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A B S T R A C T

Water and ice accumulation on surfaces present significant challenges in numerous fields, causing issues such as 
corrosion of metallic surfaces and a broad range of problems associated with increased weight, altered hydro-/ 
aerodynamics, vibrations, and heat transfer resistance. Currently, passive solutions, such as functionalized sur
faces that also offer improved anti-corrosive properties, are being focused on. This study presents the fabrication 
and evaluation of four functionalized superhydrophobic surfaces on 1050A aluminum alloy samples using 
nanosecond laser texturing and self-assembled monolayer grafting to enhance anti-icing and corrosion protec
tion. The developed surfaces exhibited superhydrophobicity with static and dynamic contact angles above 163◦

and a contact angle hysteresis below 2◦, maintaining their nonwetting properties after multiple icing/deicing 
cycles. Three surfaces significantly lowered ice nucleation temperature with the lowest average value of -20.1 ◦C 
recorded on the surface with shallow, non-distinct features. The freezing delay was prolonged up to 468 % and 
944 % at -15 ◦C and -20 ◦C, respectively, in comparison with the untreated reference surface. The superior anti- 
icing properties of the two surfaces with shallow structures, fabricated using a lower laser pulse fluence than 
those with deep structures, are ascribed to a lower number of potential active nucleation sites for condensation of 
water vapor and freezing initiation. In comparison with an untreated surface, ice adhesion was reduced by up to 
60 % on surfaces with shallow features but increased between 33 % and 84 % on surfaces with deep morpho
logical features. Repeatable cascade freezing was observed on one of the surfaces, which also exhibited the 
poorest anti-icing performance. Surfaces with non-distinct or irregular channels exhibited better corrosion 
properties than surfaces featuring well-defined laser-etched channels. The surface with the lowest surface 
roughness exhibited the best properties in all evaluations, providing a good starting point for future optimization 
with a focus on surfaces with micron scale and submicron features instead of the more traditional surfaces with 
structures on the scale of tens of microns. Overall, this functionalization approach is promising for industrial use, 
simultaneously offering enhanced robustness, anti-icing behavior, and corrosion protection.

1. Introduction

Water and ice accumulation on surfaces pose significant challenges 
in many fields. Prolonged contact with water can degrade most metallic 
surfaces due to corrosion, leading to a loss of function and shortened 
lifespan. Ice accumulation causes a broad range of problems, including 

increased weight, changes in aerodynamic/hydrodynamic properties, 
vibrations, and heat transfer resistance. Icing and frosting are particu
larly problematic in aviation, power transmission lines, wind turbines, 
maritime transport, and heat exchangers such as heat pump evaporators 
[1–3]. Ice accumulation is typically prevented by heating the susceptible 
surface, while accumulated ice may be removed by flexible (inflatable) 
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surfaces, heating, deicing sprays, vibration, or simple mechanical force. 
These active methods mostly require energy input and management 
systems, necessitating the development of passive alternatives such as 
functionalized surfaces to prevent ice formation and accumulation. In 
many cases, icephobic surfaces also possess improved anti-corrosive 
properties [4–7]. Functionalized surfaces are therefore promising 
especially in scenarios such as aircraft components, offshore platforms, 
or wind turbine blades, where both anti-icing and corrosion resistance 
are critically needed.

Different approaches may be used to impart icephobic properties to 
surfaces, including surface coatings and hydrated or slippery surface 
layers. The state-of-the-art surface engineering strategies mostly aim to 
influence the solid-liquid-vapor interaction. The strategies include the 
fabrication of both dry and wet (i.e., lubricated) surfaces, with various 
chemical functionalities and length scales. Smooth surfaces with or 
without coatings offer easy application and simplicity of their design 
[8]. Although the lack of micro/nanostructures can make them more 
robust, roughness tends to develop through corrosion and exposure to 
the environment, hindering their ice and frost repellency over time [9]. 
Surfaces incorporating hydrophobic lubricating layers (SLIPS) have 
shown very promising results [10,11], yet the expectations of their 
practicality are hampered by concerns regarding their currently limited 
longevity due to oil depletion. Textured surfaces with microstructures 
[12–14] or nanostructures [15,16] have arguably received the most 
research attention of all. Surface micro/nanostructures have been shown 
to critically influence where and under what conditions freezing occurs. 
However, without low-surface-energy coatings to further augment their 
interaction with both water and ice and increase their durability, they 
fail to fulfill most criteria of an ideal functionalized icephobic surface. 
One preferred solution is the use of hierarchical surfaces with a com
bination of microscale and nanoscale features, possibly supplemented by 
millimetric-scale macrostructure [17,18].

Regardless of the exact approach to surface functionalization, the 
goal is to provide a multifaceted strategy for combating icing on cold 
surfaces. Firstly, prolonged contact of water with the surface may be 
prevented by imparting water repellency and shedding of water drop
lets. However, it is reasonable to expect that some droplets will inevi
tably stay on the surface long enough to freeze. Therefore, delaying the 
start of freezing and decreasing the ice nucleation temperature is pref
erable. If the water on the surface eventually freezes, the ice adhesion 
should be low to allow for easy removal of the ice layer. If a surface can 
be made to exhibit all these properties, it represents a comprehensive 
strategy against ice accumulation.

Various state-of-the-art surface functionalization approaches have 
been demonstrated to date in the field of icephobic surface engineering, 
including electrochemical treatments [19], lithography [20], etching 
[21–24], template methods [25], and spray coating [26]. For example, 
Yu et al. [27] used hot pressing to form micro-/nanostructures on a 
polypropylene with candle soot, forming a superhydrophobic engi
neered surface with photothermal electrical conversion capabilities, 
capable of delaying freezing of water droplets and reducing ice 
adhesion.

Among the available techniques, laser micromachining [28,29] of
fers simplicity, flexibility, and speed at an affordable cost, all while 
being able to produce extremely varied surface micro/nanostructures, 
which have been demonstrated to favorably mitigate icing when com
bined with appropriate coatings [30–33]. Furthermore, laser texturing 
has been used to prepare (super)hydrophobic surfaces for corrosion 
prevention [34–39], phase-change heat transfer enhancement [40–43], 
self-cleaning properties [44–49], and friction reduction [50–55]. Wang 
et al. [56] employed laser etching to construct micropillar arrays on a 
photothermally responsive shape memory polymer and evaluated the 
passive anti-icing and active deicing performance characteristics of the 
functionalized surfaces. Compared to a smooth hydrophobic surface, the 
onset of freezing was delayed by 221 % at − 20 ◦C on the best-performing 
surface. Vercillo et al. [57] investigated ice adhesion strength and the 

chemical stability of metal alloys (AA2024 and Ti64) textured with a UV 
nanosecond laser via direct laser writing (DLW). The results showed that 
the ice adhesion was not reduced and the superhydrophobicity resulting 
from the one-step laser treatment was lost after 16 consecutive icing and 
deicing cycles. The authors attribute the loss of superhydrophobicity to 
the fragility of the non-polar carbon layer adsorbed on the surface. 
Alamri et al. [31] explored direct laser interference patterning (DLIP) of 
titanium airfoils and evaluated the anti-icing performance of the 
laser-treated airfoil in an icing wind tunnel under simulated atmospheric 
conditions. Self-limiting ice growth was observed together with a 
decrease in the deicing electro-thermal power up to 80 %, and up to 60 
% lower heating power necessary to keep the surface free of ice 
compared to the reference airfoil. Rico et al. [58] performed a system
atic study of the wetting and freezing properties of 6061 aluminum 
alloy, which they subjected to nanosecond pulsed IR laser treatments to 
modify its surface roughness and morphology. Plasma-enhanced 
chemical vapor deposition (PECVD) was used to apply a thin CFx layer 
onto the surface to reduce its free energy and render it super
hydrophobic. Surface morphology rather than the actual value of the 
surface roughness was shown to be the key feature ensuring a long delay 
of heterogeneous nucleation. Volpe et al. [59] used femtosecond laser 
texturing to produce superhydrophobic surfaces with anti-icing prop
erties on 2024 aluminum alloy. The textured substrates presented 
self-cleaning properties and robust water repellency with water droplets 
bouncing off the tilted surfaces even at − 20 ◦C. Wang et al. [60] fabri
cated microstructured flexible films using laser processing and func
tional nanocomposites. The electrothermal and photothermal response 
of the film allowed it to maintain its superhydrophobicity even at tem
peratures as low as -30 ◦C. Finally, Wang et al. [61] summarized the 
recent developments in the field of ultrafast laser-fabricated super
hydrophobic anti-icing surfaces, showcasing many unique 
micro-nanostructures developed and reported in the literature. They 
critically point out three common shortcomings of such surfaces: Cas
sie–Baxter stability, surface durability, and environmental adaptivity.

