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A B S T R A C T

Superhydrophobic surfaces have favorable properties in simultaneously reducing the negative effects of corro-
sion and ice accumulation. In this study, laser-texturing was employed as a facile and environmentally friendly
surface method to prepare a surface with hierarchical roughness for subsequent grafting by immersion in an
ethanol solution containing 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-10). Various analytical techniques
were utilized to assess the characteristics of the laser-textured aluminum surfaces before and after grafting, such
as a contact profilometer, optical tensiometer, scanning electron microscope with energy-dispersive spectro-
scope, and X-ray photoelectron spectroscope. These methods were used to evaluate surface roughness, wetta-
bility, morphology, and composition. The corrosion properties were evaluated through potentiodynamic and
impedance measurements in a dilute Harrison's solution (DHS) composed of 0.35 wt% (NH4)2SO4 + 0.05 wt%
NaCl. Additionally, freezing delay tests at various surface temperatures were performed to assess the surface's
ability to prevent the freezing of water droplets on the treated surface. The laser-textured aluminum surface,
featuring micro/nanostructures and a grafted nanoscopic perfluoroalkyl silane film, exhibited outstanding
superhydrophobicity and enhanced corrosion protection. The developed surface has been shown to significantly
delay the onset of ice nucleation and extend the freezing delay.

1. Introduction

Low weight, high strength, and good corrosion resistance in atmo-
spheric conditions are some of the main reasons for the extensive use of
aluminum in construction and transportation industries and many other
applications in everyday life [1]. The corrosion behavior of aluminum
and its alloys depends on the corrosive medium, temperature, pH, and
dissolved oxygen content. Major inorganic corrosive species in indus-
trial and urban areas are ammonium (NH4

+), sulfate (SO4
2− ) and nitrate

(NO3
− ) ions found in the form of NH4NO3 and (NH4)2SO4 (or NH4HSO4).

These conditions can be simulated by the so-called dilute Harrison's
solution (DHS) (0.35 wt% (NH4)2SO4 + 0.05 wt% NaCl), which, in
addition to Cl− , also contains SO4

2− and nitrate NO3
− reflecting the

environmental and atmospheric conditions [2]. Most corrosion studies
are performed using NaCl solutions [1]; on the other hand, studies in the
DHS are relatively rare.

Rapid developments have been made in superhydrophobic corrosion
protective coatings in recent years [3,4]. These coatings also offer
additional functional abilities of an aluminum surface once exposed to
the real environment, including the adsorption of pollutants and ice
formation [4–6]. Superhydrophobic surfaces have many uses because of
their excellent properties, such as anti-icing [4,6–8], anti-fouling [9],
and anti-bacterial applications [10]; therefore, there is a high potential
for applications in different fields [4,5]. The definition of super-
hydrophobicity is based on the water contact angle of the droplet on the
surface, which has to be larger than 150◦, and a sliding angle smaller
than 10◦ [11–13]. They can trap air in the modified surface topography,
which prevents the aggressive ions from reaching the aluminum surface,
consequently offering an efficient mechanism for corrosion protection
[3–5,7,13,14]. Furthermore, reduced contact of water with the surfaces
tends to notably delay the freezing of the said droplets on cold surfaces.
The criteria for superhydrophobicity are not met naturally by untreated
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metallic surfaces, necessitating surface modifications to reduce their
wettability. Although numerous studies related to superhydrophobic
surfaces have reported their excellent performance in recent years, there
is still a need to develop a convenient, environmentally acceptable, and
facile method for fabricating superhydrophobic aluminum surfaces,
capable of withstanding multiple adverse effects in a given application,
such as corrosion and ice accumulation [5,13].

The wettability of a solid surface depends on surface roughness and
surface chemistry [6,12]. There are several routes to construct super-
hydrophobic surfaces, such as the sol-gel process [15], anodic oxidation
[16,17], chemical vapor deposition [18] and chemical etching
[7,14,19–21]. However, once the practical application of such coating is
considered, a method with simple operation, low cost and short opera-
tion time is required. From this point of view, laser-texturing to produce
a roughened surface followed by grafting low-surface-energy organic
materials such as fatty acids [19,20] or alkyl and perfluoroalkyl silanes
[7,14,22] are one of the easiest, economical and environmentally
acceptable routes [5,21]. Especially grafting of the aluminum surface
with various alkyl and fluoroalkyl silanes (FAS) [7,23] have often been
used due to the low surface energy of the CH, CF2, CF3 groups in the
chain [7,24]. More specifically, FAS-10 consist of perfluorinated alkyl
chain (C10H4F17) attached to a silane group (Si(OC2H5)3), which enables
it to bond with various surfaces. [7] It is expected the monodentate and
bidentate formation of the silanol monomer via the condensation
mechanism on a hydroxylated aluminum substrate [25,26], forming a
monolayer with the surface due to covalent bonding of the Al − O − Si.
For instance, the treatment of aluminum or its alloys with fluoroalkyl
silanes (FAS) in an alkaline solution has been utilized to prepare the
superhydrophobic coating [7,27–30]. The initial silane precursors were
hydrolyzed, condensed and covalently bonded on the activated
aluminum surface, forming Al–O–Si bonds in an exothermic process
[25,26]. Surface grafting reflects hydrophobicity, oleophobicity.
Therefore such surface modification with desired properties finds ap-
plications in a wide range of industries, including electronics, optics,
textiles, and coatings, where surfaces need to be rendered water and oil-
repellent, anti-fouling, or easy to clean.

Superhydrophobic properties are the basis for several surface func-
tionalities. In that context, the dynamic characterization of the water
droplet on the surface [28] is essential to understanding the self-
cleaning [14,31–33] and anti-icing properties [6,7,20,33,34]. For the
latter application, minimized surface contact with a water droplet is
desired to limit the heat transfer through reduced contact area and
reduce the possible number of ice nucleation sites, generally provided
through heterogeneous wetting in the Cassie-Baxter regime. [3]
Furthermore, lower Gibbs free energy can make nucleation less ther-
modynamically favorable [6]. Finally, surface superhydrophobicity also
aids anti-icing capabilities by possibly preventing prolonged contact
between a droplet and the surface through water repellence and by
facilitating easier ice removal through lower adhesion strength
[6,8,33,34]. When water droplets fail to shed off the surface, it is
favorable to both increase the required liquid supercooling before ice
nucleation occurs and to increase the time delay until nucleation, which
is followed by fast recalescence and much slower gradual solidification
of the droplet [6,8].

