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Abstract: Ice formation is a serious issue in many fields, from energy to aerospace, compromising 

the devices’ efficiency and security. Superhydrophobicity has been demonstrated to be correlated 

to the anti-icing properties of surfaces. However, fabricating surfaces with robust water repellence 

properties also at subzero temperature is still a great challenge. In this work, femtosecond laser 

(fs-laser) texturing is exploited to produce superhydrophobic surfaces with anti-icing properties on 

Al2024, an aluminum alloy of great interest in cold environments, in particular for aircraft 

production. Our textured substrates present self-cleaning properties and robust water repellency at 

subzero temperatures. Moreover, outstanding anti-icing properties are achieved on the textured 

surfaces at −20 °C, with water droplets bouncing off the surface before freezing. 
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1. Introduction 

Ice is a relevant problem in various industrial fields including transportation, energy and 

buildings. Ice accumulation can damage locks and dams [1], reduce the performance of cryogenic, 

refrigeration and air conditioning systems [2], cause power lines and telecommunication equipment 

outage [3]. Furthermore, ice accretions may result in dangerous road conditions and serious hazards 

during flights [4,5]. 

An ideal anti-icing surface should: (i) roll off the overcooled drops before they freeze [6] and (ii) 

induce a weak adhesion of the ice once it has accumulated [7,8]. Several studies have demonstrated 

that superhydrophobic surfaces (SHSs), i.e., surfaces with a water contact angle (CA) greater than 

150° and a sliding angle (SA) less than 10° [9], in addition to the enhanced self-cleaning effect, have 

noteworthy anti-icing properties [6,10]. The methods proposed in the literature to produce 

superhydrophobic surfaces are mainly related to modifying the surface chemistry and/or topology. 

Wang et al. [11] produced several aluminum surfaces with various wettability from superhydrophilic 

to superhydrophobic by combining an etching method and a coating process. The authors found that 

also in overcooled condition (temperature T = −10 °C, relative humidity RH = 90%), water droplets 

bounced before freezing, despite the increase of the SA (from 1° to 22°). The authors also found a 

reduction of the ice adhesion with respect to the untreated surface and durability of this behavior up 

to 20 ice/deicing processes. 
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Significant progress has been made in the fabrication of superhydrophobic surfaces on metallic 

substrates reproducing the micro-nano structures inspired by the topography of the lotus leaf [12]. In 

particular, laser surface texturing is gaining extensive interest and produces various well-controlled 

microstructures on metallic surfaces [13]. During the ablation process, the material is removed from 

the substrate and the features created depend on the laser parameters, such as the pulse duration, the 

laser fluence and the repetition rate. The wetting properties of nanosecond laser-fabricated 

superhydrophobic aluminum surfaces were studied by Jagdheesh et al. [14]. Superhydrophobicity 

has also been achieved on metal surfaces with a two-step ns-laser texturing process [15] or combining 

short-pulsed laser ablation with subsequent treatment in chlorosilane [16]. 

Recently, great attention has been paid to the use of ultrashort laser sources for the 

functionalization of surfaces. Ultrafast laser sources can fabricate nano/microscale surface structures 

on a wide range of materials from metals [17,18] to dielectrics [19,20], with an almost negligible 

thermal load to the substrate as compared to nanosecond lasers. The ultrashort laser fabrication of 

SHS has been reported on several metallic substrates, such as Al7075 [21], and stainless steel [22]. The 

fabrication of metallic SHS combining direct laser writing and direct laser interference patterning has 

also been reported [23,24]. 

Only a few of the research papers found in the literature on the direct ultrashort laser fabrication 

of metallic superhydrophobic surfaces delve into their anti-icing properties. In general, these works 

focus on the delay in the droplets freezing time [22,25], without discussing other issues related to the 

ice formation, such as the easy removal of impurities that can accelerate the ice nucleation and the 

robustness of the wetting behavior. Another important issue is the freezing of water dripping on cold 

substrates, such as in heat transfer surfaces, where ice accretion could result in poor device efficiency. 