In addition to ice nucleation temperature reduction and freezing 
delay increase, ice adhesion strength is commonly focused on in the 
development of functionalized icephobic surfaces. In this field, Milles 
et al. [62] investigated the variation of the ice adhesion strength of DLIP 
and DLW laser-textured 2024 aluminum alloy surfaces, and have shown 
that optimum surface textures lead to a reduction of the ice adhesion 
strength from the original values of 57 kPa to just 6 kPa. Zheng et al. 
[63] fabricated micro-groove structures on Ti6Al4V substrates direct 
laser interference lithography (DLIL), coating them with lubricant oil to 
obtain a hybrid surface with the oil firmly locked and stored in the 
groove structures. This allowed the oil to be self-supplemented even 
after 10 icing/deicing cycles, leading to an efficient anti-icing perfor
mance as well as improved durability and robustness with the apparent 
contact angle (CA) of 143◦ and ice adhesion strength of 7.16 kPa. Boi
novich et al. [64] investigated the ice adhesion on superhydrophobic 
and SLIPS surfaces and confirmed a strong temperature dependence of 
the adhesion strength. Laser-fabricated superhydrophobic surfaces 
exhibited higher adhesion strength in comparison with the SLIPS sur
faces but better resisted degradation after multiple test cycles. Liu et al. 
[65] prepared both hydrophilic and hydrophobic laser-textured samples 
on nickel samples and investigated ice adhesion strength under the 
presence of frosting before the formation of the test ice sample in a mold. 
The results show that the presence of frost significantly increases the 
adhesion strength of ice, which the superhydrophobic laser-fabricated 
surface otherwise successfully decreased by an order of magnitude in 
comparison with a reference surface. Liu et al. [66] investigated the 
anisotropic ice adhesion of groove-shaped femtosecond-laser-made 
textures on A6061-T6 aluminum alloy and found that the ice adhesion 
strength is notably smaller when tested parallel to the laser-made 
grooves than perpendicularly to the groove direction.

In addition to using laser-texturing solely for imparting the surface 
with anti-icing properties, several studies investigated the concomitant 
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enhancement of corrosion protection, mainly stemming from the 
superhydrophobic behavior of most surfaces [48]. Montes et al. [67] 
report a procedure for the functionalization of stainless steel surfaces, 
consisting of surface nanostructuring through laser treatment and elec
tron beam evaporation followed by infiltration of a fluorine coating 
liquid. The fabricated surfaces provide superhydrophobicity, omnipho
bicity (i.e., repellency towards all liquids regardless of their surface 
tension), self-cleaning, anti-fouling, and effective anti-icing capacity, 
while still exhibiting favorable corrosion resistance. Li et al. [68] pre
pared a superhydrophobic surface on carbon steel via a simple and 
fluorine-free method, i.e., multiple-pulse laser ablation followed by 
chemical modification with hexadecyltrimethoxysilane. The surface 
exhibited favorable photothermal properties, significantly lower corro
sion current density, delayed ice nucleation, and lower deicing force 
compared to an untreated surface. Cui et al. [69] constructed hierar
chical micro-/nanostructures on a Zr-based metallic-glass surface using 
nanosecond laser ablation and rendered the surface superhydrophobic 
via a subsequent heat treatment in air. In comparison with an untreated 
reference, the superhydrophobic surface increased the corrosion resis
tance and freezing time while also decreasing the freezing temperature. 
Shu et al. [70] utilized nanosecond laser processing and sol-gel coating 
to fabricate a mechanically robust micro-/nanostructured coating on 
copper substrate. The produced superhydrophobic surfaces exhibited 
favorable properties such as self-cleaning, wear resistance, anti-icing, 
and enhanced corrosion resistance.

An abundance of methods is available to impart surfaces (especially 
metallic ones) with superhydrophobic properties, for which an appro
priate combination of micro-/nanostructures and surface chemistry is 
required. While significant achievements in terms of separately realizing 
anti-icing and anti-corrosive properties have been presented to date, few 
studies apply a rational approach in terms of varying the surface 
morphology to investigate how it impacts the behavior of functionalized 
surfaces in corrosive and icing environments. Random surface micro
structures are commonly fabricated, making it difficult to compare 
different treatment parameters and pin down mechanisms behind su
perior (or inferior) anti-icing and anti-corrosive properties. Our work 
takes a more comprehensive approach by assessing both the anti-icing 
and anti-corrosion properties of purposely created laser-induced mi
crostructures. This dual evaluation of anti-icing and corrosion resistance 
is rarely explored in the literature despite being crucial for practical 
applications, where a superhydrophobic surface should fulfill both 
functions. We not only examine the effect of different laser processing 
conditions on wettability but also systematically analyze how variations 
in surface morphology influence ice nucleation, ice adhesion, and 
corrosion resistance. Furthermore, the presented surface fabrication 
approach is scalable, flexible, and fast, making it suitable for industrial 
implementation.

Specifically, this study investigated the anti-icing and anti-corrosive 
properties of superhydrophobic laser-textured aluminum surfaces. The 
substrates made of 1050A aluminum alloy are first laser-textured using a 
nanosecond pulsed laser to produce four variations with different depths 
and spacing of the laser-made microchannels. In the second step, the 
surfaces are hydrophobized with a self-assembled monolayer of fluo
roalkyl phosphonic acid. Profilometric, SEM, and EDS analyses are 
performed. Dynamic contact angles and degradation during multiple 
freezing/thawing cycles are evaluated. Anti-icing properties of the 
functionalized surfaces are evaluated by recording the nucleation tem
perature of sessile droplets and by observing the temporal delay until 
nucleation at a given (subzero) temperature. Ice adhesion was evaluated 
by determining the shear force necessary to remove a 20 × 20 × 20 mm3 

ice cube from the surface at -20 ◦C. Finally, the corrosion resistance is 
evaluated in a 0.1 M NaCl solution through potentiodynamic polariza
tion measurements.

2. Materials and methods

2.1. Surface preparation and analysis

The procedure outlined in Fig. 1 was employed to prepare the 
functionalized surfaces. Briefly, the samples were ultrasonically cleaned, 
laser textured, ultrasonically cleaned again, cleaned using UV/ozone 
treatment, hydrophobized by drop casting, and dried. Detailed de
scriptions of the surface treatment steps are given below.

Functionalized surfaces were fabricated on 1 mm thick 38 × 38 mm2 

alumnum plates (1050A H24, >99.5 % Al). Before laser texturing, the 
aluminum substrates were ultrasonically cleaned in acetone, ethanol, 
and distilled water for 15 min (in each medium).

Laser texturing was performed using a nanosecond fiber laser (JPT 
Opto-electronics Co., Ltd., M7 30 W MOPA; λ = 1064 nm). The laser 
beam was focused onto the surface using an F-Theta lens with a 70 × 70 
mm working area and a 100 mm focal length. The focused beam had an 
approximate diameter of 25 µm, with a manufacturer-reported laser 
beam quality of M² < 1.3 and a maximum laser source power of 30 W. 
The surfaces were prepared using a scanning pattern of parallel lines 
with a spacing of Δx between the consecutive lines. Four combinations 
of laser texturing parameters were used to prepare four surfaces with 
different surface properties. The employed parameters are summarized 
in Table 1, where tp denotes the duration of the laser pulse, P the average 
power of the laser, v the scanning speed, f the pulse frequency, Δx the 
lateral distance between the consecutive scanning lines, δ the distance 
between the locations of the centers of two consecutive laser pulses, and 
F the average fluence of the laser. The letter in the name of each sample 
denotes the depth of the produced laser-etched channels (S = shallow, D 
= deep) and the number indicates the lateral spacing of the scanning 
lines in micrometers.

After laser texturing, the samples were further cleaned for 15 min in 
isopropanol using an ultrasonic bath, with the textured side facing 
downward to aid the removal of debris and loosely attached particles. 
Subsequently, the samples were placed in a UV/ozone cleaner (Ossila) 
for 15 min to remove adsorbed contaminants and prepare the surface for 
grafting with a hydrophobization agent. Following this second cleaning 
step, the surfaces were hydrophobized using a 1 mM solution of 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorodode
cylphosphonic acid (abbreviated to FDPA, CAS No. 252237–39–1, abcr 
GmbH) dissolved in 2-propanol (Honeywell, ACS reagent, ≥99.5 %). 
The FDPA solution was pipetted onto the samples to completely cover 
their surface and was subsequently left to dry for fifteen minutes at room 
temperature before being placed in an oven at 120 ◦C for 60 min to 
finalize drying and strengthen the bond to the surface. FDPA has been 
previously used for lowering the free surface energy and achieving 
(super)hydrophobicity in multiple existing literature works [29,43,
71–78], where immersion coating, dip coating or drop casting were used 
to apply a FDPA monolayer to a range of different materials, including 
alumina, ITO, different aluminum alloys and copper.

