stability of the coating. In addition, surface wettability tests
indicated that the contact angle remained at a high level, suggesting that its water-repellent
performance was largely unaffected. SEM and AFM analyses further confirmed that the mi-
cro/nanostructured morphology of the coating remained intact, with no signs of collapse or
delamination. In summary, the ORMOSIL-based superhydrophobic coating demonstrated
excellent structural integrity, chemical stability, and surface durability after 120 h of jet
fuel immersion, indicating its strong potential for long-term application in aviation fuel
systems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ cryst16070449/s1.
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