In this paper, we report a study on the fabrication and characterization of superhydrophobic 

surfaces on flat Al2024 with self-cleaning and robust anti-icing properties. Aluminum alloys are 

widely used for outdoor structures, such as ground wires and phase conductors of overhead power 

lines, as well as aircrafts wings and fuselage, which can be subjected to ice accretion. We use a one-

step direct fs-laser ablation technique without any chemical post-treatment. The wetting properties 

of the surfaces and their robustness at subzero temperatures have been explored, showing a stable 

wetting at subzero temperature. The laser-fabricated superhydrophobic surfaces exhibit both 

excellent self-cleaning and anti-icing performances, representing a promising strategy for ice 

protection in many applications in cold environments. 

2. Experimental Section 

Flat Al2024 sheets with a thickness of 1 mm were used as substrates. The samples were washed 

with isopropyl alcohol in an ultrasound bath for 10 min and then processed with an ultrafast solid-

state laser system (mod. TruMicro Femto Ed. From Trumpf GmbH, Ditzingen, Germany) based on 

the chirped pulse amplification technique (CPA). Such laser source emits at a wavelength of 1030 nm 

and provides an almost diffraction-limited beam (M2 < 1.3) linearly polarized with a pulse duration of 900 fs. 

The beam has been moved over the sample through a galvo-scan head (IntelliSCAN 14, SCAN-LAB, 

Puchheim, Germany), equipped with a 100 mm telecentric lens which focused the beam with a spot 

size d of about 20 µm. 

The parameters used for the micromachined process are listed in Table 1. Each laser texturing 

test was performed overlapping two perpendicular scanning patterns, in order to generate periodic 

square-shaped structures, as previously reported in other studies [22,26]. The distance between 

consecutive scanning lines, indicated as hatch distance in Table 1, was varied in a wide range from 

10 to 500 µm. From the scanning speed v and the laser repetition rate, the pulses per spot can be 

calculated as: 

𝑝𝑝𝑠 = 𝑑 ×
𝑓

𝑣
= 40 (1) 

Each micromachining was carried out in ambient air on a target area of 1 × 1 mm2 or 2 × 2 mm2, 

depending on the test to be performed. After fs-laser texturing the samples were stored in air with 

no further cleaning procedures. 
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Table 1. Process parameters for the microstructuring of the Al2024 via laser ablation. 

Pulse Energy (µJ) Repetition Rate f (kHz) Scan Seed v (mm/s) Hatch Distance h (µm) 

12.2 100 50 10, 50, 100, 200, 500 

The topography of the surface structures was characterized using a scanning electron 

microscope (SEM, Carl Zeiss mod. Sigma, Oberkochen, Germany). 

Thermal aging of the samples was performed in a climate chamber (Temperature Test Chambers-

ACS DY16T) at 70 °C for 15 h. The climate chamber temperature can range from −30 to 130 °C, so the 

same chamber was used for the test at subzero temperatures, too. 

Static contact angle (CA) measurements were conducted using a digital goniometer, consisting 

of a Dino-lite portable microscope combined with a cold light lamp for back-lighting of the drop. 

Drops of distilled water of 10 μL in volume were gently placed on the surface with a micropipette. 

The CA measurements were performed in a range from ambient temperature (approximately equal 

to 20 °C) to −20 °C in the climate chamber. An average of three CA measurements at various points 

of the laser-patterned region was reported. Before each water droplet deposition, the sample was 

kept 15 min in the climate chamber to thermalize with it. The ambient humidity was constantly 

monitored. 

The self-cleaning property was evaluated by recording the removal of particles of different sizes 

spread on the substrate. The sample was fixed on the holder inclined at 10° by using double-sided 

adhesive. The 10 μL deionized water drops were continuously and uniformly dropped thanks to a 

peristaltic pump Minipuls 3 (Gilson, Middleton, WI, USA) at a rate of 1 drop/s from a height of about 

1.5 cm on the sample covered of particles of different grain dimensions (from some tens of 

micrometers to 1 mm). Water droplets impact and rolling off were recorded using a high-speed 

camera (CR5000x2, Optronis, Kehl, Germany) at a frame rate of 500 fps. All self-cleaning experiments 

were performed at a temperature of about 20 ˚C. Similarly, the anti-icing tests were carried out 

through water dripping at a rate of 2 drops/s, but putting the tilted sample in the climate chamber at 

−20 °C, as presented schematically in Figure 1. The experiment was recorded using the Dino-PLUS 

camera because the high-speed camera was too large to be placed into the climate chamber. 

