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Abstract

To improve the antifouling and self-cleaning performance of 3003 aluminum alloy, a
fluorine-free water-repellent surface was fabricated by combining nanosecond laser tex-
turing with subsequent heat treatment. The effects of scanning speed, laser power, pulse
frequency, and scanning interval on surface wettability were systematically investigated.
Under the optimal conditions of 2700 mm/s, 6 W, 35 kHz, and 20 pm, the surface achieved
a maximum static water contact angle of 154.3 & 0.8°. Surface characterization showed
that laser processing generated hierarchical micro-/nano-scale structures, while heat treat-
ment promoted surface chemical evolution associated with enhanced hydrophobicity.
The highly water-repellent behavior resulted from the synergistic effect of hierarchical
roughness and heat-treatment-induced surface chemical changes. The fabricated surface
exhibited effective self-cleaning performance, achieving a SiO, removal efficiency of 98.8%
under the specified test conditions. In addition, relatively high water repellency was re-
tained after repeated water-impact and tape-peeling tests. These results demonstrate that
nanosecond laser texturing combined with heat treatment provides a simple and environ-
mentally friendly strategy for fabricating water-repellent AA3003 surfaces for antifouling
and surface-protection applications.

Keywords: AA3003 aluminum alloy; nanosecond laser texturing; fluorine-free surface;
superhydrophobicity; self-cleaning; wettability retention

1. Introduction

Aluminum and its alloys are widely used in aerospace, transportation, architectural
decoration, electronic devices, heat exchangers, and marine engineering because of their low

density, high specific strength, favorable processability, and corrosion resistance. Among
W) Check for updates

them, 3003 aluminum alloy is a typical AlI-Mn alloy with good formability, weldabil-
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the fabrication of water-repellent and self-cleaning surfaces on 3003 aluminum alloy is of

considerable practical interest [1-3].
This article is an open access article
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potential applications in self-cleaning, antifouling, anti-adhesion, drag reduction, and sur-
face protection [4-7]. The water-repellent behavior of these surfaces typically originates
from the combined effects of hierarchical micro-/nano-scale structures and low-surface-
energy surface chemistry. For metallic materials, suitable surface roughness alone is often
insufficient because freshly formed oxide and hydroxylated surfaces usually possess rela-
tively high surface energy. Consequently, both surface morphology and surface chemistry
play important roles in determining wettability [8-10].

Various methods have been developed to fabricate superhydrophobic metallic surfaces,
including chemical etching, electrochemical deposition, anodization, sol-gel processing,
spraying, and laser texturing [11-16]. Among these approaches, laser processing has
attracted considerable interest because of its non-contact nature, high precision, mask-free
fabrication capability, and excellent process controllability. In particular, nanosecond laser
processing offers relatively high efficiency and low cost, making it suitable for large-area
surface texturing [17-19].

During nanosecond laser irradiation, rapid energy deposition induces ablation, melt-
ing, vaporization, particle redeposition, and surface oxidation, generating micro-/nano-
scale structures that provide the roughness required for water repellency. However, freshly
laser-textured aluminum surfaces are usually hydrophilic because laser processing exposes
high-energy oxide surfaces and generates polar oxygen-containing species. Therefore,
post-treatment methods such as ambient aging or heat treatment are commonly employed
to promote the transition from hydrophilicity to hydrophobicity [20-23].

The functions of laser texturing and heat treatment are complementary. Laser process-
ing primarily constructs hierarchical rough structures, whereas subsequent heat treatment
promotes changes in surface chemistry and reduces the apparent surface free energy.
Previous studies have suggested that moderate heating can accelerate the adsorption or re-
arrangement of airborne carbon-containing species on textured surfaces, thereby facilitating
the development of hydrophobicity [24-27]. As a result, the combination of laser-induced
roughness and heat-treatment-associated surface chemical evolution provides an effective
fluorine-free route for preparing superhydrophobic metallic surfaces.

Although laser-induced superhydrophobicity has been widely studied on aluminum
alloys and other metallic substrates, comparatively limited attention has been paid to
fluorine-free superhydrophobic modification of 3003 aluminum alloy. Furthermore, the
effects of key nanosecond laser parameters, including scanning speed, laser power, pulse
frequency, and scanning interval, on surface morphology and wettability have not been
systematically clarified for this alloy. Since these parameters collectively influence energy
input, thermal accumulation, ablation behavior, and texture continuity, identifying suitable
processing conditions is essential for achieving highly water-repellent surfaces.

In this study, a fluorine-free strategy combining nanosecond laser texturing and subse-
quent heat treatment was employed to fabricate superhydrophobic surfaces on 3003 alu-
minum alloy. The effects of scanning speed, laser power, pulse frequency, and scanning
interval on wettability and surface morphology were systematically investigated. Surface
roughness, morphology, elemental composition, and functional-group evolution were
characterized to elucidate the respective roles of laser-generated hierarchical structures
and heat-treatment-associated surface chemical changes. In addition, the self-cleaning
performance and wettability retention under water impact, tape peeling, and ambient
storage were evaluated.
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2. Materials and Methods
2.1. Materials and Sample Pretreatment

Commercial 3003 aluminum alloy sheets were used as substrates in this study. The
samples were cut into rectangular specimens with dimensions of 10 mm x 10 mm x 0.5 mm.
Before laser processing, the samples were ultrasonically cleaned sequentially in absolute
ethanol and deionized water for 10 min each (40 kHz, 240 W) to remove surface contam-
inants and residual particles. Subsequently, the samples were dried at 60 °C for 20 min
before laser texturing.

2.2. Biomimetic Inspiration from Chelidonium Majus Leaf Surface

The hierarchical surface morphology of Chelidonium majus leaves was selected as the
biomimetic prototype for designing water-repellent structures, as illustrated in Figure 1. Natu-
ral leaf surfaces typically contain irregular papillary, rod-like, and needle-like microstructures,
which increase surface roughness and facilitate air trapping beneath water droplets.
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Figure 1. Schematic illustration of the fabrication process of a Chelidonium majus-inspired su-
perhydrophobic surface on 3003 aluminum alloy, including bioinspiration, surface pretreatment,
nanosecond laser texturing, heat treatment, and performance characterization.