In an effort to enhance anti-icing abilities of surfaces, many methods
of surface functionalization to tailor their properties have been pro-
posed. Guo et al. [8] combined micromachining, ZnO nanowire growth
and fluorinated silane application on stainless steel, Sharafi et al. [35]
proposed suspension plasma sprayed TiO2 coatings, Liu et al. [36]
treated aeronautical-grade steel with electrochemical etching and fluo-
rosilane application, Bhushan and Her [37] used a two-step molding
process and wax evaporation method to make superhydrophobic sur-
faces resembling artificial rose petals, Wang et al. [38] combined pol-
ydimethylsiloxane (PDMS) and ZnO nanohairs, Du et al. [39] used spray
coating and a mixture of modified TiO2 particles in polyaspartic acid
ester polyurea to treat epoxy resin board, and Hou et al. [40] prepared

anti-icing surfaces by constructing a series of micro-cubic arrays on
silicon by selective plasma etching.

Within the context of surface functionalization for anti-icing appli-
cations, laser-texturing of the surface represents a flexible and quick
method to impart micro- and nanostructures onto the surface through
melting and ablation and thus provide the first step towards heteroge-
neous wettability. However, this needs to be supplemented by applying
low-surface-energy materials onto the surface. The latter process can be
natural (i.e., volatile organic compounds adsorption through prolonged
exposure to ambient air), but to make the process repeatable and fast,
various thin-film or thick coatings are more commonly used. To this
effect, Lu [41] combined laser-texturing with micro milling, Li et al. [42]
fabricated micron-structure gully and heatable hydrophobic graphene
surfaces with direct laser writing on polyimide films, Xing et al. [43]
used picosecond laser processing on 5052 aluminum alloy, Wang et al.
[44] developed one-step laser surface texturing to fabricate robust
superhydrophobic surfaces on stainless steel, Volpe et al. [45] impaired
anti-icing properties on 2024 aluminum alloy with femtosecond laser-
texturing and Zhan et al. [46] used a CO2 laser to process polytetra-
fluorethylene (PTFE) directly. Despite several studies combining surface
laser-texturing and hydrophobization to functionalize surfaces for anti-
icing applications, there is still significant room for improvement in
terms of using quick, scalable, flexible, and environmentally friendly
methods to produce corrosion resistant surfaces with superior anti-icing
capabilities.

In current work, superhydrophobic films on aluminum surfaces were
fabricated using a two-step process consisting of selected laser surface
texturing under optimal conditions to form a hierarchical micro− /
nanostructure aluminum surface and controlled grafting in the ethanol
solution of 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS-10) as a
low-surface-energy material. The surface morphology and composition
were studied to confirm the effect of laser-texturing and chemical
bonding of FAS-10 on the surface. Additionally, the wettability, elec-
trochemical, and anti-icing measurements were performed on the
superhydrophobic film to understand better the functional properties,
such as corrosion and anti-icing properties.

2. Material and methods

2.1. Metal substrates and chemicals

Aluminum 1050A H24 (Al > 99.5 %) in the form of a 5 mm thick
sheet was distributed by MDM d.o.o. (Ljubljana, Slovenia). It was cut
into plates sized 20 mm × 20 mm. The surface was sequentially ground
in the presence of tap water with Struers LaboSystem LaboPol-20 ma-
chine using 1000 and 2000 SiC abrasive papers (supplied by Struers ApS,
Ballerup, Denmark).

Laser-texturing was performed with a nanosecond pulsed fiber laser
system (FL-mark C with JPT Opto-electronics “M7 30 W” MOPA source;
wavelength of 1064 nm) in an ambient air atmosphere. A scanning speed
of 500 mm/s, laser pulse frequency of 500 kHz, pulse length of 45 ns,
and an average source power of 30 W were used. The diameter of the
laser beam on the surface was approximately 25 μm, resulting in an
average pulse fluence of 12.2 J/cm2. A pattern of parallel lines with a
spacing of 40 μm for the processing samples was used, as shown in Fig. 1.

Grafting was performed by immersion in 1 wt% 1H, 1H, 2H, 2H-per-
fluorodecyltriethoxysilane – FAS-10 (C16H19F17O3Si, > 97 %, CAS no.
101947–16-4, distributed by Sigma-Aldrich) ethanol solution (C2H5OH,
absolute, anhydrous >99.9 %, CAS no. 64–17-5, distributed by Sigma-
Aldrich) for 60 min as denoted in Fig. 1. This immersion time was
chosen based on preliminary measurements [14,33]. The samples were
positioned at the bottom of the beaker with the laser-treated surface
facing up. Grafting was performed at room temperature. After each
preparation step (grinding, laser-texturing, grafting), the samples were
rinsed with distilled water and cleaned by immersion in pure ethanol in
an ultrasonic bath to remove all grinding residuals, unreacted FAS-10
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and other organic substances present on the surface. Finally, the samples
were dried with a stream of compressed air.

2.2. Surface characterization

2.2.1. Surface topography
Surface 3D topography and linear profiles of the laser-textured

aluminum were evaluated on three randomly chosen spots, employing
a stylus contact profilometer, model Bruker DektakXT, using a 2 μm
diamond tip and in a soft-touch mode with force 1 mN. The measured
surface was 1 mm × 1 mm, with a vertical analysis range of 65.5 μm
using hills and valleys profile, a vertical resolution of 0.167 μm/point
and map resolution of 10 μm/trace. Measured data were analyzed using
TalyMap Gold 6.2 software. Results are presented as 3D images and line
profiles, and their corresponding surface roughness (Sa) are given as
mean values with error bars representing standard deviation.

2.2.2. Wettability
The wettability was characterized by two different solvents. The

Milli-Q Direct water and diiodomethane (CH2I2, >99.0 %, CAS number:
75–11-6, distributed by Sigma-Aldrich) as two different polar solvents
with the surface tension of 72.8 mN/m and 50.8 mN/m, respectively
[7,47]. Contact angle measurements were performed at room temper-
ature using the static sessile-drop method on a Krüss FM40 EasyDrop
contact-angle measuring system. A small liquid droplet (4 μL) was
formed on the end of the syringe, which was carefully deposited onto the
treated aluminum surface. Digital image of the tested liquid droplet
silhouette was captured with a high-resolution camera only a few sec-
onds after droplet deposition on the surface to minimize the effect of
solvent evaporation and changes in the drop shape. The contact angle
was determined by fitting the droplet on the surface from the obtained
image using associated protocol software for drop shape analysis. The
values reported herein present the average of at least five measurements
on five different droplets on various randomly chosen areas and are
reported as mean values with error bars representing standard
deviation.