Two additional surfaces were prepared as baselines for comparing 
enhanced anti-icing properties and improved corrosion protection. 
Firstly, an untreated surface “REF” was prepared with no treatments 
other than the first cleaning step shown in Fig. 1. Secondly, a hydro
phobized but otherwise untreated surface “REF-H” was prepared by 
applying all steps shown in Fig. 1 except for laser texturing.

Surface wettability was analyzed by measuring the apparent static 
and dynamic contact angles. The apparent static contact angles were 
measured using an Ossila contact angle goniometer (Ossila LTD, with 
high-resolution 1920 × 1080 camera, measurement range between 
measurement range between 5◦ and 180◦, accuracy ±1◦) at room 
ambient temperature, while the dynamic contact angles were evaluated 
using a custom-made experimental setup, also at room temperature. The 
surface morphology was assessed utilizing a scanning electron micro
scope (Helios Nanolab 650 FEI). Imaging was performed by SEM using 
secondary electron imaging (SEI) mode at 5 kV energy. The surface 
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composition analysis of the selected areas was obtained using energy- 
dispersive X-ray spectroscopy (EDS Aztec software) at 5 kV energy. 
EDS collected the signal for at least 60 s and the representative values 
were presented. The surface roughness of the samples was evaluated 
using a digital microscope (Keyence VHX-6000). The surface 3D 
topography of the untreated treated aluminum was evaluated at three 
randomly selected spots using a stylus contact profilometer (Bruker 
DektakXT model). The device featured a 2 µm tip and operated in soft- 
touch mode with a force of 1 mN. Measurements were conducted over 
an area of 0.75 mm × 0.75 mm, with a vertical analysis range of 65.5 µm 
and a vertical resolution of 0.167 µm/point. The data collected were 
analyzed using TalyMap Gold 6.2 software. The results are displayed as 
3D images, with the corresponding surface roughness (Sa) presented as 
average values ± standard deviations.

The chemical composition of the aluminum surface and FDPA 
(powder; used as a reference), as well as that of the laser-structured 
surface (DT50, DT25, ST50 and ST25) with and without FDPA 
coating, was analyzed using universal attenuated total reflectance 
Fourier transform infrared (ATR-FTIR) spectroscopy (Bruker ALPHA II). 
The spectra, recorded in transmittance mode, were collected over the 
range of 4000 to 500 cm⁻¹ with a resolution of 4 cm⁻¹ by averaging four 
scans. In the manuscript, the spectra are presented in the range between 
1600 and 600 cm⁻¹, where characteristic bands for FDPA molecules were 
observed (phosphate anchor head and perfluoro tail).

2.2. Experimental setups for evaluation of anti-icing properties

Measurements of ice nucleation temperature, freezing delay, and 
observation of the freezing process were conducted using a custom- 
made experimental setup, as depicted schematically in Fig. 2(a). Indi
vidual samples were placed on a thermoelectric (“Peltier”) element, 
which was powered by a PID controller (Meerstetter TEC-1123-HV) and 
controlled via the controller’s proprietary TEC Service Software. A type 
K thermocouple was installed to monitor the temperature of the sam
ple’s surface. Heat dissipation from the warm side of the thermoelectric 
element was realized using a water-cooling block within a closed cooling 

loop, connected to a pump and a radiator. An acrylic transparent 
chamber was mounted on top of the water-cooling block, in which the 
temperature and the relative humidity were monitored using the 
SparkFun SHTC3 (Qwiic) sensor and the SparkFun RedBoard Qwiic 
Arduino board. The humidity within the chamber was kept low by using 
4 Å molecular sieves (relative humidity < 10 %) or silica gel (relative 
humidity 15-20 %). The freezing processes were monitored and recor
ded using a USB camera (IDS UI-3080CP-C-HQ Rev.2).

Ice adhesion strength was determined using a custom-designed setup 
shown schematically in Fig. 2(b). The setup is based around a motorized 
test stand (Axis STAH500/300) equipped with a push/pull force sensor 
(Axis FC200). The same cooling subassembly is used as on the setup for 
freezing delay and ice nucleation temperature measurement, including 
the water cooling block, a closed cooling system and a 2-stage TEC 
cooler. The plunger of the force sensor is equipped with a 3D-printed 
attachment to limit heat transfer from the ice cube and provide a large 
contact area close to the droplet’s base, limiting the formation of a 
secondary tension/compression field under the ice cube and ensuring 
that shearing is the predominant method of loading [79]. The distance 
between the bottom of the plunger’s adapter and the surface was < 1 
mm.

2.3. Evaluation of the ice nucleation, freezing time delay, and the freezing 
process

To evaluate the ice nucleation temperature, 15 water droplets (V = 7 
µL) were placed on the surface at room temperature. Ice nucleation 
measurements were initiated once the surface was cooled down to 5 ◦C 
using the thermoelectric element. During each measurement, a cooling 
rate of 0.1 K s− 1 was maintained using the PID controller. During the 
measurement, freezing of the droplets was recorded with the camera in a 
top-down orientation. Droplet evaporation was found to be negligible 
during the measurements. The measurement was concluded when all 
droplets on the surface had frozen, after which the surface was brought 
back to room temperature. This procedure was repeated with the same 
set of droplets to obtain a second set of ice nucleation measurements. 
Subsequently, a new set of droplets was placed, and two additional sets 
of ice nucleation measurements were conducted, resulting in four sets of 
ice nucleation measurements per surface. The entire evaluation was 
conducted at two relative humidity levels, namely at 15–20 % using the 
silica gel as the desiccant and at <10 % using molecular sieves as the 
desiccant. To extract the ice nucleation temperature, the camera 
recording was manually synchronized with the recorded sample tem
peratures. Ice nucleation was easily observable in the recordings as a 
sudden change in droplet appearance with a transition from trans
parency to an opaque (white) color. Based on the accuracy of the 

Fig. 1. Surface functionalization procedure.

Table 1 
Laser-texturing parameters used to treat the samples in this study.

Sample tp 

(ns)
P 
(W)

v (mm 
s− 1)

f 
(kHz)

Δx 
(µm)

δ 
(µm)

F (J 
cm− 2)

S-25 45 18 1650 110 25 15 33.3
S-50 45 18 1650 110 50 15
D-25 100 18 400 80 25 5 45.8
D-50 100 18 400 80 50 5
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temperature sensor and the synchronization between the recording and 
the temperature data, we estimate the accuracy of the nucleation tem
perature to be approx. ± 0.3 K.

The freezing delay of water droplets was evaluated in a similar 
manner. Fifteen water droplets (V = 7 µL) were placed on the samples at 
room temperature and silica gel was used as the desiccant. Measure
ments were performed by cooling the surface at a cooling rate of 1 K s− 1 

to a target temperature of either − 15 ◦C, − 17.5 ◦C, or − 20 ◦C. The 
freezing process was again recorded using a camera from a top-down 
perspective. Two sets of measurements were performed on each sur
face for each target temperature. The freezing delay was measured from 
the moment the cooling started. It should be noted that in some cases 
(especially at the lowest target temperatures) individual droplets froze 
before the target temperature was reached, which was also logged. The 
accuracy of determination of the freezing delay is approx. 2 s.

Finally, the freezing process was visualized on selected surfaces to 
compare their behavior. A 7 µL water droplet was placed on the sample 
at room temperature, and low relative humidity inside the chamber was 
maintained using silica gel. During this measurement, the sample was 
cooled at a cooling rate of 0.5 K s− 1 while the droplet was recorded from 
a side-view perspective. Post-processing of all recorded data was carried 
out using MathWorks MATLAB R2021b and R2022b.