 

Figure 1. Schematic of the water dripping test performed in the climate chamber at −20 °C. 
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3. Results and Discussion 

Regular microgrid structures with a groove of about 8 μm depth have been textured on the 

Al2024 sample by scanning the surface in two perpendicular directions. Figure 2 shows the SEM 

images of the laser-textured surfaces at increasing hatch distance from 10 to 500 μm. The surface in 

Figure 2a does not look as uniform as the surfaces in Figure 2c–f. This can be even better highlighted 

in Figure 2b, where a magnification of the laser track is reported. In this case, the hatch distance is 

smaller than the laser spot size. Therefore, in addition to the succession of valleys and peaks of the 

hatch geometry, a stronger laser ablation generating a rough micro-nanostructure was noticeable. For 

larger hatches, weaker ablation was experienced, thus making the final laser-generated micro-nano 

structures more uniform. 

 

Figure 2. SEM pictures of laser-textured surfaces. The hatch distance between consecutive scanning 

lines are: (a,b) 10 μm (two different magnifications), (c) 50 μm, (d) 100 μm, (e) 200 μm and (f) 500 μm. 

Just after the laser treatment, all the surfaces were highly hydrophilic, with an instantaneous 

spread of the drop once it touched the surface. Therefore, no CA was measured. This was ascribed to 

hydrophilic metal oxides compounds formed on the surface after patterning, as reported by Quère et al. 

[27], that make the freshly laser-treated samples behave as a 3D porous medium. However, after the 

thermal aging process, the textured surfaces showed a hydrophobic behavior, which can be explained 

by a change in surface chemistry [28]. X-ray photoelectron spectroscopy (XPS) measurements carried 

out by Cardoso et al. [29] on Al2024 surfaces textured with similar laser process conditions, correlate 

the superhydrophobicity achieved after the aging process to the higher concentration of carbon 

organic molecules responsible for low surface energy. Conversely, the freshly treated surface was 

enriched with fresh aluminum oxides that are highly hydrophilic. The authors ascribed the change 

in wettability to the chemisorption of organic molecules present in the ambient air by the surface 

aluminum oxides. It was thus confirmed that, in this specific case, surface chemistry has a greater 

influence than topography on the wettability of a laser-textured surface. Similar conclusions have 

been reached also on other fs-laser-textured metals, such as stainless steel [30]. 

The effect of different microgrid spacing on surface wettability was investigated and compared 

to the pristine sample, which presents hydrophilicity with contact angle slightly above 80° (Figure 3a). 
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The static contact angle measurements for all the textured samples with h ≤ 200 μm showed a 

superhydrophobic behavior. Figure 3b shows the exemplary case of h = 50 μm, which had exactly the 

same wetting behavior of all the other SH samples. The droplet, gently placed on the surface, did not 

remain attached to it but could be moved right and left dragged by the micropipette (Figure 3c,d), 

still maintaining its original shape even if pressed. When released, the droplet bounced off, making 

the CA measurement not possible. When such behavior occurs, it is commonly assumed that the CA 

is equal to 180° [31]. After a few hours of thermal aging, the surface energy of the laser-patterned 

region is very low [14]. The bouncing of the water droplet is attributed to the presence of air between 

the droplet and the solid surface. The air, confined within the laser-patterned structures, acts as a 

cushion and reduces the direct solid–liquid interaction, as explained by the Cassie–Baxter model [32]. 

 

Figure 3. Images of the 10 μL droplet deposited on (a) the pristine surface and on (b) the laser-textured 

surfaces (h = 50 μm). The snapshots show the dynamic of the droplet, which can be moved right (c) 

and left (d). (e) A 10 μL droplet on the textured surface h = 500 μm with (f) the schematic upper view, 

the blue dotted line represents the contour of the droplet and is in touch with the textured material. 

Figure 3e shows the droplet deposited on the laser surface textured with h = 500 μm. Here, the 

microstructured surface presents hydrophobicity with CA 139°. Therefore, at such a large hatch 

distance the superhydrophobicity obtained for denser microgrid structures is lost. This behavior can 

be attributed to the reduced portion of the micromachined surface that came into contact with the 

droplet in favor of the hydrophilic nonpatterned area, located in the center of the microcells [29]. 