2.2.3. SEM/EDS characterization
A scanning electron microscope (SEM) Thermo Fisher Verios 4G HP

equipped with an energy-dispersive X-ray spectrometer (EDS) Oxford
Instruments, AZtec Live, Ultim Max SDD 65 mm2, Oxford Instruments,
was used to analyze the morphology and composition of laser structured
aluminum before and after grafting with FAS-10. The SEM imaging was
performed using a secondary electron detector (SEI mode), and circular
backscatter detector (CBS mode) of the specimens at 5 and 10 kV. The
EDS analyses were performed on large selected area at 10 kV in area
analysis mode to determine the average surface composition. The spot
size of the electron beam at 10 kV is typically around 2–5 nm, offering
good spatial resolution for imaging and analysis of samples in the SEM/

EDS system. The data are given as an atomic percentage (at. %).

2.2.4. XPS characterization
The chemical compositions of laser-textured surfaces with and

without the grafted FAS-10 were analyzed with X-ray photoelectron
spectroscopy (XPS) using XPS spectrometer PHI TFA XPS, Physical
Electronics USA, equipped with aluminum and magnesium mono-
chromatized radiation. XPS survey and high-energy resolution spectra
were collected using Al-Kα radiation (1486.92 eV). The pressure in the
chamber was in the range of 10− 9 mbar. A constant analyzer energy
mode with 187.9 eV pass energy was used for survey spectra and 39.35
eV pass energy for high-energy resolution spectra. Photoelectrons were
collected at a take-off angle 45◦ relative to the sample surface. The po-
sitions of all peaks were normalized concerning C 1 s peak at 284.8 eV.
The elemental composition given as an atomic percentage (at. %) was
determined from the survey XPS spectra using PHI MultiPak V8.0
software.

2.2.5. Corrosion properties
The corrosion testing was conducted in freshly prepared dilute

Harrison's solution (DHS), which consisted of 0.35 wt% (NH4)2SO4
(AppliChem ≥99 %) + 0.05 wt% NaCl (AppliChem >99.5 %) with pH
5.2. The solution was prepared in a volumetric flask using Milli-Q Direct
water with a resistivity of 18.2 MΩ cm at 25 ◦C (Millipore, Billerica,
MA).

Electrochemical measurements were performed at room temperature
in a three-electrode corrosion cell (volume 250 mL). The working
electrode was a ground, a laser textured, and a laser textured + FAS-10
grafted aluminum substrate with a 1.0 cm2 surface exposed to the cor-
rosive medium. A carbon rod served as a counter electrode. The refer-
ence electrode was saturated Ag/AgCl, (E = 0.197 V vs. standard
hydrogen electrode).

Electrochemical tests were carried out with an Autolab PGSTAT 204
M (Metrohm Autolab, Utrecht, The Netherlands) potentiostat/galvano-
stat and controlled by Nova 2.1 software.

The samples were allowed to stabilize under open circuit conditions
for 1 h. The stable, quasi-steady state potential reached at the end of the
stabilization period is denoted as the open circuit potential (Eoc).
Following stabilization, the electrochemical measurements were carried
out. Potentiodynamic measurements were performed using a 2.2 mV
step size and 1 mV/s potential scan rate, starting at − 250 mV to Eoc. The
potential was then increased in the anodic direction up to 0.6 V vs. Ag/
AgCl. Measurements were performed at least in triplicate for each
sample, and the representative measurement was chosen. Electro-
chemical corrosion parameters were obtained from polarization curves
by Tafel approximation: corrosion current density (icorr) and corrosion
potential (Ecorr). The pitting potential (Epit) was determined as the po-
tential in the passive region where the current density started to increase
abruptly.

Fig. 1. Schematic illustration of forming a (super)hydrophobic aluminum surface prepared by the laser-texturing the surface with a pattern of parallel lines with a
spacing of 40 μm followed by grafting with perfluoroalkyl silane, FAS-10.
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The corrosion behavior during long-term immersion was monitored
using electrochemical impedance spectroscopy (EIS). The frequency
range was from 100 kHz to 10 mHz at a sinusoidal voltage amplitude of
10 mV (rms). The measurements were performed with logarithmic fre-
quency step type at 49 numbers of frequencies. The sample was
immersed in DHS at ambient temperature up to 10 days. The EIS spectra
were recorded at Eoc at selected time intervals. The Bode plots present
the representative curves. The impedance values at 0.01 Hz are pre-
sented as average values of three measured samples (Bode plots are
given in the supplement document as Figs. S1-S4).

2.2.6. Anti-icing performance
The anti-icing capabilities of the developed surfaces were evaluated

by measuring the freezing delay. Water droplets were deposited onto the
surface, which was then cooled to a desired temperature. Additional
characterization was performed through high-speed video recordings of
the recalescence phenomenon by tracking the freezing front travel
versus time and by tracking the changes in droplet shape and volume
during freezing.

To conduct the freezing delay measurements, a custom experimental
setup was developed and utilized. The setup is shown schematically in
Fig. 2a.

The setup was based around a closed, transparent chamber to
conduct the experiments in a controlled humidity environment. The
inner dimensions of the polymethymethacrylate (PMMA) chamber were
60× 60× 70mm. To control the humidity, a custom loop desiccator was
constructed by pumping the air in the chamber through a bed of silica
gel beads before starting the measurement. During the measurement,
the pumpwas turned off. A small container of silica gel beads was placed

in the chamber when mounting the sample to provide additional
dehumidification. Using this methodology, we were able to conduct all
experiments at a relative humidity of 15–20 % at temperatures inside
the chamber between 25 and 28 ◦C and at atmospheric pressure
(~98–99 kPa). Cooling of the test surface was realized with a 2-stage
thermoelectric (Peltier) cooler (AP2–162–1420-1118, European Ther-
modynamics) with an upper surface of 30× 30mm andmaximal cooling
capacity of 29.3 W and maximal temperature difference of 95 K. The hot
side of the elements was cooled with a closed water-cooling loop. The
sample was pressed onto the cooler with a 3D-printed polyethylene
terephthalate glycol (PETG) holder, which limited heat exchange with
the environment. Thermal paste was used to provide better thermal
contact between the cooled and the sample. A K-type thermocouple was
imbedded into the sample just below its surface to measure the surface
temperature and provide a control input for the PID controller, which
was used to power the thermoelectric cooler. A cross-section of the
sample on the cooler is shown in Fig. 2b.