2.4. Evaluation of ice adhesion strength

Ice adhesion strength was evaluated on all functionalized and 
reference surfaces using the following methodology. Firstly, an ice cube 

was formed on the surface by placing a silicone mold with inner di
mensions of 20 × 20 × 20 mm3 onto the surface at room temperature 
and filling it with double-distilled water. Then, the TEC cooler was used 
to cool the surface to − 20 ◦C to freeze the water in the mold to form the 
ice cube. When the solidification of the cube was complete, the mold was 
removed and the motorized test stand bearing the force sensor was 
moved towards the ice cube at 10 mm min-1. The maximum force ach
ieved before the ice cube was sheared off the surface was noted and used 
to calculate the shear strength (i.e., ice adhesion). Since the laser- 
fabricated surface structures are directional, two sets of measurements 
were performed to evaluate the ice adhesion strength both perpendic
ular to the laser-made grooves and parallel to them. In both cases, tests 
were repeated four times on different areas of each surface.

2.5. Evaluation of corrosion resistance

The corrosion resistance of six types of surfaces developed and used 
in the study was evaluated on 20 × 20 mm samples. The electrochemical 
measurements (recording potentiodynamic polarization curves) were 
performed in a 0.1 M NaCl solution in deionized water. The testing was 
done in a 250 mL glass cell utilizing a three-electrode configuration. The 
test sample was fixed to the cell and the tested surfaces served as the 
working electrode. A saturated Ag/AgCl electrode with a potential of E 
= 0.197 V relative to the standard hydrogen electrode (SHE) was used as 
a reference electrode, while a 5 mm graphite rod was utilized as a 
counter electrode. All measurements were performed using a potentio
stat/galvanostat Autolab 204 M (Metrohm Autolab) with Nova 2.1 

Fig. 2. Schematic of the custom-made experimental setup used for the evaluation of (a) freezing delay and nucleation temperature and (b) ice adhesion strength.
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software for data acquisition and results analysis. The potentiodynamic 
measurements were recorded from − 250 mV relative to the open circuit 
potential with increasing potential in the anodic direction at a rate of 1 
mV s− 1. The corrosion current density jcorr and corrosion potential Ecorr 
were determined using the Tafel analysis. Additionally, we determined 
the potential breakdown Ebd and the span between Ecorr and Ebd (ΔE =| 
(Ebd− Ecorr)|).

3. Results and discussion

3.1. Surface morphology, chemistry and wettability

Secondary electron SEM images of the developed functionalized 
surfaces are shown in Fig. 3, where each column corresponds to one 
surface. It is evident that the smaller of the two laser scanning line 
spacing values (25 µm) resulted in a more random surface morphology. 
While some semblance of channels is evident on surfaces S-25 and D-25, 
they are highly irregular. The lower spacing also resulted in higher 
roughness on the micron scale with more redeposited ablation products 
due to higher energy input density. On the other hand, channels are 
clearly visible on the two surfaces with the 50 µm spacing between the 
laser scanning lines. Shallow channels formed on the S-50 surface, while 
much deeper channels were present on the D-50 surface.

Surface composition was analyzed through an EDS analysis at 5 kV 
with the analyzed area size ~100 × 100 µm. The results are listed in 
Table 2. Four expected elements were focused on: oxygen, aluminum, 
fluorine, and phosphorous. The results show heavy oxidation of all four 
laser-textured surfaces (the untextured surface exhibits an oxygen 

content of approx. 3–8 at.% at the same analysis conditions), while 
fluorine and phosphate detection confirms that FDPA (the fluorinated 
hydrophobization agent) was successfully grafted onto the surface. On 
the S-25 surface, a greater amount of phosphorus and fluorine was 
detected and can be attributed to more efficient grafting of the laser- 
treated surface with the FDPA molecule. It should be noted that 
despite performing the EDS at 5 kV, the analysis penetrated deep into 
the analyzed material (up to a few tens of nanometers). In addition, such 
a rough and uneven surface affects the accuracy of the results. While it 
provides a good indication of the general composition of the surface, it 
cannot fully identify the composition of the topmost (nanometric) sur
face layer.

Previously performed XPS analysis of a laser-textured 1050A alum
num alloy surface grafted with FDPA has shown that fluorine is the 
predominant element in the uppermost nanometric surface layer (48.5 
at.%), followed by carbon at 25.8 at.% (both a contaminant and a part of 
the FDPA molecule) and oxygen at 15.9 at.% (also a part of FDPA and 
found on the heavily oxidized laser-textured surface). Finally, aluminum 

Fig. 3. SEM images of the four laser-textured surfaces developed in this study.

Table 2 
Results of the EDS analysis of the area in the third line of Fig. 3, performed at 5 
kV.

Sample O (at.%) F (at.%) Al (at.%) P (at.%)

S-25 18.0 32.7 48.0 1.3
S-50 21.5 13.1 64.8 0.6
D-25 24.6 13.5 61.0 0.9
D-50 16.5 9.0 74.0 0.5
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as the predominant material in the 1050A aluminum alloy substrate was 
detected at 8.4 at.% and phosphorous (present in the FDPA) at 1.5 at.%. 
This further confirms the successful grafting of the FDPA monolayer 
onto the laser-textured surface.

The chemical bonding of FDPA molecules to laser-structured 
aluminum surfaces was further investigated using attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). Spectra 
were acquired for bare aluminum and FDPA powder [Fig. 4(a)], and 
aluminum surfaces laser-structured under different parameters (DT50, 
DT25, ST50, ST25), both without and with FDPA surface grafting [Fig. 4
(b)].

The FTIR spectra revealed distinct vibrational bands at 1111 cm⁻¹, 
1012 cm⁻¹, 663 cm⁻¹, and 643 cm⁻¹, which are attributed to phosphate 
group vibrations, supporting the presence of P–O–Al surface bonding. 
Additionally, bands at 1200 cm⁻¹ and 1148 cm⁻¹, corresponds to the 
C–F stretching vibrations in CF₂ and CF₃ groups of the perfluoro tail.

The bonding mechanism of freshly laser-structured aluminum in 
FDPA/2-propanol solution involves the chemisorption of the phos
phonic acid headgroup onto laser-structured (hydroxylated) aluminum 

surface sites. After exposure to atmospheric moisture, the aluminum 
surface is hydroxylated [80] and FDPA molecules can undergo 
condensation with surface hydroxyls.

First-principles calculations have shown that this reaction is 
exothermic on hydroxylated alumina surfaces with a reaction energy of 
− 114 kJ/mol [81]. Note the reaction energy represents the cumulative 
effect of bond-breaking and bond-making and the strength of the bond 
between the phosphonate and the surface is estimated to be around 500 
kJ/mol [81], indicating that these molecules will persist on the surface 
for prolonged periods of time. Compared to weaker physisorption or 
hydrogen bonding, phosphate-based surface functionalization provides 
excellent durability, especially under aqueous or corrosive conditions.

The successful anchoring of FDPA via phosphonate binding leads to 
the orientation of the perfluorinated tails away from the surface [22]. 
Moreover, with longer alkyl(perfluoro) chains, the surface is effectively 
covered due to molecular tilting [22], which significantly lowers surface 
energy and enhances hydrophobicity (corrosion protection).

To quantify the surface topography, profilometric analysis was per
formed to obtain roughness parameters and compare surface profiles. 

Fig. 4. FTIR analysis of the untreated aluminum substrate and FDPA powder (a) and of the four laser-textured surfaces with and without the grafted FDPA monolayer 
coating (b).

M. Može et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 72 (2025) 107016 

7 



The results of the analysis are shown in graphical form in Fig. 5, where 
3D images of surface profiles are compared, and in Table 3, where the Sa 
roughness according to ISO 25178 are given alongside with average 
channel depth and width. The latter values are only given for the two 
surfaces with 50 µm laser scanning line spacing where the channels are 
clearly discernible. The results in Fig. 5 are intentionally shown with the 
same height scale (namely, the range of the color bar) to allow for a 
direct comparison between the four analyzed surfaces.

The results show that the laser-texturing parameters used to fabricate 
the shallow surface structures (i.e., the “S” samples) indeed produce far 
shallower surface structures. Specifically, an average channel depth of 
3.1 µm was measured from the surface profiles obtained using a digital 
microscope, while the average channel width was one order of magni
tude greater (23.2 µm) and approximately corresponds to the diameter 
of the focused laser beam on the surface (~25 µm). The second set of 
laser texturing parameters, aimed at producing deeper structures with 
the higher average pulse fluence (i.e., the “D” samples) produced a 
comparable average width of the laser-made channels (26.8 µm) but 
significantly deeper structures (26.8 µm), which are one order of 
magnitude deeper than on the “S” surfaces. This also resulted in notable 
differences in the roughness values of Sa (arithmetical mean height). 
While the S-25 and S-50 surfaces exhibited an Sa value of 1.13 µm and 
2.39 µm, respectively, the values on the D-25 and D-50 surfaces were 
much higher at 5.99 µm and 9.18 µm, respectively.