Inspired by this hierarchical architecture, nanosecond laser texturing was employed
to construct multiscale rough structures on 3003 aluminum alloy. Although a regular
S-shaped scanning strategy was adopted during laser processing, the final surface mor-
phology was generated through complex laser—material interactions, including ablation,
localized melting, melt redistribution, rapid solidification, particle ejection, and oxidation.
These processes resulted in the formation of irregular grooves, pits, resolidified particles,
and nanoscale protrusions, providing the structural foundation for water repellency.
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2.3. Nanosecond Laser Processing and Heat Treatment

Laser surface modification was performed using a nanosecond fiber laser system with
a wavelength of 1064 nm and a pulse duration of 10 ns. The laser beam was delivered
through a galvanometric scanning system, and the approximate laser spot radius was 50 um.
An S-shaped bidirectional scanning strategy was adopted to ensure uniform coverage of
the selected processing region.

Single-factor experiments were designed to investigate the effects of four key laser
parameters, including scanning speed, laser power, pulse frequency, and scanning interval,
on surface wettability. The initial processing parameters were set as follows: scanning
speed of 1000 mm/s, laser power of 12 W, pulse frequency of 30 kHz, and scanning interval
of 30 um. During each experiment, only one parameter was varied while the remaining
parameters were maintained constant.

The scanning interval was defined as the center-to-center distance between two adja-
cent laser scanning tracks. After laser processing, the samples were ultrasonically cleaned
in deionized water for 10 min to remove loosely attached debris generated during ablation.

2.4. Heat Treatment

To promote the hydrophobic transition of the laser-textured surfaces, post-processing
heat treatment was performed in an electric thermostatic drying oven. The laser-treated
samples were heated at 150 °C for 3 h and subsequently cooled naturally to room temperature.

The combined laser-texturing and heat-treatment process was used to simultaneously
regulate surface morphology and surface chemical characteristics. Laser irradiation mainly
generated hierarchical rough structures, while heat treatment promoted surface chemical
evolution associated with wettability transition.

2.5. Surface Morphology, Roughness, and Chemical Characterization

The surface morphology of the laser-treated samples was initially examined using an
optical microscope (HG1501T, maximum magnification: 200 x) to evaluate the uniformity
of laser-induced textures.

Selected samples with improved wettability were further characterized by scanning
electron microscopy (SEM) and energy-dispersive spectroscopy (EDS). SEM observations
were conducted at an accelerating voltage of 15 kV with magnifications of 5.00 kx, 10.00 k x,
and 30.0 kx. EDS analysis was performed to compare the elemental compositions of laser-
textured surfaces before and after heat treatment.

Three-dimensional surface profiles and roughness parameters were measured to
quantitatively evaluate the surface topographical changes induced by laser processing
and heat treatment. The arithmetic mean height (Sa), root-mean—-square height (Sq),
and maximum height (Sz) were used to characterize surface roughness.

Fourier-transform infrared spectroscopy (FTIR) was employed to analyze the evolution
of surface functional groups after laser processing, ambient aging, and heat treatment. The
spectra were collected in the range of 4000-1000 cm ! to investigate the changes associated
with oxygen-containing and carbon-containing surface species.

2.6. Wettability Measurement

Static water contact angle (WCA) measurements were performed using a contact angle
goniometer (JCJ-360A). Deionized water droplets with a volume of 10 uL were used for all
measurements.

For each sample, WCAs were measured at three randomly selected positions, and the
results are presented as the mean + standard deviation. A static WCA greater than 150°
was considered as the criterion for superhydrophobicity in this study.
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2.7. Powder-Based Self-Cleaning Test

The self-cleaning performance was evaluated using SiO, powder as a model contami-
nant. Before testing, SiO, powder with an average particle size of approximately 1 um was
dried to minimize the influence of adsorbed moisture and particle agglomeration.

The powder was uniformly distributed on both untreated and laser-textured /heat-
treated AA3003 surfaces. The samples were placed at an inclination angle of approximately
10°. Deionized water droplets were subsequently applied using a 20 uL microsyringe.

Each droplet had a volume of approximately 10-15 uL and was gradually applied
to the contaminated region. The sequential removal behavior was recorded during the
cleaning process. The residual SiO;-covered area after cleaning was quantified using Image]
version 1.54d software, and the removal efficiency was calculated according to:

n= (1 - ﬁr) x 100%
0

where Ag represents the initial contaminated area and A, represents the residual contami-
nated area after cleaning.

2.8. Repeated Water-Impact Test

The wettability retention under repeated water impact was evaluated by a gravity-
driven water-impact experiment. Approximately 400 mL of deionized water was released
vertically from a height of 30 £ 2 cm above the sample surface during each impact cycle.

After predetermined numbers of impact cycles, the static WCA was measured to eval-
uate the variation in surface wettability. Three independent measurements were conducted
for each condition, and the results are expressed as the mean =+ standard deviation.

The theoretical impact velocity before contacting the surface was estimated using:

v =+/2gh

where v is the theoretical impact velocity, g is gravitational acceleration, and h is the
release height.

2.9. Tape-Peeling Test

Mechanical stability was evaluated using a repeated tape-peeling test. Adhesive tape
with a width of 1.5 cm was attached to the laser-textured and heat-treated AA3003 surface.

A glass plate (10 cm x 10 cm) loaded with approximately 2 L of water was placed on
the tape for 2 min to provide uniform contact pressure between the adhesive layer and the
surface. The tape was subsequently removed at an approximately constant peeling rate.

After predetermined peeling cycles, static WCAs were measured at three different
positions. The mean value and standard deviation were calculated to evaluate the retention
of water repellency after mechanical disturbance.

3. Results and Discussion
3.1. Effect of Scanning Speed on Surface Wettability

The effect of scanning speed on the wettability of laser-textured 3003 aluminum alloy
surfaces was investigated at a fixed laser power of 12 W, pulse frequency of 30 kHz,
and scanning interval of 30 um. After laser texturing, all samples were heat-treated at
150 °C for 3 h. Because the as-laser-textured surfaces were superhydrophilic, the following
discussion focuses on the heat-treated samples. The WCA values are expressed as the
mean =+ standard deviation of three independent measurements.
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(a)

As shown in Figure 2a, the WCA initially increased and subsequently decreased with
increasing scanning speed. When the scanning speed increased from 500 to 3000 mm/s,
the WCA increased from 144.5 4 1.2° to 149.4 & 0.6°. A further increase in scanning speed
resulted in a marked decrease in WCA. At 4500 and 5000 mm/s, the WCA values decreased
to 141.5 + 1.2° and 140.7 £ 4.9°, respectively. The comparatively large standard deviation
at 5000 mm/s also suggests that excessively high scanning speeds produced less spatially
uniform wetting behavior.
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Figure 2. Effect of scanning speed on the water contact angle of 3003 aluminum alloy surfaces:
(@) 500-5000 mm/s; (b) 2600-3400 mm/s.