A Meerstetter TEC-1123-HV PID controller and the corresponding
proprietary software were used to control the cooling process, stabilize
the surface temperature and store the surface temperature readings.
Additionally, a SparkFun RedBoard Qwiic was used to acquire data from
auxiliary sensors in the system, including chamber temperature and
humidity from a SparkFun Qwiic SHTC3 sensor and chamber pressure
from the SparkFun Qwiic MicroPressure sensor. To deposit droplets of
controlled sizes onto the sample, a microfluidic pump (NE-300) with a 5
mL glass syringe was used. Filtered twice-distilled water was pumped to
a 34G needle integrated into the top cover of the experimental chamber.
The droplet volume was measured to be approx. 3.7 μL with a corre-
sponding equivalent diameter of 1.9 mm, comparable to typical droplet

Fig. 2. Schematic illustration of (a) experimental setup for measuring freezing delay and (b) cross-section of the sample and the cooler.
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volumes used in such experiments reported in the literature [48–51].
High-speed visualization of the freezing process was carried out with a
Photron Mini UX100 camera at 500 frames per second using a Laowa 25
mm f/2.8 2.5-5× Ultra Macro lens. A high-power white LED backlight
(Thorlabs SOLIS-2C) with a diffuser was used for illumination of the
droplet. For general observations of the freezing delay, a monochrome
USB camera (IDS UI-3060CP) with a macro lens, recording at 5 frames
per second, was utilized.

The following experimental protocol was used to record the droplet
freezing delay. The sample was mounted onto the cooling stage, and the
chamber was closed. A droplet was deposited onto the surface using the
syringe pump, and the desiccator was briefly running to reduce the
humidity in the chamber. Then, the selected experimental temperature
was set using the PID controller software, and the cooling process was
started. When the water droplet started to freeze (i.e., at the start of ice
nucleation), the freezing delay was recorded, and high-speed footage
was saved. Measurements were repeated at least ten times at each
temperature on every surface.

MathWorks MATLAB software was used to process the high-speed
footage to determine the changes of droplet shape and volume during
freezing. Initially, background subtraction was performed for each given
frame, and afterwards, the droplet shape was detected using the Canny
method. Assuming axial symmetry of the droplet, the volume was
calculated based on the detected droplet edge.

3. Results and discussion

3.1. Bonding FAS-10 on a laser-textured aluminum surface

The two-step surface treatment to fabricate the superhydrophobic
aluminum surface consists of laser-texturing of the aluminum surface to
obtain a hierarchical micro− /nanostructure surface with a pattern of
parallel lines with a spacing of 40 μm followed by grafting the surface in
an ethanol solution of FAS-10 as a low-surface-energy material. Ac-
cording to the above description, the predicted reaction mechanism
during surface treatment (laser-texturing + grafting) is schematically
presented in Fig. 1.

The aluminum surface is affected during laser-texturing due to the
progressive removal of the native passive film (Al2O3) and melting of the
aluminum during laser ablation at selected areas [22]. After texturing,
the aluminum sample reacts spontaneously with oxygen/humidity
during rinsing with water which causes the passivation of the surface
due to the formation of fresh aluminum oxide/hydroxide film containing
OH− groups (Fig. 1) [52]. In the second step denoted as grafting, reac-
tion between hydroxylated Al and (CH3CH2O)3–Si–(CH2)2(CF2)7CF3
(FAS), where –OCH2CH3 (OEt-ethoxy group) presents a hydrolysable
ethoxy group and –(CH2)2(CF2)7CF3 a non-hydrolysable perfluoroalkyl
chain, results in the formation of the surface film (Fig. 1). The chemical
interfacial condensation and cross-linking reactions take place between
the alkoxy and hydroxy groups of the laser-textured aluminum during
the exothermic process [25,26], leading to robust covalent binding be-
tween the FAS molecule and aluminum surface according to Reaction 1:

The side product of this reaction is ethanol. As a result, the mono-
dentate reaction between the surface and fluorosilane is expected (the
condensation mechanism is exothermic by ≥0.5 eV) [22,25,26]. This
process allows the integration of (CH2)2(CF2)7CF3 functional groups on
the aluminum surface. The perfluoro groups of the long perfluoroalkyl

chain are oriented outward from the surface, creating a highly hydro-
phobic and oleophobic surface layer [20,53].

To sum up, the presence of Al–OH bonding on the freshly laser-
textured aluminum surface is necessary to form a covalent bond be-
tween the aluminum surface and silicon, –Si–O–Al [25,26]. The results
of the laser-texturing and grafting on the surface are discussed below.

3.1.1. Effect of surface treatment on topography
The surface roughness (Sa) of ground, laser-textured and laser-

textured + FAS-10 is quantitatively presented in Fig. 3. The ground
aluminum exhibits a smooth and flat appearance with small surface
roughness, Sa = 0.52 ± 0.05 μm. After laser-texturing, a significant
transformation in the surface morphology of Al substrates becomes
evident following the predefined laser scanning path.

The 3D surface profiles show that the dimensions of the roughness
features for ground and laser-textured surfaces are at different scales and
that the topography of the surfaces varies significantly with the laser-
texturing (Fig. 3, left panel). During the laser treatment process, en-
ergy absorption and consequent removal of material create micro-scale
patterns on the aluminum surface. Areas exposed to higher energy
densities undergo melting and ablation [54]. Consequently, a grid-like
pattern follows the predefined laser scanning path, giving rise to mi-
crostructures with hierarchical roughness with deposited materials in
the interfacial regions. This process ultimately yields micro/nano hier-
archical structures featuring microscale skeletal frameworks interlaced
with redeposited nanoparticles. This surface texturing represents the
initial stage in forming superhydrophobic surfaces, as it results in a
micro− /nanostructure on the laser-textured Al surface, providing space
for the presence of entrapped air [3,54]. The surface roughness of the
laser-textured surface of the aluminum substrate increased by an order
of magnitude to Sa = 4.82 ± 0.04 μm. The increase in surface roughness
correlates with that of laser processing; therefore, parameters can be
well-controlled. After grafting with FAS-10, the surface roughness
remained similar Sa = 4.76 ± 0.05 μm, confirming that the formed FAS-
10 film was a very thin monolayer and had a minor effect on surface
roughness.