Since the width of the laser-etched channels on the surface (when 
made with sufficient spacing) was approximately the same as the 
spacing between the laser scanning lines for the samples with 25 µm 
spacing (S-25 and D-25), it is clear that irregular surface features formed 
due to the overlap between the irradiated (and hence ablated) area 
during subsequent passes of the laser beam across the surface.

Since the interaction of the surface with water is extremely impor
tant both for freezing delay/prevention and corrosion protection, water 
contact angles were evaluated on all surfaces. Dynamic contact angles 
were measured on the superhydrophobic laser-textured surfaces to 
evaluate the droplet’s spreading and contracting behavior on the 

surface. The contact angles are provided in Table 4. Dynamic contact 
angles were not measured on the two reference surfaces; static contact 
angles were recorded instead. The untreated reference surface (REF) 

Fig. 5. Profilometric analysis of the four laser-textured surfaces. The range of the color bar denoting the depth of the structure is identical for all four surfaces.

Table 3 
Surface roughness and dimensions of laser-etched microchannels.

Sample Sa 
(µm)

Channel 
width (µm)

Channel 
depth (µm)

Surface morphology

REF & 
REF-H

0.6 ±
0.1

/ / Flat reference surface

S-25 1.1 ±
0.2

/ / Shallows structures, 
channels not discernible

S-50 2.4 ±
0.2

23.2 3.1 Periodic shallow channels

D-25 6.0 ±
0.5

/ / Deep and heavily oxidized 
structures, highly irregular 
channels

D-50 9.2 ±
0.6

26.8 26.8 Periodic deep channels

Table 4 
Advancing (θa) and receding (θr) contact angles and the contact angle hysteresis 
(CAH = θa - θr) measured on the functionalized surfaces before and after 
degradation tests.

Sample Before degradation After degradation

θa (◦) θr (◦) CAH 
(◦)

θa (◦) θr (◦) CAH 
(◦)

S-25 167.0 ±
0.9

165.6 ±
1.0

1.4 ±
1.3

166.8 ±
1.4

163.8 ±
1.8

3.0 ±
2.3

S-50 167.2 ±
1.3

163.9 ±
2.5

1.7 ±
2.8

166.6 ±
1.1

164.7 ±
1.5

1.9 ±
1.8

D-25 163.3 ±
0.9

161.8 ±
1.3

1.5 ±
1.5

162.7 ±
0.7

160.8 ±
0.9

1.9 ±
1.1

D-50 165.2 ±
1.1

163.3 ±
1.5

1.9 ±
1.9

164.7 ±
0.7

162.8 ±
1.2

1.9 ±
1.4
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exhibited a static contact angle of 63.4◦ ± 0.4 ◦, and its hydrophobized 
variant (REF-H) exhibited a static contact angle of 117.8◦ ± 0.4◦

The results in Table 4 indicate that the criteria for super
hydrophobicity are fulfilled on all four functionalized surfaces with 
contact angles above 150◦ and negligible contact angle hysteresis. The 
roll-off or sliding angles were not measured since the droplet rolled off 
the surfaces at the slightest inclination. While small differences in con
tact angles exist between the four prepared surfaces, it is hard to attri
bute them to the specific surface properties rather than the statistical 
scatter of the results and uncertainty in the contact angle determination.

Additionally, surface degradation tests were performed to evaluate 
the stability of the functionalized surface prior to anti-icing experiments 
since the degradation of the grafted FDPA monolayer could result in a 
total failure of the surface’s icephobic behavior. The following meth
odology was used to evaluate the degradation of surface wettability and 
estimate the robustness of the surface. The surface was cooled down to 
− 40 ◦C and covered with water droplets dripped from a height of ~25 
cm (impact velocity ~2.2 m s− 1). When the entire surface was covered 
with ice, it was heated to +40 ◦C, and the thawed ice was removed. This 
cycle was repeated 5 times in total and the dynamic contact angles were 
measured again with the results presented in Table 4 alongside the re
sults before the degradation. Furthermore, the change in the advancing 
and receding contact angle and the contact angle hysteresis (CAH), 
calculated as the difference between the values before degradation 
testing and after it, is plotted in Fig. 6.

Evaluation of the wettability degradation in Table 4 and Fig. 6 shows 
positive results with minimal changes in the contact angle after the 
degradation. Specifically, the largest change in contact angle was only 
1.8◦, indicating favorable robustness of the developed functionalized 
surfaces and their suitability for the following anti-icing tests.

3.2. Ice nucleation temperature

Ice nucleation temperature was evaluated on all six samples with two 
different desiccants which provided either 15-20 % relative humidity 
(silica gel – SG) or <10 % relative humidity (molecular sieves – MS) 
during the measurements. Relative humidity importantly influences the 
freezing process as water condensation or direct frosting on the sub
cooled surfaces can initiate freezing and obscure the observation. 

Furthermore, humidity significantly influences mass transport between 
the droplet and the surrounding air. Based on the temperature and 
relative humidity of the air, droplet evaporation or condensation of 
water vapor on the droplet can take occur [82]. The ice nucleation 
temperature measurement results are presented in Fig. 7 as probability 
density histograms with each subplot showing two sets of experiments 
(one with each desiccant type) on one surface type. Kernel fit was per
formed for each distribution (solid lines), and the arithmetic average 
value for each dataset is shown as a vertical dashed line.

In all cases, the distributions are not symmetrical, with some droplets 
freezing at significantly higher temperatures than the average ice 
nucleation temperature on the given surface, resulting in longer left tails 
for most distributions. On the other hand, few droplets freeze at notably 
lower temperatures than the average ice nucleation temperature on the 
given surface, resulting in a short right tail and a skewed distribution. 
Skewness values are presented in Table 5 and should be interpreted with 
the reverse direction of the X-axis in the Fig. 7 plots in mind since their 
sign is thus reversed.

The results are also compared in Fig. 8, where average ice nucleation 
temperatures are presented for each sample using either silica gel or 
molecular sieves as the desiccant. We observed a trend of slightly lower 
or comparable average ice nucleation temperatures at lower relative 
humidity levels (i.e., with molecular sieves) compared to silica gel. A 
slight deviation from this trend was observed for the S-50 sample. On the 
other hand, the difference between the two humidity levels was the most 
extreme for the D-25 sample with deep structure and irregular channels. 
For this sample, the distributions shown in Fig. 7(e) are very narrow 
(especially for the molecular sieves) and the average nucleation tem
peratures are higher (i.e., showing a worse performance) than on the 
untreated or the solely hydrophobized sample. This sample partially 
exhibited cascade freezing behavior with most or all drops freezing at 
the same time (and temperature) during the tests. This will be shown 
and discussed further in Section 3.4.

Ambient humidity can play a significant role in determining the ice 
nucleation temperature of sessile droplets, particularly through its in
fluence on surface structure, interfacial wetting, and heat transfer dy
namics. Since superhydrophobic surfaces are typically rough and feature 
low surface energy, both of which are required to maintain a hetero
geneous (i.e., Cassie–Baxter) wetting state where the droplet rests 

Fig. 6. Change of the dynamic contact angle values and the contact angle hysteresis after degradation testing with cyclical icing/deicing.
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partially on trapped air pockets. The preservation of this state is critical 
to maintaining delayed ice nucleation and icephobic behavior. At a high 
relative humidity, water vapor can adsorb or condense within the micro- 
and nanoscale surface textures, which is actually facilitated by the low 
surface energy of the surface. This capillary condensation can compro
mise the Cassie–Baxter state by locally filling the surface features, 
resulting in a (local) transition to the Wenzel homogeneous wetting 
state. This transition increases the solid–liquid contact area, which en
hances heat and mass transfer. Importantly, condensation in the micro-/ 
nanostructures provides “pre-activated” nucleation sites where ice can 
form with a lower nucleation energy barrier, thus leading to higher 
nucleation temperatures (i.e., lower required supercooling).

Fig. 7. Distribution of ice nucleation temperature on (a) untreated reference sample, (b) hydrophobized reference sample, (c) S-25 sample, (d) S-50 sample, (e) D-25 
sample, and (f) D-50 sample. Silica gel (SG) and molecular sieves (MS) provide relative humidity values of 15–20 % and <10 %, respectively.

Table 5 
Skewness of the ice nucleation temperature distributions shown in Fig. 7.