The corresponding surface morphologies are shown in Figure 3. At a low scanning
speed of 500 mm/s, the prolonged laser-material interaction resulted in excessive en-
ergy input per unit area, leading to severe ablation, melting, and resolidification. The
resulting surface texture was irregular and non-uniform, which was not favorable for
supporting water droplets. When the scanning speed increased to 3000 mm/s, the laser
energy input became more appropriate, and relatively continuous rough textures with
pits and protrusions were formed. This morphology was more favorable for reducing
the actual solid-liquid contact fraction, thereby increasing the apparent WCA. In contrast,
at 5000 mm/s, the laser—material interaction time was too short, resulting in insufficient
ablation and discontinuous surface structures. The reduced texture coverage weakened the
droplet-supporting capability, leading to lower hydrophobicity.

100 pum

Figure 3. Surface morphologies of 3003 aluminum alloy at different scanning speeds (200x):
(a) 500 mm/s; (b) 3000 mm/s; (c) 5000 mm/s.

To further identify the suitable scanning speed, refined experiments were carried out
in the range of 2600-3400 mm /s, as shown in Figure 2b. The WCA values remained within
148.3-149.6°, indicating relatively stable hydrophobicity in this range. The maximum WCA
of 149.6 £ 0.6° was obtained at 2700 mm/s. Therefore, 2700 mm/s was selected as the
preferred scanning speed for subsequent experiments.
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3.2. Effect of Laser Power on Surface Wettability

Based on the selected scanning speed of 2700 mm/s, the effect of laser power on
surface wettability was investigated at a fixed pulse frequency of 30 kHz and scanning
interval of 30 um. Laser power regulates the energy delivered to the substrate and therefore
affects the extent of ablation, melting-resolidification, material redeposition, oxidation,
and surface-feature evolution.

As shown in Figure 4a, the WCA remained relatively high when the laser power was
between 3 and 12 W. Specifically, the WCA increased slightly from 150.0 £ 0.8° at 3 W
to 150.5 £ 1.0° at 6 W and then remained close to 150° at 9 and 12 W. When the laser
power exceeded 15 W, the WCA progressively decreased. At 24 W, the WCA decreased to
142.4 + 1.7°, indicating that excessive laser energy input was unfavorable for maintaining
high apparent hydrophobicity.

(b)
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Figure 4. Effect of laser power on the water contact angle of 3003 aluminum alloy surfaces: (a) 3-24 W;
(b) 4-8 W.

Refined experiments were subsequently conducted between 4 and 8 W, as shown in
Figure 4b. The WCA increased from 149.5 & 0.6° at 4 W to 150.5 &= 0.6° at 6 W. Further increas-
ing the laser power to 7 and 8 W resulted in WCA values of 149.6 £ 0.8° and 149.8 &+ 0.5°,
respectively. Therefore, 6 W was selected because it produced the highest mean WCA within
the refined range while maintaining a relatively small standard deviation.

Representative optical morphologies are shown in Figure 5. At 6 W, the laser energy
was sulfficient to induce effective ablation and material redistribution, resulting in compara-
tively uniform surface features. The resulting pits, protrusions, and resolidified regions
increased the topographical complexity of the surface and may have promoted the retention
of air beneath the water droplet.

Figure 5. Surface morphologies of 3003 aluminum alloy at different laser powers (200x): (a) 6 W;
(b) 24 W.
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At 24 W, the substantially higher energy input intensified ablation and melting—-
resolidification. The optical morphology indicates increased structural coalescence and re-
duced uniformity, consistent with extensive melt redistribution and repeated thermal
modification. Under such conditions, previously formed features may be partially merged,
flattened, or obscured by resolidified material. These changes can reduce the effective
air-retaining volume of the texture and increase the effective solid-liquid contact fraction,
thereby decreasing the apparent WCA.

This non-monotonic response is consistent with previous studies showing that an ap-
propriate laser-energy range is required to generate effective water-repellent topographies.
Excessive incident energy may promote over-ablation, pronounced melt redistribution,
and coalescence of surface features, whereas insufficient energy may fail to generate ad-
equate texture coverage [20,28]. The present results therefore suggest that laser power
regulates wettability through a balance between effective surface-feature formation and ex-
cessive thermal modification.

Overall, laser power influenced surface wettability by balancing effective texture
formation and excessive thermal damage. Under the present experimental conditions, 6 W
provided suitable energy input and was used in the following experiments.

3.3. Effect of Pulse Frequency on Surface Wettability

The effect of pulse frequency on surface wettability was investigated using a scanning
speed of 2700 mm/s, a laser power of 6 W, and a scanning interval of 30 pum. Ata
constant nominal average laser power, the single-pulse energy is inversely proportional to
pulse frequency (Ep = P/f), whereas the center-to-center pulse spacing along the scanning
direction is given by s = v/f. Pulse frequency therefore simultaneously affects single-
pulse energy, longitudinal pulse overlap, and the temporal interval between successive
laser pulses.

Under the present conditions, increasing the pulse frequency from 20 to 80 kHz
reduced the nominal single-pulse energy from approximately 0.30 to 0.075 m] and decreased
the pulse spacing from approximately 135 to 33.8 pm. At 35 kHz, the nominal single-pulse
energy and pulse spacing were approximately 0.171 mJ and 77.1 um, respectively. These
changes provide a physical basis for the observed frequency-dependent surface morphology
and wettability.

As shown in Figure 6a, the WCA initially increased slightly and then decreased sharply
as the pulse frequency increased from 20 to 80 kHz. At 2040 kHz, the WCA remained
above 150°, and the highest value in the preliminary experiment was obtained at 40 kHz,
reaching 151.7 4= 0.9°. When the pulse frequency increased to 50 kHz, the WCA decreased to
146.1 + 1.6°. Further increases to 60, 70, and 80 kHz resulted in WCA values of 142.5 + 0.5°,
136.7 £ 1.8°, and 90.8 &= 1.2°, respectively. These results demonstrate that excessively high
pulse frequencies were unfavorable for maintaining the highly water-repellent state.