An increase in the number, size and depth of the holes in the laser-
textured aluminum can be observed at line profiles (right panel). The
line profile of the ground surface shows a random distribution of the
bumps in the aluminum surface, with an average depth of 1 μm, prob-
ably related to the grinding process. A rough surface on the laser-
textured surface with a variable number of valleys and hills was
observed with an average depth of >8 μm. Moreover, line profiles show
that the peak-to-peak and valley-to-valley distances align well with the
applied laser-texturing parameters (line spacing of 40 μm).

A similar line macroscale roughness is also observed on the laser-
textured+FAS-10 surface, Fig. 3. The increase in the number, size, and
depth of the valleys at the laser-textured aluminum was not expected
because only a monolayer of covalently bonded FAS-10 molecules on a
laser-textured surface was formed. Therefore, the 3D or line profiles
showed almost unchanged surface topography, Fig. 3.

3.2. Surface wettability

The surface wettability of ground, laser-textured and FAS-10-grafted
aluminum was studied using polar solvent water (due to its bent shape
and the difference in electronegativity between oxygen and hydrogen
atoms in a water molecule), non-polar solvent diiodomethane (dipole

Al–(OH)3 +(CH3CH2O)3–Si–(CH2)2(CF2)7CF3→Al(OH)2–O–Si–(OCH2CH3)2–(CH2)2(CF2)7CF3 +CH3CH2OH (1)
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moments of the two C–I bonds cancel each other out due to their
symmetrical arrangement around the central carbon atom) (Fig. 4).

The non-ground aluminum surface is hydrophilic with a water con-
tact angle (WCA) of about 45◦ due to the presence of a native oxidized
layer spontaneously formed during extended exposure to air or mois-
ture. The wettability of Al was enlarged by laser-texturing to produce a
rough hydroxylated surface. Laser-textured aluminum is completely
superhydrophilic, and WCA cannot be measured. Such behavior results
from the presence of Al–OH groups formed during the laser-texturing
[55].

The transition from a superhydrophilic surface, i.e., the laser-
textured aluminum substrate, to a superhydrophobic surface occurred
after grafting in FAS-10 solution. Based on previous results, it is known
that the grafting of the as-received or ground aluminum substrate
without laser-texturing was less efficient [14]. Since water is a polar
molecule, it tends to exhibit stronger interactions with polar functional

groups on a surface. On a superhydrophobic surface, water droplets will
typically form a higher contact angle due to the minimization of the
solid-liquid interaction energy. The water contact angle for laser-
textured aluminum and FAS-10 grafted surface increased up to 155◦,
with the spherical shape of a water droplet on the surface, Fig. 4. This
confirms that surface texturing is crucial to fabricating a super-
hydrophobic surface. In addition, the measurements were difficult to
perform because if the surface was slightly tilted (<2◦), water drops slid
from the surface, confirming that treated aluminum has a low sliding
angle. Two effects are interconnected: an increase in micro/nano
roughness due to laser-texturing and the presence of low-surface-energy
molecules (FAS-10) after grafting.

The static contact angles were also measured with less polar solvent
diiodomethane, which strongly tends to interact with polar surfaces
through dipole-dipole interactions or hydrogen bonding. On a super-
hydrophobic surface, the contact angle of diiodomethane was slightly

Fig. 3. (left panel) 3D surface topography images of the ground, laser-textured and laser-textured + FAS-10 grafted aluminum surface. The surface roughness values
determined from 3D profiles are given in the figure. The white lines present an area where single-line profile analyses were performed (right panel).
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lower than that of water but still relatively high due to the minimization
of solid-liquid interactions. CAs for diiodomethane increase with laser-
texturing, but the maximum values are below 135◦, reflecting hydro-
phobic surface with reduced spherical shape of a water droplet on the
surface, Fig. 4.

From the obtained wettability data, it can be concluded that laser-
texturing and grafting for 1 h in FAS-10 solution enables obtaining
superhydrophobic properties with high water repellence (WCA above
150◦, SA below 10◦). Further characterization was carried out to
determine the physico-chemical properties of the modified surfaces.

3.3. Composition, topography and morphology of aluminum grafted with
FAS-10

3.3.1. SEM characterization of laser-textured and grafting aluminum
surface

The topography and morphology of laser-textured aluminum were
characterized using secondary electron (SE) mode (Fig. 5).

Laser-textured aluminum shows dispersed micro-scale holes with a
width of <30 μm distributed throughout the surface (Fig. 5a,b). Also,
nano-scale rectangular structures are distributed uniformly across the
surface, making a hierarchical structure, Fig. 5b. The formed structures

Fig. 4. Contact angles measured for water and diiodomethane at the ground and laser-textured aluminum surface and grafted for 1 h in 1 wt% ethanol FAS-10
solutions. The results are presented as mean values with error bars representing standard deviation. The dashed line presents the boundary of super-
hydrophobicity at 150◦. The images of water and diiodomethane droplets on grafted aluminum with FAS-10 are also presented. The values for the laser-textured
surface cannot be measured due to the superhydrophilic nature of the surface.

Fig. 5. SEM images of laser-textured aluminum recorded in SE mode at different magnifications.
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are of various dimensions; the estimated size is 30 μm; therefore, a bi-
nary structure of micro- and nanoscale is fabricated on the Al surface
during laser-texturing, Fig. 5c. In addition, a nano-structured villus was
formed, which enlarged the surface area and roughness, Fig. 5d.

Such a well-controlled laser-texturing process of the pattern of par-
allel lines was then further employed to fabricate a superhydrophobic
surface on metal during grafting in an ethanol solution of FAS-10.

The topography and morphology of laser-textured aluminum were
further characterized using secondary electron (SE) mode and circular
backscatter detector (CBS) (Fig. 6).

The organic film formed by grafting is presumably nanometer-sized
and thus cannot be easily analyzed by contact profilometry. Therefore,
the surface morphology of the laser-textured and FAS-10-grafted sur-
faces was investigated by SEM/EDS. Fig. 6 shows the typical
morphology of laser-textured aluminum grafted for 1 h using FAS-10.