Surface REF REF- 
H

S25 S50 D25 D50

Higher rel. humidity 
(silica gel – SG)

0.109 0.499 1.385 0.701 − 0.169 1.518

Lower rel. humidity 
(molecular sieves – 
MS)

0.353 0.413 0.238 0.443 − 1.602 0.116
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At low ambient humidity, evaporation of the droplet is more pro
nounced, leading to notable evaporative cooling, which can significantly 
lower the droplet temperature and allow it to reach higher supercooling 
values before nucleation. This additional cooling expedites the entire 
process of droplet cooling and thus reduces the time during which water 
is in contact with potentially active nucleation sites on the surface. Since 
nucleation is a stochastic process, the longer the time of contact, the 
higher the probability of nucleation. Therefore, slightly faster cooling of 
the droplet can delay heterogeneous nucleation.

All of the above appears to be especially strongly expressed on the 
DT25 surface, which, judging from the SEM images in Fig. 3, provides an 
abundance of potential active nucleation sites for condensation of water 
vapor and nucleation of ice. Here, the largest difference in the nucle
ation temperature was observed when the humidity was decreased, 
confirming the critical role of condensation of water vapor (even if 
present in small amounts) into the surface micro-/nanostructures, which 

can lead to “premature” ice nucleation.

3.3. Freezing delay

A typical metric for quantifying the anti-icing performance of func
tionalized surfaces is the temporal freezing delay. Hence, the time 
needed for a droplet to freeze on a surface at a given (subzero) tem
perature is measured on each of the analyzed surfaces. We performed 
the measurement at three selected temperatures (− 15 ◦C, − 17.5 ◦C, and 
− 20 ◦C) with multiple repetitions with multiple droplets for each sur
face, and the obtained average values are shown in Fig. 9. Firstly, the 
typical trend of decreasing freezing delay with decreasing surface tem
perature was observed, with delays of upwards of 2500 s at -15 ◦C falling 
to below 800 s at -20 ◦C [83,84]. The two surfaces with shallow channels 
(S-25 and S-50) exhibited the best performance in the form of the longest 
average freezing delays. At − 15 ◦C, the S-25 and S-50 surfaces granted 

Fig. 8. Average ice nucleation temperatures recorded using silica gel or molecular sieves as the desiccant.

Fig. 9. Average freezing delay recorded on all six tested surfaces at three surface temperatures. 10th and 90th percentile limits of the scatter of the measured freezing 
delays are shown with yellow and pink crosses, respectively.
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an average freezing delay of 2641 s and 2533 s, respectively, compared 
to 465 s on the untreated surface. The surface with well-spaced deep 
channels (D-50) also exhibited favorable, albeit lower performance. On 
the other hand, the surface with irregular deep channels (D-25) 
exhibited the worst performance, even underperforming the untreated 
reference surface. This can be attributed to higher ice nucleation tem
peratures, which resulted in most of the droplets freezing even before 
the surface reached the target temperature of the individual test. While 
the hydrophobized untreated surfaces (REF-H) exhibited marginally 
lower ice nucleation temperatures as shown in Figs. 7–8, its freezing 
delay was notably longer compared to the completely untreated surface 
(REF) at − 15 ◦C. However, at lower surface temperatures comparable to 
or lower than the respective nucleation temperatures of the aforemen
tioned surfaces, the performance of the REF-H surface was largely the 
same as that of the REF surface.

Additionally, the freezing delay enhancement is shown in relative 
terms in Fig. 10 for the hydrophobized reference surface and the three 
functionalized surfaces that exhibited favorable behavior (S-25, S-50, 
and D-50). The best performance was observed on the S-25 surface with 
hardly discernible laser-etched channels and the lowest surface rough
ness among the laser-textured surfaces. On this sample, the lowest (and 
thus the most favorable) ice nucleation temperatures were also 
observed. The S-25 surface exhibited an increase in freezing delay of 468 
% at -15 ◦C and 944 % at -20 ◦C. The superior performance of the 
shallow surfaces in comparison with the deep surfaces may be attributed 
to a lower number of cavities and other morphological features that 
could serve as active nucleation sites for condensation and freezing of 
water. SEM images in Fig. 3 reveal that the deep surface textures, 
fabricated using a higher laser pulse fluence, contain many cavities and 
crevices on the micron and submicron level, which matches the most 
suitable size range for nucleation of water vapor [85]. This is most 
extremely evident on the D-25 surface (see SEM images in Fig. 3), where 
the concentration of the energy input was the highest due to the com
bination of high pulse fluence and low laser scanning line spacing. On 
the other hand, such unwanted features are largely absent from the two 
surfaces with shallow structures, where some splashing of the material 
during the laser-texturing occurred, but few cavities or similar structures 
formed.

3.4. Observation of the freezing process

We also visualized the freezing process and tracked the progression 
of the freezing (solidification) front on three representative surfaces, 
namely on the untreated reference surface, the hydrophobized reference 
surface, and a superhydrophobic laser-textured surface (S-50). The 
vertical position of the solidification front is given in normalized terms 
using the final height of the droplet (i.e., when completely frozen) for 
normalization; the results are shown in Fig. 11. The freezing process 
from the onset of the solidification to the completion of freezing was by 
far the fastest on the untreated surface, which exhibited the highest 
wettability and thus the highest contact area with the subcooled surface 
(approx. 10.2 mm2). Since the Wenzel wetting regime was present, there 
was no air between the surface and the droplet to limit the heat transfer 
from the droplet to the surface. The hydrophobized reference surface 
with no laser-textured features exhibited 348 % longer solidification 
time compared to the more wettable completely untreated surface with 
no hydrophobic coating, which should be attributable to the reduced 
contact area between the surface and the droplet (~4.0 mm2) due to the 
significantly higher contact angle (~117◦). Finally, the super
hydrophobic surface, which exhibited the Cassie-Baxter wetting regime 
with only limited contact between the solid surface and the droplet, 
granted even longer solidification times (1185 % longer than the un
treated reference surface and 186 % longer than the hydrophobized 
reference surface). Here, the heat transfer is limited due to two factors: 
(i) the even smaller (projected) contact area between the surface and the 
droplet (~0.30 mm2) and (ii) the actual solid-liquid (and later solid- 
solid) contact area being significantly smaller than the projected con
tact area since the droplet is locally suspended on the peaks of micro-/ 
nanostructure with an air layer partially separating the droplet and the 
surface.

The observed cascade freezing phenomenon on the D-25 surface was 
analyzed further with a dedicated experiment, the results of which are 
shown in Fig. 12(a,b). To investigate the very narrow distributions of the 
ice nucleation temperature and the very poor anti-icing performance of 
this surface with deep irregular channels, a set of 7 µL droplets was 
deposited on the surface and an ice nucleation temperature measure
ment was conducted, this time without focusing on the temperature but 
rather on observing the set of droplets with a higher framerate and 
higher magnification. The results of the first measurement are shown in 
Fig. 12(a). The first droplet froze approx. 10 s before the cascading event 

Fig. 10. Relative enhancement (i.e., prolongation) of the freezing delay achieved with functionalized surfaces compared to the untreated surface.
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happened. The cascade included almost simultaneous nucleation of 7 
droplets, spaced between approx. 1.5 and 8 mm from one another, with 
the recalescence in all of them appearing within 160 ms. Interestingly, 
several remaining droplets failed to freeze in the cascade despite being a 
similar distance away from the cascading droplets. Two examples of 
remaining droplets freezing with a delay of approx. 13 s and 17 s from 
the onset of the cascade are shown in Fig. 12(a).

The second experiment focused on another set of droplets, which 
were imaged using higher spatial and temporal resolution. The results 
show that all seven droplets present started freezing within 60 ms of the 
recalescence of the first droplet. The experiment was repeated multiple 
times and on two separate surfaces with the same observation being 
made every time. No frost halos or ice bridges were observed, and the 
droplets didn’t explode or shatter to release ice particles.

Jung et al. [86] reported the formation of frost halos around freezing 
droplets due to their evaporation which were shown to possibly initiate 
the freezing of neighboring droplets. However, both the observed 
timescale (~0.1 s) and length scale (<0.5 mm) of this phenomenon do 
not match our observations since the cascade freezing of neighboring 
droplets happened both faster (<0.02 s) and over a greater distance 
(between approx. 1 and 5 mm). Graeber et al. [87] were the first to 
report and systematically investigate the phenomenon of cascade 
freezing among supercooled droplets, although previous reports of 
freezing propagation via the aforementioned frost halos [86], ice 
bridging [88] or ice shrapnel exist [89]. They proposed that cascade 
freezing is caused by airborne vapor boluses (emitted by the freezing 
droplet), generated and rapidly propagated into the surroundings during 
the recalescence of supercooled droplets. When the vapor bolus reaches 
a supercooled neighboring droplet, it can cause local supersaturation 
and spontaneous formation of microscopic ice crystals by heterogeneous 
nucleation condensation on airborne dust and subsequent solidification, 
triggering nucleation by contact freezing of the neighboring droplet. 
However, their measurements were performed in a low-pressure envi
ronment where the vapor diffusion speed was much greater than at at
mospheric pressure (approx. 1 m s− 1 and 0.003 m s− 1, respectively). 
Therefore, this seems unlikely to be the reason behind the cascade 
freezing observed in the present study.