Refined experiments were conducted between 31 and 39 kHz, as shown in Figure 6b.
The WCA remained above 150° throughout this range. The highest mean WCA, 152.3 & 0.9°,
was obtained at 35 kHz, whereas the WCA values at 37 and 39 kHz were 151.4 4+ 0.7°
and 151.8 & 0.6°, respectively. Accordingly, 35 kHz was selected as the preferred pulse
frequency for the subsequent experiments.

The corresponding optical morphologies are shown in Figure 7. At 20 kHz, the
relatively high single-pulse energy and large pulse spacing promoted pronounced but
comparatively discrete material removal and redistribution. This combination may produce
local heterogeneity because neighboring irradiated regions do not overlap sufficiently to
form a uniformly modified surface.
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Figure 6. Effect of laser pulse frequency on the water contact angle of 3003 aluminum alloy surfaces:
(a) 20-80 kHz; (b) 31-39 kHz.
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Figure 7. Surface morphologies of 3003 aluminum alloy at different pulse frequencies (200x):
(a) 20 kHz; (b) 40 kHz; (c) 80 kHz.

The morphology obtained at 40 kHz is representative of the favorable intermediate-
frequency range. In this range, the combination of moderate single-pulse energy and in-
creased pulse density produced more continuous and uniformly distributed surface fea-
tures. Such a morphology is expected to provide more consistent texture coverage and a
lower effective solid-liquid contact fraction.

At 80 kHz, the lower single-pulse energy was accompanied by a much smaller pulse
spacing and a shorter temporal interval between successive pulses. Although the total
nominal energy delivered per unit scanning length remained governed by the average
power and scanning speed, the altered spatial and temporal distribution of the pulses may
have promoted repeated reheating, local remelting, and smoothing of previously generated
features. At the same time, the reduced single-pulse energy may have limited the extent of
effective material removal. The combined effect produced a surface morphology that was
less favorable for air retention and corresponded to the substantially lower WCA.

A recent response-surface study on laser-textured 6061 aluminum alloy also identified
repetition frequency as an important processing variable and selected an intermediate
frequency of 40 kHz as part of its preferred parameter combination [29]. More recent work
on coating-free laser-textured aluminum surfaces has further emphasized the coupled
effects of laser fluence, pulse overlap, and scanning parameters on the wetting state [30].
Although direct numerical comparison is inappropriate because of differences in laser
pulse duration, alloy composition, and texture geometry, these studies support the present
interpretation that an intermediate frequency provides a more favorable balance between
single-pulse energy and pulse overlap.

Therefore, pulse frequency affected surface wettability by changing both the energy
of individual pulses and their spatial-temporal overlap. Under the present experimental
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conditions, 35 kHz was selected as the preferred frequency for the subsequent scanning-
interval experiments.

3.4. Effect of Scanning Interval on Surface Wettability

The effect of scanning interval on surface wettability was investigated at a scanning
speed of 2700 mm/s, laser power of 6 W, and pulse frequency of 35 kHz. The scanning
interval, also referred to as hatch spacing, determines the transverse overlap between
adjacent laser tracks and therefore affects the processed-area fraction, texture continuity;,
repeated irradiation, and spatial uniformity of the resulting surface.

As shown in Figure 8a, the WCA initially increased and subsequently decreased as the
scanning interval increased from 1 to 50 pm. At the smallest interval of 1 um, the WCA was
147.8 + 0.4°. Increasing the interval to 10 and 20 pm increased the WCA to 151.4 £ 1.0°
and 153.7 £ 1.2°, respectively. Further increases to 30, 40, and 50 pm reduced the WCA
to 151.3 + 0.9°, 148.7 £ 0.6°, and 147.1 £ 0.2°, respectively. These results indicate that
neither extremely dense nor excessively sparse laser tracks were favorable for maximizing
the apparent WCA.

)
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Figure 8. Effect of scanning interval on the water contact angle of 3003 aluminum alloy surfaces:
(a) 1-50 um; (b) 10-30 pum.

Refined experiments were subsequently conducted between 12 and 28 um, as shown
in Figure 8b. The WCA increased from 151.2 = 0.9° at 12 um to a maximum of 154.3 £ 0.8°
at 20 pum. When the scanning interval was further increased to 22, 24, 26, and 28 um,
the WCA values decreased to 152.4 + 0.8°, 151.3 + 0.9°, 150.8 & 0.7°, and 151.6 & 1.1°,
respectively. Therefore, 20 um was selected as the preferred scanning interval.

The corresponding optical morphologies are shown in Figure 9. At a scanning interval
of 1 um, the extremely high overlap between adjacent tracks caused repeated irradiation
of the same surface regions. This condition promoted extensive material accumulation,
feature coalescence, and local non-uniformity. Although the surface was densely modified,
excessive repeated irradiation may have reduced the effectiveness of the resulting texture
for retaining air beneath the water droplet.

At 20 um, adjacent tracks maintained sufficient overlap to produce comparatively con-
tinuous and uniformly distributed pits and protrusions while avoiding excessive repeated
irradiation. This combination provided broad texture coverage together with distinct surface
features and corresponded to the highest WCA. The morphology therefore suggests a favor-
able balance between texture continuity, effective solid fraction, and air-retaining capacity.

https://doi.org/10.3390/coatings16080979


https://doi.org/10.3390/coatings16080979

Coatings 2026, 16, 979

11 of 22

Figure 9. Surface morphologies of 3003 aluminum alloy at different scanning intervals (200x):
(a) 1 um; (b) 20 um; (c) 50 um.

At 50 um, the separation between adjacent tracks was comparatively large relative
to the effectively modified track width. The resulting texture became sparser and less
continuous, increasing the likelihood that the droplet contacted incompletely processed or
relatively flat regions. Consequently, the effective solid-liquid contact fraction increased
and the apparent WCA decreased.

Previous research has similarly demonstrated that groove or hatch spacing strongly
affects the wetting behavior of laser-textured aluminum surfaces. Volpe et al. reported
that, at relatively small groove spacing, the fraction of textured surface and the volume
of air retained within the texture became important determinants of the apparent wetting
state [21]. Farhan et al. also showed that line spacing affected both the wettability and the
number of water droplets required for self-cleaning on laser-textured 6061 aluminum
alloy [29]. These observations are consistent with the present result that an intermediate
scanning interval provides a more favorable balance between continuous texture coverage
and excessive track overlap.