After grafting, the changes between laser-textured surfaces without
and with FAS-10 molecules are minor, Figs. 5b and 6a, but some changes
in surface appearance can be noticed due to the formed film on the rough
surface. Although the formed film was difficult to observe by SEM im-
aging recorded in SE mode, its presence was confirmed by comparing
the chemical compositions of the laser-textured surface using the EDS
(Fig. 6). The EDS spectrum of the sample surface demonstrates that the
thin-formed film on the aluminum surface contains elements Al, F, C, O
and Si. Al originating from the substrate predominates, while F and Si
originate from FAS-10 molecules. The Si and F were detected in many
analyzed areas on the aluminum matrix (data are not shown). The
presence of these elements confirms the efficient grafting process and
the formation of a monolayered film during immersion. At higher
magnification, using the SE and CBS detectors, Fig. 6b,c, the micro-nano
structured region (Fig. 6b) shows that the film evenly covers the surface.
From the SEM imaging and surface analyses, it can be concluded that the

combination of rough structures of the laser-textured aluminum surface
and fluorinated functional groups in the FAS-10 molecule contributes to
the superhydrophobicity of the sample surface [14,33].

3.3.2. XPS analysis of laser-textured and grafting aluminum surface
XPS analyses were performed to evaluate the chemical composition

of laser-textured aluminum and grafting with FAS-10.
The survey XPS spectrum of laser-texturing aluminum is presented in

Fig. 7a, where the identified elements originated from the substrate (Al),
the passive film (Al and O), and the atmosphere (adventitious C) [52].
The chemical composition is given in Table 1.

The textured surface mainly consists of O and Al, which agrees with
forming a spontaneously formed Al (hydr)oxide layer on a pure
aluminum surface [14,52]. A small amount of adventitious C was
detected. The survey XPS spectrum of grafted aluminum with FAS-10
strongly differs from laser-textured aluminum. The presence of Al, Si,
F, C and O confirmed the grafting of FAS-10 film on the surface. F, C and
O became the most abundant elements (Table 1). Al concentration de-
creases after grafting due to the formed film covering the textured
aluminum surface [14]. However, it is still detected, indicating that the
grafting monolayer of FAS-10 on a laser-textured aluminum surface is
thinner than 10 nm, which is the depth of XPS analysis. The thickness of
the formed monolayer can not be determined with XPS more precisely
due to the rough laser-textured aluminum surface [56].

The aluminum surface was additionally analyzed with high-energy
resolution XPS spectra (Fig. 7b-f). Al 2p and O 1 s spectra of laser-
textured aluminum confirmed the presence of aluminum oxide/hy-
droxide (Fig. 7b,c). According to the XPS database [52,57,58], spectra
related to the presence of AlOOH (74.7 eV, 531.7 eV) and passivation
during exposure to air Al2O3 (73.1 eV, 530.7 eV) [52]. The carbon is
present as adventitious carbon with a single sharp peak at 284.8 eV

Fig. 6. SEM images recorded in SE and CBS mode of the laser-textured aluminum surface followed by grafting for 30 min in 1 wt% ethanol FAS-10 solution. The
dashed square indicates an area where the EDS analysis was performed. The spectrum shows a representative composition in atomic percentage (at. %).
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Fig. 7. (a) XPS survey spectra and high-energy resolution XPS of (b) Al 2p, (c) O 1 s, (d) C 1 s, (e) Si 2p and (f) F 1 s: symbols and solid lines present experimental
spectra, vertical dashed lines present the position of component peaks. Spectra were recorded for laser-textured aluminum (black dots) and laser-textured aluminum
grafted for 1 h in 1 wt% ethanol FAS-10 solution (red triangles).
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(Fig. 7c). The presence of OH is essential for efficient grafting of the
surface [14].

On the other hand, grafted aluminum shows the broadening of the
peaks Al 2p and O 1 s due to the presence of the third component related
to Al–O–Si (at 75.5 eV and 532.7 eV, respectively) formed during
grafting in FAS-10 solution. Therefore, the XPS data confirmed the
formation of a monolayer covalently bonded on Al surface [25,26],
formed between Al–OH + (CH3CH2O)3–Si–(CH2)2(CF2)7CF3 as pre-
sented by reaction 1. This is further corroborated by the C 1 s spectrum
(Fig. 7d). The peak can be resolved into seven components, namely –CF3
(294.0 eV), –CF2 (291.8 eV), –CF–CFx (290.8 eV), C–F (289.8 eV),
–C–CFx (286.7 eV), –C–C (284.8 eV) and –C–Si (283.8 eV). The char-
acteristic bands of the fluoroalkyl groups (CF2, and CF3) confirmed the
bonded FAS-10 molecules at the surface [59,60]. The intensity of CF2
peak is equal to C–C and higher to CF3 peak because the FAS-10 con-
tains more CF2 groups than CF3 and C–C bonds. The Si 2p peaks
comprised three components (Fig. 7e) with binding energy at about
101.3 eV for Si–O–C, 102.5 eV for Si–C associated with the FAS mole-
cule [57,58] and at 103.7 eV associated with the Si–O–Al species formed
during grafting [57,58].

The presence of the FAS-10 molecule can also be confirmed in F 1 s
spectra, where a broad peak between 686 and 691 eV is related to the
C–F covalent bond in the FAS-10 molecule (Fig. 7f). The CF3 and CF2
concentrations present in the C 1 s spectrum of the FAS-10-treated Al are
in correlation with the molecular structure. The high concentration of
CF3 and CF2 on the surface indicates that molecules are orientated with
the Si–O bond to the surface, forming Si–O–Al, while (CH2)2(CF2)7CF3
tail comprises the outermost surface film. Such surface composition
correlates with the obtained reduced wettability [30,33].

3.4. Corrosion properties

The corrosion performances of non-hydrophobized (i.e., only ground
and laser-textured) and FAS-10-treated aluminumwere characterized by
utilizing electrochemical measurements (Fig. 8, Table 2).

The ground aluminum surface exhibits current density (icorr = 1540
nA/cm2), negative corrosion potential (Ecorr) of − 0.62 V and pitting
potential (Epit) at − 0.44 V, ΔE = (Epit − Ecorr) is 180 mV, Table 2. After
the laser-texturing, the corrosion performance is affected by the changes
in the morphology and composition of the surface hydroxylated film,
Figs. 3, 7, [61,62]. The icorr was reduced to 411 nA/cm2, Ecorr slightly
shifted to less negative to − 0.61 V and Epit at − 0.26 V (ΔE = 350 mV).
These changes are due to the formation of a more dense and stable
passive film on the aluminum surface under intense laser treatment
compared to ground surface [63].