Fletcher [90] reported the reduction of the free energy barrier in the 
case of heterogeneous nucleation ΔGhet instead of homogeneous nucle
ation ΔGhom, described by a factor f with a value between 0 and 1: 

ΔGhet = ΔGhomf (1) 

According to Jung et al. [91] and Fletcher [90], the parameter f 
depends primarily on the size and wettability of the surface upon which 
the nucleation is taking place. Since the majority of the surface features 
on all surfaces used in this study are orders of magnitude larger than the 
critical radius for nucleation (the latter being on the approximate size 
scale of nanometers), f should primarily depend on the contact angle θ 
[91]: 

f ≈ f(θ) =

(

2 +
γI − γW

γIW
cosθ

)(

1 −
γI − γW

γIW
cosθ

)2

4
(2) 

where γI, γW and γIW represent the ice–gas, water–gas, and water–ice 
interfacial tensions, respectively. However, the contact angle on all four 
laser-textured surfaces is practically identical, excluding its effect on the 
reduction of nucleation energy barrier as described by the factor f.

Going further, the cascade freezing phenomenon together with 
significantly higher nucleation temperatures on the D-25 surfaces 
compared to the other three superhydrophobic laser-textured surfaces 
likely should be attributed to the specific micro- and nanostructure of 
the D-25 surface. Furthermore, lower ambient humidity significantly 
decreased the nucleation temperatures on the D-25 surface (Fig. 7), but 
the cascade freezing phenomenon persisted as evident from the narrow 
nucleation temperature distributions in Fig. 7(e). High-magnification 
SEM images of the D-25 surface showing structures ranging from 
several micrometers and down to tens of nanometers are shown in 
Fig. 12(c). We postulate that the micro- and nanostructure of the D-25 
surface provided preferential nucleation sites for condensation of water 
vapor from the air within the experimental chamber. This is further 
substantiated by the difference in nucleation temperatures for the two 
sets of measurements at different humidity levels. At higher humidity 
(using silica gel as the desiccant and achieving a relative humidity of 
15–20 %), the average nucleation temperature was 3.6 K higher than 
during the experiments with lower humidity (using molecular sieves as 
the desiccant and achieving a relative humidity below 10 %). It can be 
assumed that higher humidity resulted in more condensation on the 
surface at the same surface temperature as saturation was more readily 
reached at the given air temperature, resulting in frosting and possible 
spreading of ice at the foot of the droplets on the D-25 surface, conse
quently contributing to the “premature” freezing of the droplets.

Fig. 11. Normalized vertical position of the freezing front during droplet solidification on three representative surfaces.
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3.5. Ice adhesion strength

The results of ice adhesion measurements are shown in graphical 
form in Fig. 13(a) as absolute average values with standard deviation 
shown through error bars, while a relative comparison to the untreated 
reference surface is shown in Fig. 13(b).

Together with the hydrophobized reference surface (REF-H), both 
functionalized surfaces with shallow structures (i.e., S-25 and S-50) 
provided reduced ice adhesion strength. Specifically, the REF-H surface 
decreased the adhesion by approx. 51 %, the S-25 surface by 21–26 % 
and the S-50 surface by 45–60 %. On the S-25 surface, which features a 
non-distinct surface morphology and low surface roughness, minimal 
difference between adhesion strength parallel or perpendicular to the 
laser-made grooves was observed. On the other hand, a more notable 
difference was measured on the S-50 surfaces with shallow channels 
where a 27 % lower average adhesion value was obtained in the 
perpendicular testing direction compared to the parallel testing 
direction.

On the other hand, notably higher ice adhesion strength was 
measured on the surfaces with deep features (i.e., D-25 and D-50) with 

an increase of up to 84 % in comparison with the untreated surface. On 
the D-25 surface with highly irregular channels, the adhesion was 15 % 
higher when evaluated parallel to the direction of the channels 
compared to the values measured perpendicular to the channel direc
tion. On the other hand, the opposite trend was observed on the D-50 
surface with periodic deep channels with a 25 % lower average value 
observed in the perpendicular direction compared to the parallel testing 
orientation.

3.6. Corrosion protective behavior

The corrosion properties for REF, REF-H and the functionalized 
surfaces (S-25, S-50, D-25 and D-50) were evaluated using potentiody
namic measurements in a 0.1 M NaCl solution after one hour of im
mersion, as shown in Fig. 14(a,b). Additionally, Fig. 14(c) schematically 
presents the bonding of the FDPA onto a treated surface and the 
mechanism of corrosion protection with trapped air between the surface 
and the corrosion medium. The determined electrochemical parameters 
are also summarized in Table 6.

Fig. 14(a) illustrates that the curve for reference aluminum (REF) 

Fig. 12. The process of cascade freezing on the surface D-25 (a), localized analysis of cascade freezing (b) and (c) secondary electron high-magnification SEM images 
of the D-25 surface’s morphology showing cavities and cavity-like structures on various length scales.
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Fig. 13. Ice adhesion strength shown in absolute terms (a) and relative to the average value for the reference surface (b). The inset in subplot (a) shows the testing 
direction, which is either parallel to the orientation of laser-made structures (‖) or perpendicular to them (⊥).

Fig. 14. Potentiodynamic polarization curves for the surfaces with shallow structures (a) and deep structures (b), and (c) schematic representation of the FDPA 
bonding onto the surface and corrosion protection mechanism with an entrapped layer of air.
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exhibits a low corrosion current density (jcorr = 426.1 nA/cm²) and a 
corrosion potential (Ecorr) of − 0.69 V. Despite the natural passivation of 
aluminum surfaces with thin Al2O3 film under atmospheric conditions 
reflect efficient corrosion protection, the passivation effect is signifi
cantly reduced under the tested conditions during immersion in NaCl 
solution [21,92,93]. Chloride ions can penetrate and disrupt the thin 
oxide layer, causing localized breakdown, leading to local corrosion. 
This breakdown occurs due to the aggressive nature of Cl⁻ ions that can 
replace oxygen atoms in the passive layer, forming soluble aluminum 
chloride complexes and exposing the underlying metal to attack further. 
This behavior was confirmed by potentiodynamic measurement, where 
the potential breakdown (Ebd) was <10 mV less negative than Ecorr, 
resulting in a very narrow passivation region (ΔE), as evident in Fig. 14
(a) and Table 6.

Similar corrosion behavior was also noticed for REF-H (hydro
phobized surface), shown in Fig. 14(a). Due to the naturally passivated 
surface with stable Al2O3, the FDPA was not efficiently covalently 
bonded on the surface to form a protective barrier, and as a result, the 
formed film could not protect the surface completely. Therefore, there is 
only a slight decrease in jcorr (415.3 nA/cm²) when Ecorr shifts to less 
negative values (− 0.67 V), Table 6. Despite the hydrophobic behavior of 
the surface, the electrochemical results confirmed a limited effect on 
corrosion protection.