3.5. Summary of Parameter Selection

Based on the above single-factor experiments, the preferred laser-processing parame-
ters for fabricating hydrophobic 3003 aluminum alloy surfaces were determined as follows:
scanning speed of 2700 mm/s, laser power of 6 W, pulse frequency of 35 kHz, and scanning
interval of 20 pm. Among these parameters, scanning speed mainly affected the laser—
material interaction time and energy input per unit area; laser power controlled the overall
ablation intensity; pulse frequency regulated single-pulse energy, pulse overlap, and heat
accumulation; and scanning interval determined the overlap and coverage of adjacent
laser tracks.

Under the selected parameter combination, the heat-treated 3003 aluminum alloy
surface exhibited a maximum WCA of 154.3 £ 0.8°, indicating that a superhydrophobic
surface could be obtained through appropriate control of laser-processing parameters
and subsequent heat treatment. The preferred laser-processing parameters and their
corresponding maximum WCA values are summarized in Table 1.

Table 1. Summary of the preferred laser-processing parameters and corresponding WCA values.

Parameter Investigated Range Refined Range Preferred Value Maximum WCA/°
Scanning speed 500-5000 mm/s 2600-3400 mm/s 2700 mm/s 149.6 £ 0.6
Laser power 3-24 W 4-8W 6W 150.5 + 0.6
Pulse frequency 20-80 kHz 31-39 kHz 35 kHz 152.3 £ 0.9
Scanning interval 1-50 um 12-28 um 20 pm 154.3 + 0.8

3.6. Surface Morphology and Roughness Analysis

The surface morphology and roughness of 3003 aluminum alloy were examined under
the selected processing conditions: a scanning speed of 2700 mm/s, laser power of 6 W,
pulse frequency of 35 kHz, and scanning interval of 20 um. After heat treatment at 150 °C

https://doi.org/10.3390/coatings16080979


https://doi.org/10.3390/coatings16080979

Coatings 2026, 16, 979

12 of 22

for 3 h, the laser-textured surface exhibited a water contact angle of 154.3 4= 0.8°, confirming
the formation of a superhydrophobic surface.

Figure 10(al,a2) presents the SEM images of the laser-textured surface. At low magni-
fication, the surface is covered by continuous but irregular rough structures composed of
strip-like features, pits, and protrusions. These structures result from laser-induced abla-
tion, localized melting, material ejection, and rapid resolidification. The enlarged image
in Figure 10(a2) further shows that the protrusions are decorated with finer secondary
features, producing a multiscale surface morphology. This rough architecture increases sur-
face heterogeneity and provides favorable geometrical conditions for air retention beneath
water droplets, thereby reducing the effective solid-liquid contact area. Similar effects of
laser-induced multiscale structures on the wettability of aluminum alloy surfaces have

been reported previously [31].

Figure 10. SEM images and three-dimensional surface profiles of 3003 aluminum alloy surfaces:
(al) low-magnification SEM image of the laser-textured surface; (a2) enlarged SEM image of the
selected region in (al); (b1) untreated sample; (b2) heat-treated sample; (b3) laser-treated sample;
and (b4) laser- and heat-treated sample.

To further quantify the surface morphology, three-dimensional surface profiles were
obtained for different samples, as shown in Figure 10(b1-b4). The untreated aluminum
alloy surface exhibits a relatively flat morphology with only slight surface undulations.
After heat treatment alone, the surface profile remains similar to that of the untreated
sample, indicating that heat treatment does not obviously change the original surface
topography. In contrast, the laser-treated surface shows a much rougher three-dimensional
morphology with pronounced peak-valley structures. The strong surface fluctuation
observed in Figure 10(b3) is consistent with the irregular ablation morphology observed in
the SEM images. After heat treatment, the laser-textured surface still maintains obvious
rough features, as shown in Figure 10(b4), suggesting that the laser-induced rough structure
is largely preserved during the heat treatment process.
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The roughness parameters further confirm this tendency. The untreated aluminum
alloy surface shows relatively low roughness, with Sa, Sq, and 5z values of 0.31 &+ 0.05 um,
0.39 &+ 0.05 um, and 2.59 % 0.77 um, respectively. After heat treatment alone, these values
change slightly to 0.27 £ 0.03 um, 0.35 & 0.02 um, and 2.56 & 0.51 pum, respectively, confirm-
ing that heat treatment itself has limited influence on the surface roughness of the original
aluminum alloy. In contrast, laser processing significantly increases the surface roughness.
The Sa and Sq values increase to 0.42 + 0.02 um and 0.59 £ 0.003 pum, respectively, while
the Sz value increases to 5.49 £ 0.82 um. The increased Sz value indicates the formation of
more pronounced peak—valley structures after laser ablation.

After heat treatment of the laser-textured surface, the Sa, Sq, and Sz values are
0.36 £ 0.04 um, 0.51 £ 0.06 um, and 4.70 &= 0.41 pm, respectively. Although these values
are slightly lower than those of the laser-treated surface before heat treatment, they are
still clearly higher than those of the untreated and heat-treated samples. This result in-
dicates that the rough hierarchical morphology is mainly generated by laser processing
and remains largely retained after heat treatment. Therefore, the improvement in water
repellency after heat treatment should not be simply attributed to a further increase in
roughness. Instead, the laser-induced rough structure provides the necessary geometri-
cal basis for air entrapment, while the heat-treatment-induced surface chemical changes,
which will be discussed in the following section, further promote the transition toward a
superhydrophobic state. The surface roughness parameters of the samples under different
treatment conditions are summarized in Table 2.

Table 2. Surface roughness parameters of 3003 aluminum alloy surfaces under different treat-
ment conditions.

Sample Sa/um Sq/pm Sz/um n
Untreated Al 0.31 = 0.05 0.39 £+ 0.05 2.59 +0.77 3
Heat-treated Al 0.27 = 0.03 0.35 + 0.02 2.56 + 0.51 3
Laser-treated Al 0.42 £+ 0.02 0.59 £ 0.003 5.49 £ 0.82 3
Laser + heat-treated Al 0.36 £ 0.04 0.51 £ 0.06 470 £0.41 3

Overall, the SEM observations and roughness measurements demonstrate that laser
processing plays the dominant role in constructing the rough hierarchical surface morphol-
ogy. The irregular micro-/nano-scale structures and increased peak-valley height favor the
formation of trapped air pockets beneath water droplets, allowing the droplet to partially
contact the solid surface. As a result, the apparent solid-liquid contact fraction is reduced,
which facilitates the formation of a Cassie-Baxter wetting state. Recent studies have also
emphasized that the wettability of laser-textured aluminum surfaces is governed by the
combined effects of surface morphology, roughness, and surface chemistry rather than
roughness alone [32].