Fig. 8 shows the potentiodynamic curves for aluminum treated with
fluoroalkyl silanes. The corrosion resistance of aluminum was effec-
tively enhanced by grafting the surface with silane molecules. The Ecorr
was slightly negatively shifted to − 0.68 V and jcorr was reduced to 0.9
nA/cm2, Table 2. Especially due to reduced jcorr, the tendency of the
treated aluminum to corrode was remarkably lower. Moreover, the Epit
was shifted to a high positive value (0.47 V), and ΔE extended to over
1.15 V for FAS-10, confirming that the formed monolayer protected
aluminum against localized corrosion, even better than chemically-
etched and FAS-grafted surface assessed under comparable testing
conditions [7,14].

A correlation exists between the WCAs and corrosion resistance. jcorr
decreased and ΔE extended as the aluminum surface became super-
hydrophobic, i.e., at a WCA = 155◦. The formed film leads to a more
compact structure, which acts as a more efficient corrosion barrier,
preventing further corrosion of the aluminum substrate [13]. Super-
hydrophobic surfaces are characterized by their extremely low affinity
for water, which causes water droplets to bead up and roll off the surface
easily, thus reducing the contact area between the surface and corrosive
agents [3,13]. This behavior is probably related to the strong molecular
interactions (hydrogen bonds between C − F and Al − OH), which also
affected the coating formation and its structure. Compared to data for
other anticorrosion and superhydrophobic Al-based surfaces, the laser-
textured and FAS-treated Al shows superior performance with a
decrease in jcorr for more than two orders of magnitude compared to non-
treated Al [64] because formed monolayer acts as an additional pro-
tection against corrosion, that reducing the corrosion current density.
The results are comparable to those of thicker sol-gel coatings in the
micrometer range [65]. Such corrosion performance may be due to a
synergy of the barrier property of the adsorbed organic molecules and
trapped air in the micro− /nanostructure of the surface; their combina-
tion prevents the transport of ions such as SO4

2− and Cl− ions in the
corrosive medium through the surface layer from reaching the surface of
aluminum. Due to the capillary effect, the corrosive medium is pushed
out from the porous structure and bands up to a ball shape on the
superhydrophobic surface [66].

In the next step, the Bode curves measured by EIS were studied as an

Table 1
Composition determined by XPS analysis in at.% for laser-texturing aluminum
and laser-texturing aluminum FAS-10 grafted surface (Fig. 7a).

Aluminum textured surface Aluminum textured surface + FAS-10

Al 29.9 0.9
O 55.6 6.5
C 14.5 33.1
Si 0 3.1
F 0 56.4

Fig. 8. Potentiodynamic polarization curves for laser-textured and grafted
aluminum treated with fluoroalkyl silanes measured in dilute Harrison's solu-
tion (DHS) after immersion for one hour. dE/dt = 1 mV/s. The insert image
shows the water droplet on LT + FAS-10 treated surface.

Table 2
Evaluated electrochemical parameters measured in dilute Harrison's solution for
ground, laser textured and laser-textured+grafted with FAS-10: corrosion po-
tential (Ecorr), corrosion current density (jcorr), and pitting potential (Epit) were
determined from potentiodynamic polarization curves (ΔE = |Epit − Ecorr|) in
Fig. 8.

Ecorr [V] jcorr [nA/
cm2]

Epit [V] ΔE
[mV]

Ground aluminum − 0.62 ± 0.02 1540 ±

30
− 0.44 ± 0.01 180

Laser-textured − 0.61 ± 0.03 411 ± 5 − 0.26 ± 0.03 350
Laser-textured+ grafted
with FAS-10

− 0.68 ± 0.03 0.9 ±

0.05
0.47 ± 0.05 1150
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effective tool for investigating the corrosion behavior of prepared sam-
ples and their durability. In Fig. 9, Bode impedance magnitude and
phase angle with the maximum at the middle frequencies depict the
corrosion performance of ground and laser-textured+FAS-10 aluminum
samples immersed in a dilute Harrison's solution for 1 h. From Bode
impedance magnitude, the corrosion resistance of samples can be
compared by accounting for the impedance at low frequency (0.01 Hz),
denoted as |Z|0.01 Hz. Higher |Z|0.01 Hz indicates superior corrosion

protection performance, insert figure in Fig. 9, supplement Figs. S1-S4.
The ground and samples exhibit typical impedance behavior of

naturally passivated aluminum surface, with |Z|0.01 Hz= 78× 103 Ω.cm2

[67,68]. Due to the low stability of the passive film in the tested solution,
the maximum phase angle was 66◦, Fig. 9b.

On the other hand, the Bode plot showed that the laser-textur-
ed+FAS-10 sample had enhanced anticorrosion properties, Fig. 9,
Figs. S1-S4. The |Z|0.01 Hz increased to the average value of 5.6 × 106 Ω.

Fig. 9. Bode plots of (a) impedance magnitude with the inserted figure of average impedance values at 10 mHz (Fig. S1-S4) and (b) phase angle of laser-textured +

FAS-10 grafted surface measured after various immersion times in dilute Harrison's solution (DHS) solution. The measurement for ground aluminum after 1 h of
immersion is added as a reference.
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cm2, and the phase angle plot reveals two maximums, where the high-
frequency loop signifies the barrier effect of the formed protective
film, and the low-frequency indicates the electrochemical interaction of
film with the substrate. The effects of laser-texturing followed by FAS
grafting on the EIS spectra are greater than other pre-treatments, such as
chemically etched or laser-etched superhydrophobic coating [7,14,22].

A long-term immersion test (up to 10 days in DHS) was conducted for
the laser-textured+FAS-10 grafted sample (Fig. 9, Figs. S1-S4). The |
Z|0.01 Hz values remained high even after the extended immersion
period. Coating provides a continuous barrier layer, acting as an effec-
tive insulator against the corrosive environment, resulting in a pro-
longed anticorrosion performance (after 2 days |Z|0.01 Hz = 3.2 × 106 Ω.
cm2 and after 6 days |Z|0.01 Hz = 6.1 × 105 Ω.cm2). This confirmed the
enduring corrosion protection ability of FAS-10 coating. The enhanced
corrosion resistance of superhydrophobic samples compared to ground
aluminum is attributed to their exceptional anti-wetting properties, the
presence of an air cushion under water droplets, and the reduction of the
contact area with the corrosive environment even after 6 days of im-
mersion [3,14]. The reduction of the phase angle values at low fre-
quencies was noticed, and after 6 days, the two maximums in the phase
angle were merged into one, Fig. 9b, Fig. S3. Such behavior is related to
the transition between different wetting states (e.g., Cassie-Baxter to
Wenzel state) and reveals insights into the slowly decreasing of the
system stability [13]. The changes reflect increased interactions be-
tween the corrosion medium and the aluminum surface.