On the other hand, gradually better corrosion protective perfor
mance was obtained on the laser-treated surfaces with shallow struc
tures (i.e., S-25 and S-50). The jcorr for S-25 is shifted for >2 orders of 
magnitude to lower values jcorr to 2.0 nA/cm², Ecorr to − 0.92 V and Ebd at 
− 0.52 V, Table 6. It can be assumed that laser treatment removes the 
native oxide layer on the aluminum surface (Fig. 3) and forms a newly 
passive film through oxidation [7]. Such passive film composition 
formed in an oxygen-containing atmosphere (i.e., air) in the presence of 
laser energy (ablation) differs from the composition of naturally formed 
film in the atmosphere [94]. From the electrochemical point of view, 
this effect is reflected in the shifts of Ecorr to more negative values for 
>230 mV for S-25 compared to REF, which reflects freshly formed 
Al2O3/Al(OH)3 surface. The laser texturing process creates micro- and 
nano-scale patterns on the aluminum surface (see Fig. 3). These textures 
increase the surface area and create roughness, which is essential for 
enhancing the surface’s hydrophobicity when combined with chemical 
treatments such as FDPA. FDPA molecules contain a phosphonic acid 
group (–PO(OH)₂) [95,96], which can chemically bond with the 
aluminum oxide layer on the surface which is schematically depicted in 
Fig. 14(c). The phosphonic acid group is highly effective in the corrosion 
inhibition of aluminum due to its strong affinity for metal oxides and its 
ability to form stable, protective layers on the metal surface, anchoring 
the FDPA molecules firmly to the surface [96]. The reaction can be 
represented as: 

Al − OH + R − PO(OH)2 → Al − O − PO(OH)R + H2O (3) 

where R represents the long-fluorinated tails. This reaction results in the 
formation of an Al–O–P linkage. Once the FDPA molecules are 

chemically bonded to the surface, they arrange themselves into a 
monolayer due to van der Waals interactions between the long- 
fluorinated tails [22]. This self-assembled monolayer (SAM) creates a 
densely packed, highly ordered structure on the aluminum surface as 
shown in Fig. 14(c). The fluorinated tails of the FDPA molecules pro
trude outward from the aluminum surface, creating a highly hydro
phobic surface. The low surface energy of the fluorinated tails causes 
water droplets to bead up, due to the trapped air between the surface 
and corrosion medium.

Efficient functionalization of the freshly laser textured Al/Al2O3/Al 
(OH)3 surface and FDPA molecule surface reduces the corrosion current 
density and the efficient superhydrophobic surface’s formation is re
flected in the passivity region between the corrosion potential Ecorr and 
the potential breakdown Ebd. In this region, the current density only 
slowly increases with increasing potential, confirmed by the results in 
Fig. 14(a). The span between potentials ΔE |(Ebd− Ecorr)| was 400 mV, 
which confirmed a stable passivation region in wide potential ranges. 
Such behavior is noticeable on a well-protected aluminum surface. Less 
improved corrosion resistance was noticed for S-50 surface, where the 
jcorr was less than one order of magnitude lower (62.3 nA/cm²) than on 
the REF surface with a slight shift of Ecorr to less negative values, but 
with Ebd is only a few mV above (ΔE = 10 mV). Such behavior can be 
explained by a less efficient lasering structuring of the surface, as seen in 
Fig. 3. Due to the remaining weak areas of the non-structured surface, 
the corrosion protection is less efficient. Despite the surface treatment 
allowing the formation of a superhydrophobic surface, its corrosion 
resistance is limited, probably due to an uneven FDPA film on the sur
face. Therefore, the corrosion media (ions) can contact the aluminum 
surface, causing less efficient corrosion protection.

A similar comparison was made for the two surfaces with deep 
structures (i.e., D-25 and D-50) in Fig. 14(b). The laser-textured surfaces 
with non-distinct surface features produced using the smaller (25 µm) 
spacing (D-25) show at least two orders of magnitude lower corrosion 
current density in comparison with the untreated surface (REF). The 
Ecorr is again and has shifted to more negative values (− 0.87 V). The 
curve shows the passive behavior with Ebd = − 0.53 V, while ΔE is 340 
mV. On the other hand, the surface with distinct microchannels (D-50) 
provides less favorable corrosion protection with only a slight decrease 
in the corrosion current density (152.6 nA/cm²). On the D-25 surface, a 
notably higher Ebd also appears compared to the REF surface, confirming 
corrosion resistance of the surface in the anodic part, achieved through 
passivation.

Overall, hydrophobization of the reference sample with the FDPA 
self-assembled monolayer failed to contribute significantly to its corro
sion resistance since the REF-H sample exhibits the same Ecorr and jcorr 
values compared to the REF sample. Both laser-textured surfaces with 
close scanning line spacing significantly improve corrosion protection, 
with the S-25 surface exhibiting slightly better corrosive protective 
properties than the D-25 surface. In combination with the low-surface- 
energy FDPA monolayer and entrapped air in the surface microstruc
ture (due to its superhydrophobic wetting properties), this prevents 
access of corrosive ions in the water (specifically Cl− ions due to testing 
in a NaCl solution) to the surface and the aluminum passivated under 
atmospheric conditions [4–6].

Laser texturing poses challenges in precision and repeatability due to 
material-dependent factors such as composition, surface roughness, and 
oxidation state, which affect the absorption of laser light and the 
melting/ablation process. Optimization is required for each material to 
achieve the desired surface properties. Scaling up laser texturing for 
bulk processing is feasible by adjusting key parameters to favor forma
tion of irregular surface features through strategies such as defocused 
beam processing, higher scanning speeds, and multi-pass texturing that 
enable the generation of effective anti-corrosive surfaces. While com
plex sample/surface geometries introduce additional challenges, 
advanced positioning systems and hybrid processing approaches (such 
as sample pre-treatment through mechanical or chemical methods) can 

Table 6 
Evaluated electrochemical parameters with standard deviation in 0.1 M NaCl for 
REF and REF-H and treated aluminum with S-25, S-50, D-25 and D-50: corrosion 
current density (jcorr), corrosion potential (Ecorr) and potential breakdown (Ebd) 
were determined from potentiodynamic polarization curves in Fig 14(a,b). The 
span is expressed as (ΔE = |Ebd − Ecorr|).

Sample name jcorr (nA cm− 2) Ecorr (V) Ebd (V) ΔE (mV)

REF 426.1 − 0.69 − 0.68 10
REF-H 415.3 − 0.67 − 0.66 10
S-25 2.0 − 0.92 − 0.52 400
S-50 62.3 − 0.63 − 0.62 10
D-25 8.1 − 0.87 − 0.53 340
D-50 152.6 − 0.67 − 0.66 10
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help mitigate these issues, and overall, laser texturing remains a scalable 
and viable method for achieving anti-corrosive and superhydrophobic 
properties on bulk samples with proper laser-texturing parameter 
control.

4. Conclusions

This study presents the fabrication and evaluation of functionalized 
superhydrophobic aluminum alloy surfaces, produced with a combina
tion of laser texturing and self-assembled monolayer grafting, with 
enhanced anti-icing and corrosion protection properties. The following 
main findings were made. 

1) The developed surfaces exhibited superhydrophobicity with contact 
angles > 163◦ and a hysteresis < 2◦ Wettability remained stable after 
five icing/deicing cycles between − 40 ◦C and +40 ◦C.

2) Three out of four surfaces lowered the ice nucleation temperature, 
with the S-25 surface (shallow, non-distinct features) exhibiting the 
lowest average value at − 20.1 ◦C. Lower humidity further reduced 
nucleation temperatures.

3) Functionalized surfaces significantly extended freezing delay with 
enhancements up to 468 % and 944 % compared to an untreated 
surface at − 15 ◦C and − 20 ◦C, respectively.

4) Shallow-structured surfaces showed better anti-icing performance 
than deep-structured ones, ascribed to fewer potential active nucle
ation sites ice nucleation and for condensation.

5) Repeated cascade freezing was observed on a surface with irregular 
deep structures, abundant microscale cavity-like structures, and 
heavy laser-induced oxidation. Relative humidity affected the ice 
nucleation temperatures, alluding to the effect of preferential 
condensation and subsequent freezing of water vapor in the available 
surface features.

6) Surfaces with shallow features decreased ice adhesion strength by up 
to 60 %, while increased adhesion (between +33 and +84 %) was 
measured on surfaces with deep features.

7) Surfaces with non-distinct or irregular channels exhibited better 
corrosion properties than surfaces featuring well-defined laser- 
etched channels, with corrosion current density below 10− 8 A cm− 2 

and a broad passivation region.

The surface with a non-distinct morphology and the lowest surface 
roughness out of all developed surfaces exhibited the best properties in 
all evaluations. These results support focusing future designs on micron- 
and submicron-scale features over traditional larger structures. The 
demonstrated functionalization approach is promising for scalable in
dustrial applications, offering combined benefits in durability, anti- 
icing, and corrosion protection.

Data availibility

The authors confirm that the data supporting the findings of this 
study are available either within the article and from the corresponding 
author upon request.

CRediT authorship contribution statement

Matic Može: Writing – original draft, Visualization, Software, 
Methodology, Formal analysis, Data curation, Conceptualization. Peter 
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[80] M. Poberžnik, D. Costa, A. Hemeryck, A. Kokalj, Insight into the bonding of silanols 
to oxidized aluminum surfaces, J. Phys. Chem. C. 122 (2018) 9417–9431, https:// 
doi.org/10.1021/acs.jpcc.7b12552.
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