3.7. Surface Chemical Composition and Functional Group Evolution

Because the laser-induced hierarchical structures were largely preserved after heat
treatment, the improvement in surface wettability cannot be explained solely by changes in
surface morphology [33]. Therefore, EDS and FTIR analyses were performed to investigate
the evolution of the surface chemical composition and functional groups.

Table 3 summarizes the semi-quantitative elemental compositions of the laser-textured
AA3003 surfaces before and after heat treatment. Before heat treatment, the surface con-
sisted mainly of Al (82.62 wt.%), together with O (8.63 wt.%), C (7.61 wt.%), and Mn
(1.13 wt.%). After heat treatment at 150 °C for 3 h, the carbon content increased markedly
to 12.3 wt.%, whereas the oxygen content decreased from 8.63 to 7.6 wt.%. Meanwhile,
the Al and Mn contents decreased slightly to 79.2 and 0.9 wt.%, respectively. Aluminum
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and manganese originate primarily from the AA3003 substrate, whereas oxygen is associ-
ated with the naturally formed and laser-induced oxide layer. The detected carbon is mainly
attributed to carbon-containing species adsorbed from the surrounding atmosphere [20].

Table 3. Semi-quantitative elemental compositions of laser-textured AA3003 surfaces before and after

heat treatment.

Wt.% C (0] Al Mn Total
Laser-textured Al 7.61 8.63 82.62 1.13 100.00
Laser + heat-treated Al 12.3 7.6 79.2 09 100.00

The increase in surface carbon, accompanied by a slight decrease in oxygen, indicates
that heat treatment promotes the enrichment of carbon-containing species on the laser-
textured surface. Similar changes in surface composition have been reported during
the hydrophobic transition of laser-processed aluminum alloys [34]. Since EDS cannot
distinguish the chemical bonding states of the detected elements, FTIR analysis was further
carried out to identify the corresponding surface functional groups.

Figure 11a shows the vertically offset FTIR spectra of the as-received AA3003 sample
(AR), heat-treated sample (HT), laser-textured sample without subsequent heat treatment
(LT), laser-textured sample aged in ambient air for 7 days (LT-7d), and laser-textured
and heat-treated sample (LT-HT). The AR and HT samples exhibit relatively weak spectral
features, indicating that heat treatment alone causes no substantial change in the functional-
group composition of the original AA3003 surface. In contrast, the laser-textured samples
exhibit more distinct absorption features associated with the oxide/oxyhydroxide layer

and adsorbed environmental species.
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Figure 11. FTIR spectra of AA3003 surfaces subjected to different treatments. (a) Vertically offset
FTIR spectra of the as-received sample (AR), heat-treated sample (HT), laser-textured sample without
subsequent heat treatment (LT), laser-textured sample aged in ambient air for 7 days (LT-7d), and laser-
textured and heat-treated sample (LT-HT). The spectra are vertically shifted for clarity. The vertical
dotted lines in panel (a) indicate the positions of the characteristic absorption bands discussed in the
text, while the dotted boxes and connecting lines in panel (b) indicate the spectral regions enlarged in
the insets. (b) Comparison of the FTIR spectra of the LT, LT-7d, and LT-HT samples, with enlarged
views of the C—H stretching region and the 1700-1300 cm ! region.

The broad band in the 3200-3600 cm ! region is assigned to O-H stretching vibrations
arising from surface AI-OH groups, aluminum oxyhydroxides, and adsorbed water [35].
The broad absorption below approximately 1000 cm ™! is mainly attributed to Al-O and Al-
O-Al lattice vibrations in aluminum oxides and oxyhydroxides [36]. These bands confirm
that laser processing produces an oxidized and hydroxylated surface. However, the sharp
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fluctuations at the high-wavenumber side of the O-H region may also contain contributions
from residual atmospheric water vapor and should therefore be interpreted cautiously.

The enlarged C-H stretching region in Figure 11b shows characteristic bands at ap-
proximately 2961, 2925, and 2855 cm~1 which are assigned to the asymmetric stretching
vibration of CHj groups, the asymmetric stretching vibration of CH, groups, and the sym-
metric stretching vibration of CH; groups, respectively [37,38]. These bands provide direct
evidence for the presence of aliphatic hydrocarbon species on the laser-textured surfaces.
Compared with the freshly laser-textured sample, the C—H bands become more evident
after 7 days of ambient aging and after heat treatment, indicating that both processes facili-
tate the adsorption, rearrangement, or stabilization of low-surface-energy carbonaceous
species. This observation is consistent with the EDS result showing an increase in surface
carbon after heat treatment.

In the 1700-1300 cm ™! region, the band near 1642 cm ™! is mainly assigned to the H—
O-H bending vibration of adsorbed water [36]. The feature at approximately 1583 cm ™! is
tentatively attributed to the asymmetric stretching vibration of surface carboxylate species,
although contributions from other oxygen-containing carbonaceous species cannot be ex-
cluded. The band near 1457 cm~! is associated primarily with CH, scissoring vibrations
and may overlap with the symmetric stretching vibration of COO™ or vibrations of surface

carbonate species. The band at approximately 1365 cm !

is mainly assigned to the sym-
metric deformation vibration of CHj groups, with a possible contribution from carbonate-
containing species. These results indicate the coexistence of polar oxygen-containing groups
and non-polar hydrocarbon groups on the laser-textured surface.

The combined EDS and FTIR results indicate that laser processing initially generates
an oxidized surface rich in Al-O and Al-OH species. During ambient aging or heat
treatment, hydrocarbon-containing species are gradually enriched on the laser-textured
surface, as evidenced by the increased carbon content and the enhanced CH, and CHj3
absorption bands. The enrichment of these non-polar species reduces the surface free
energy and consequently decreases the affinity of the surface for water [20,31,39].

Consequently, the superhydrophobicity of the laser-textured and heat-treated AA3003
surface arises from the combined effects of the laser-generated hierarchical structures
and the heat-induced evolution of surface chemistry. The rough surface provides the
structural basis for minimizing liquid-solid contact, while the enrichment of hydrocarbon
species lowers the surface free energy. Together, these effects promote the formation of a
Cassie-Baxter-type wetting state [31,39], resulting in a water contact angle of 154.3 £ 0.8°.

3.8. Self-Cleaning Performance and Wettability Retention

The self-cleaning behavior and short-term wettability retention of the fluorine-free
laser-textured AA3003 surface were evaluated through an SiO, powder-removal test,
repeated gravity-driven water-impact testing, and tape-peeling testing. These experi-
ments were intended to provide a preliminary assessment under the specified laboratory
conditions rather than a comprehensive evaluation of long-term abrasion resistance or
service durability.