However, this air cushion are displaced over time and corrosion
media wets the surface. After 10 days, the corrosion performance was
reduced due to local corrosion starts at some areas. [22,67] |Z|0.01 Hz and
phase angle became similar to that of ground Al that was tested after 1 h
of immersion (|Z|0.01 Hz = 1.2 × 105 Ω.cm2), because the corrosion
process degradants the formed nanoscopic perfluoroalkyl silane film.

3.5. Anti-icing performance

Freezing delay measurements using water droplets of a constant size
were conducted at different surface temperatures both on an untreated
reference surface and the superhydrophobic laser-textured surface to
evaluate the anti-icing abilities. Since significant droplet spreading and
low contact angles were observed on laser-textured surfaces without the
hydrophobic coating, no freezing experiments were conducted on them
as such wetting behavior decreases the freezing delay and is thus un-
favorable for most applications.

Fig. 10 compares the freezing delay on the reference untreated sur-
face and the laser-textured FAS-10 grafted surface at − 10 ◦C, − 15 ◦C
and − 20 ◦C. The superhydrophobic surface managed to significantly

delay the freezing of a water droplet at every temperature. The signifi-
cance of the increased freezing delay was confirmed by one-way ANOVA
and post-hoc Tukey HSD test, with the calculated p-values at all tem-
peratures falling well below the 0.05 significance threshold. Notable
standard deviations, as evident in Fig. 10, are common in freezing delay
investigations due to the inherent stochastic nature of the nucleation
phenomenon responsible for the liquid-solid phase change [69]. For this
reason, as explained before, all experiments were repeated multiple
times. The scatter of the data was further analyzed by conducting 30
independent measurements on the FAS-10 surface at − 20 ◦C, where we
observed a mean delay of 61.3 s, a median of 49.0 s, and a standard
deviation of 25.2 s.

Further analyses were performed using high-speed footage to
compare the freezing process on the untreated and the super-
hydrophobic FAS-10 surfaces. Fig. 11a compares droplet height and
volume change during freezing on the reference and FAS-10 surfaces. On
both samples, freezing was initiated by droplet recalescence, turning
subcooled liquid into a mixture of water and ice crystals, causing the
droplet to expand in a matter of a fewmilliseconds. In Fig. 11a, the rapid
expansion of droplets appears as an instantaneous increase in droplet
volume and height at the beginning of the freezing process. Reca-
lescence was followed by isothermal freezing, during which a freezing
front appeared at the droplet-solid interface and gradually moved up-
wards to the top of the droplet, turning the remaining liquid into ice and
thus making the droplet completely solid. Liquid-solid phase change
during isothermal freezing caused the droplet to increase in volume and
height further. The increase of height with time was relatively linear for
the untreated as well as the superhydrophobic surface in the first half of
the isothermal freezing; however, in the second half, the rate of growth

Fig. 10. Freezing delay at three surface temperatures for the untreated surface
(REF) and the superhydrophobic laser-textured surface (FAS-10).

Fig. 11. Droplet volume and height change during the freezing process on
reference untreated surface and FAS-10 surface with (a) absolute time scale and
(b) normalized time scale.
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increased due to the formation of a peak at the top of the droplet [70].
On the contrary, the rate of droplet volume change decreased with time
due to the growth of the frozen layer retarding the heat transfer between
the remaining liquid and the surface [71–73]. Total expansion of the
droplet was independent of surface treatment as the droplet volume and
height increase was roughly 10 % and 20 %, respectively, compared
with the initial value for both substrates. However, superhydrophobicity
significantly impacted the time needed for the freezing front to reach the
top of the droplet, as it was 50 % longer on the FAS-10 surface than the
untreated surface. This can mainly be attributed to the smaller contact
area between the solid and the droplet on the superhydrophobic surface
and the presence of entrapped air beneath the droplet, increasing the
thermal resistivity and thus reducing the heat flow rate [74]. Normali-
zation of the time axis shown in Fig. 11b allows a more detailed com-
parison of droplet freezing kinetics on the reference and the
superhydrophobic surface. There was a noticeable difference in the
period of the constant increase rate of droplet height between the
samples, which was longer on the FAS-10 surface. Furthermore, the
deviation between the freezing kinetics was also observed when
comparing the change in droplet volume. Initially, the rate of volume
change was higher on the untreated surface compared to the super-
hydrophobic surface. However, at 25 % of the freezing time, the volume
curves began to converge, indicating that the rate of volume change
became larger on the FAS-10 surface.

4. Conclusions

A simple, low-cost, two-step process for fabricating super-
hydrophobic aluminum surfaces with enhanced corrosion and icing
resistance is presented. The process consists of laser surface texturing
followed by grafting using per-fluoroalkyl silane (FAS-10). The results of
the topography measurements confirm that laser-texturing of Al was a
crucial parameter in providing a micro/nano-pattern and aluminum
oxide/hydroxide structure, which then acts as an active surface for
further grafting with FAS-10. Laser-texturing and grafting for 1 h in FAS-
10 solution resulted in a superhydrophobic aluminum surface with a
water contact angle above 150◦. SEM/EDS and XPS data confirmed that
the FAS molecules evenly covered the aluminum surface and were
covalently bonded on the aluminum surface (Al − O − Si bond). The
superhydrophobic aluminum surface shows reduced wettability of the
corrosion medium (dilute Harrison's solution). Due to trapped air in the
formed structure, such treated surface shows excellent corrosion pro-
tection (enhanced passive behavior and up to 6 days of continuous
durability). The low contact of a water droplet on the laser-textur-
ed+FAS-10 treated surface improved anti-icing performance through a
significant delay of ice nucleation and extended freezing time. The
fabricated aluminum surface is thus a great candidate for various ap-
plications necessitating corrosion and icing resistance through increased
durability and functionality during exposure to the natural
environment.
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