3.8.1. Powder-Based Self-Cleaning Performance

To evaluate the powder-removal performance of the fluorine-free superhydrophobic
AA3003 surface, SiO, powder with an average particle size of approximately 1 um was
used as a model contaminant. Before testing, the powder was dried to minimize the effects
of adsorbed moisture and particle agglomeration. The designated regions of the untreated
and superhydrophobic samples were uniformly covered with SiO, powder. The samples
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were then fixed at an inclination angle of approximately 10°, and deionized water was
dispensed using a 20 puL microsyringe.

Each water droplet had a volume of approximately 10-15 pL. The droplets were
applied sequentially to the upper part of the contaminated region, allowing them to move
downward under gravity. Under the present experimental conditions, near-complete
removal of the SiO, powder from the superhydrophobic surface was generally achieved
after approximately eight droplets, corresponding to a total applied water volume of
approximately 80-120 uL.

The progressive cleaning behavior is shown in Figure 12. For the superhydrophobic
surface, the water droplets retained a relatively compact shape and moved across the
inclined sample while collecting and transporting SiO, particles. A visibly cleaned pathway
gradually developed as the number of applied droplets increased, and only a small amount
of powder remained after the eighth droplet. In contrast, water applied to the untreated
AA3003 surface spread more extensively and remained pinned within the contaminated
region. The interaction between the spreading water and SiO, powder produced wet
particle agglomerates, and a considerable amount of contaminant remained even after the
same number of droplets had been applied.

Figure 12. Comparison of powder self-cleaning behavior on untreated (al-a10) and superhydrophobic
(b1-b10) AA3003 surfaces. Panels (a1,b1) show the initially clean surfaces; panels (a2,b2) show the
surfaces after being covered with SiO, powder; and panels (a3-a10,b3-b10) show the surfaces after
the successive application of 1-8 deionized-water droplets, respectively. Each droplet had a volume
of approximately 10-15 uL. The numbers 1-8 indicate the cumulative number of droplets applied.

To quantitatively compare the final powder-removal performance, the residual SiO,-
covered areas were analyzed using Image]J. Because the initially contaminated areas differed
between the two samples, the measured residual areas were normalized to their respective
initial contaminated areas. The SiO, removal efficiency, 1, was calculated as follows:

n= (1 - %) x 100%
0

where A is the initially contaminated area and A, is the residual SiO,-covered area after
water-assisted cleaning. The initial analyzed areas were 64 mm? for the superhydrophobic
region and 100 mm? for the untreated AA3003 surface.
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As shown in Figure 13(al,a2), most of the SiO; powder was removed from the superhy-
drophobic region after water-droplet cleaning, with only several isolated residues remain-
ing near the edges of the processed area. The measured residual SiO, area was 0.769 mm?,
corresponding to a residual coverage of 1.20% and a removal efficiency of 98.80%.

(c)

98.80%

100 =

50 1

SiO: removal efficiency (%)

8.05%

Untreated AA3003 Superhydrophobic AA3003

Figure 13. Powder-based self-cleaning performance of untreated and superhydrophobic AA3003
surfaces: (al,a2) superhydrophobic surface before and after water-droplet cleaning, respectively;
(b1,b2) untreated AA3003 surface before and after cleaning, respectively; and (c) comparison of the
normalized SiO; removal efficiencies. The yellow outlines and numerical labels in (a2,b2) indicate
the residual SiO; regions identified using Image].

The improved self-cleaning behavior of the superhydrophobic surface is associated
with its reduced affinity for water and multiscale surface topography. The relatively low
effective solid-liquid contact fraction limits droplet spreading and pinning, allowing the
moving droplets to collect and transport loosely attached SiO, particles. Conversely, the
stronger water adhesion on untreated AA3003 promotes droplet spreading, particle wetting,
and agglomeration, thereby restricting contaminant removal.

These results demonstrate that the laser-textured and heat-treated AA3003 surface
provides effective removal of micrometer-sized SiO, powder during an inclined water-
droplet test. Nevertheless, the reported removal efficiencies and required droplet number
are specific to the present model contaminant, inclination angle, droplet volume, and water-
application procedure and should not be directly generalized to other contaminant or
operating conditions.

3.8.2. Repeated Water-Impact Resistance

To evaluate the resistance of the fluorine-free superhydrophobic AA3003 surface to
repeated water impact, approximately 400 mL of deionized water was released from a
height of 30 & 2 cm during each impact cycle. The water contact angle (WCA) was measured
after predetermined numbers of impact cycles. Three replicate tests were conducted under
identical conditions, and the results are reported as the mean + standard deviation.

The theoretical water velocity immediately before impact was estimated using the

free-fall equation:
v =4/2gh

where v is the water velocity immediately before impact, g is the gravitational acceleration,
and h is the release height. Assuming negligible initial velocity and air resistance, the
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theoretical water velocity corresponding to a release height of 30 & 2 cm was estimated to
be2.43 +0.08 ms~!.

As shown in Figure 14c, the initial WCA of the superhydrophobic surface was
154.7 £ 0.6°. After 2, 6, 10, 14, 18, and 22 impact cycles, the WCA values were
154.4 £+ 0.8°,153.1 & 0.4°, 152.4 £ 0.6°, 151.5 &+ 0.5°, 150.9 £ 0.9°, and 150.1 + 0.3°, re-
spectively. Thus, the mean WCA remained above 150° for up to 22 impact cycles, indicating
that the surface retained its superhydrophobic wettability under the present test conditions.

(¢)

154.7+0.6

1 154.430.8 830704

152.4i0.6g

151.5+0.5

150.9+0.9 Q 170.3
150
1494 148.8+0.7 Q\
148 T T T T T T T
0 4 8 12 16 20 24 28

Water impact cycles

Figure 14. Water jet impact resistance of the fabricated surface: (al,a2) liquid behavior on the
untreated 3003 aluminum alloy surface; (b1,b2) liquid behavior on the superhydrophobic 3003 alu-
minum alloy surface; (c) variation in WCA with increasing water impact cycles.

After 26 impact cycles, the mean WCA decreased to 148.8 &+ 0.7°. Although this
value was slightly below the commonly used static WCA criterion of 150° for superhy-
drophobicity, it remained well above 90°, indicating that the surface still exhibited good
hydrophobicity after 26 impact cycles [40]. Compared with the initial value, the mean
WCA decreased by 5.9°, corresponding to a relative reduction of approximately 3.8%. This
gradual decline indicates that repeated water impact caused a measurable but limited
deterioration in surface wettability.

To further visualize the liquid repellency, dyed deionized water was used for com-
parative observations, as shown in Figure 14(al,a2,b1,b2). On the untreated surface, the
liquid spread over the surface and left obvious residues after impact, indicating strong
liquid adhesion and poor water repellency. In contrast, on the superhydrophobic surface,
the dyed water rapidly rolled or bounced away, and no obvious large-area residue was
observed, demonstrating excellent water repellency and antifouling behavior.

The water jet impact resistance can be attributed to the synergistic effect of the hierar-
chical micro-/nano-structures and heat-treatment-induced surface chemical modification.
The multi-scale rough structures facilitate air entrapment at the solid-liquid interface,
reducing the effective contact area and preventing the formation of a stable water film
during impact. Meanwhile, the modified surface chemistry helps reduce liquid adhesion,
allowing impacting water to detach more easily from the surface. Therefore, the fabricated
superhydrophobic surface maintains relatively high WCA and stable water repellency
under repeated dynamic water impacts, indicating its potential for applications involving
fluid exposure.
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3.8.3. Tape Peeling Resistance

To evaluate the retention of water repellency under repeated adhesive-peeling condi-
tions, a tape-peeling test was performed on the fabricated fluorine-free superhydrophobic
AA3003 surface. Adhesive tape with a width of 1.5 cm was attached to the sample surface.
A glass plate (10 cm x 10 cm) loaded with approximately 2 L of water was placed on the
tape for 2 min to provide a relatively uniform normal pressure and ensure reproducible
contact between the adhesive layer and the sample surface. The tape was subsequently
removed at an approximately constant peeling rate.

Static water contact angles (WCAs) were measured after predetermined numbers of
peeling cycles. The reported values are presented as the mean + standard deviation of
three measurements.

As shown in Figure 15b, the initial WCA of the superhydrophobic surface was
154.7 4+ 0.7°. After one peeling cycle, the WCA remained at 154.4 + 0.5°, indicating
that a single adhesion—peeling operation produced only a minor change in surface wet-
tability. As the number of peeling cycles increased to 5, 10, and 15, the WCA gradually
decreased to 152.7 £ 0.6°, 151.3 & 0.8°, and 150.5 £ 0.6°, respectively. Therefore, the mean
WCA remained above the commonly adopted superhydrophobic threshold of 150° after
15 peeling cycles.

156
Q 154.740.7 (b)
1544 154.440.5
Q 152.740.6
152+ Q 151.340.8
150.5+0.6
150 A Q
149.240.5
148 T T L T T

0 5 10 15 20 25
Tape peeling cycles

Figure 15. Tape peeling resistance of the superhydrophobic 3003 aluminum alloy surface: (al) adhe-
sive tape attached to the sample surface; (a2) loading process during tape attachment; (b) variation in
WCA with increasing tape-peeling cycles.

After 20 peeling cycles, the WCA decreased to 149.2 £ 0.5°. Although this value was
slightly below the static-WCA criterion generally used to define superhydrophobicity, the
surface still exhibited pronounced hydrophobic behavior. Relative to the initial value, the
total decrease in mean WCA was approximately 5.5°, corresponding to a reduction of
about 3.6%.

The gradual decrease in WCA may be associated with partial damage to mechanically
fragile protrusions, removal of weakly attached redeposited particles or carbon-containing
surface species, and possible transfer of adhesive residues onto the textured surface. These
effects may increase the effective solid-liquid contact fraction and reduce the ability of the
textured surface to retain air beneath a water droplet.

Nevertheless, the relatively limited decrease in WCA indicates that the principal laser-
generated multiscale topography remained largely preserved throughout the tape-peeling
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procedure. Consequently, the fabricated surface retained a high degree of water repellency
under repeated adhesive-peeling conditions.

It should be noted that tape-peeling performance is influenced by the adhesive type,
peeling angle, peeling rate, applied pressure, and environmental conditions. Therefore, the
present experiment should be regarded as a comparative laboratory-scale evaluation rather
than a standardized measurement of long-term abrasion resistance or mechanical durability.

4. Conclusions

In this study, a fluorine-free fabrication route combining nanosecond laser texturing
and subsequent heat treatment was employed to prepare highly water-repellent surfaces
on AA3003 aluminum alloy. The effects of scanning speed, laser power, pulse frequency,
and scanning interval on surface wettability were systematically investigated.

The results showed that the optimal processing conditions were a scanning speed of
2700 mm/s, laser power of 6 W, pulse frequency of 35 kHz, and scanning interval of 20 um.
Under these conditions, the laser-textured and heat-treated surface exhibited a maximum
static water contact angle of 154.3 & 0.8°.

Surface characterization revealed that nanosecond laser processing generated hier-
archical micro-/nano-scale structures composed of grooves, pits, resolidified particles,
and protrusions, resulting in increased surface roughness. Subsequent heat treatment pre-
served the laser-induced rough morphology while promoting surface chemical evolution,
as evidenced by the increase in surface carbon content and the enhanced C-H-related
absorption bands observed in FTIR spectra. The combined effects of hierarchical roughness
and heat-treatment-associated surface chemical changes contributed to the development of
the highly water-repellent state.

The fabricated surface exhibited effective powder-removal behavior during inclined
water-droplet tests, achieving a SiO; removal efficiency of 98.8% under the specified ex-
perimental conditions. In addition, the surface retained relatively high water repellency
during repeated water-impact and tape-peeling tests. The static water contact angle re-
mained above 150° after 22 water-impact cycles and after 15 tape-peeling cycles. Even
after 26 water-impact cycles and 20 tape-peeling cycles, the contact angles remained at
148.8 & 0.7° and 149.2 & 0.5°, respectively.

Overall, the present results demonstrate that the combination of nanosecond laser tex-
turing and heat treatment provides an effective fluorine-free strategy for fabricating highly
water-repellent AA3003 aluminum alloy surfaces. The prepared surfaces showed promising
self-cleaning behavior and short-term wettability retention under the investigated labora-
tory conditions, indicating potential for antifouling and surface-protection applications.
Further studies involving abrasion resistance, corrosion performance, ultraviolet aging,
and long-term outdoor exposure are required to evaluate practical service durability.
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