Indeed, considering that the laser groove is typically 20 μm wide and the drop-surface contact area 

has a radius of 1 mm, only about 15% of the droplet surface gets in touch with the laser modified 

region when h = 500 μm (Figure 3f). Consequently, the trapped air is not enough to sustain the droplet 

weight. 

The laser-textured SHS, namely samples with (h ≤ 200 μm), exhibited self-cleaning 

performances. In Figure 4, different time frames of a droplet rolling off the 10° tilted surface 

previously coated with a layer of grains of different sizes have been reported. The water droplet 

rolling under its own gravity formed a liquid bridge among the neighboring contaminant particles 

realizing in such a way a cluster that moves away from the surface, leaving the aluminum surface 

clean and dry. 
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Figure 4. Self-cleaning property of the laser-textured aluminum substrate. Snapshot of the droplet 

rebounding. Two different grain dimensions have been tested. 

The property of easily removing deposited contaminant particles can be very useful to obtain a 

surface with enhanced anti-icing properties. Indeed, the presence of impurities was demonstrated to 

accelerate ice nucleation [33]. 

One of the main issues which may prevent SHS from having anti-icing properties is that the CA 

usually decreases when the surface is exposed to overcooled conditions, therefore losing its 

superhydrophobicity [34]. In our case, the robustness of the wetting behavior of the laser-treated 

sample was evaluated by recording the water contact angle on textured h = 50 μm and untextured 

surfaces at different ambient temperatures below zero. In Figure 5, laser-textured and untextured 

surfaces are compared at different subzero temperatures. Starting from 0 °C, the textured surface lost 

the original superhydrophobicity, but maintained hydrophobicity in the range of temperature 

between 0 and −20 °C. On average, both surfaces had a similar decrease in the CA (Figure 5) with 

temperature. This behavior can be associated with water condensation on the surface at low 

temperatures and high humidity [34]. However, such a decrease was more pronounced for the 

textured surface, which registers an almost double slope with respect to the pristine surface. Indeed, 

the air trapped in microstructures was easily substituted by water under high RH, causing the more 

pronounced decrease in CA values. 

 

Figure 5. Evolution of the contact angle (CA) with the ambient temperature. The 10 μL drops were 

gently deposited on (a) the micromachined sample (h = 50 μm), black square) and (b) on the pristine 

one (red circle). 

The robustness of the surface hydrophobicity at a subzero environment was tested freezing the 

droplet at −20 °C and then returning to 20 °C in a controlled manner. On both surfaces, at −20 °C, a 

protrusion appeared on top of the frozen droplet conferring a peach shape, which can be attributed 

to the specific volume difference between ice and water [35]. However, as the surface returned to 20 °C, 

the reference droplet on the textured surface resumed its original shape and CA value before 

solidification. In particular, the droplet appeared to be resting upwards and the discontinuous three-

phase contact line between the drop and surface was basically recovered, which was similar to the 
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original contact state (Figure 6a). The observations above indicate the robust hydrophobic properties 

of the surface, which can promote a stable anti-icing behavior, even after many thermal cycles. 

Conversely, as emerged from Figure 6b, the reference drop collapsed on the untextured surface 

completely wetting it and generating, after a further lowering of temperatures, an unruly layer of ice. 

In a real device, this uncontrolled water layer, penetrating the equipment and freezing, may result in 

the accretion of a wild ice layer which can cause severe damages to the equipment due to its volume 

expansion. 

 

Figure 6. Droplet evolution after a thermal cycle. The 10 μL drop, gently set (a) on the micromachined 

sample (h = 50 μm), is compared with the droplet (b) on the pristine one. 

Ultimately, the dynamic anti-icing performance of the textured samples was investigated 

comparing the ice formation on a machined sample (h = 50 μm) and on the unprocessed one. The 

water droplets were continuously and uniformly dropped from a height of about 1.5 cm on the 

samples stored at −20 °C. Figure 7 displays the comparative results during and after the test. After 3 min, 

the untreated surface was covered with ice, while no frozen spot could be observed on the textured 

surface. This can be attributed to different water adhesion properties. When a droplet fell onto the 

untreated Al2024, it remained and expanded on the surface due to the hydrophilic nature of the 

material, thus freezing after a while (Figure 7a). In contrast, thanks to the stable water repellent 

behavior of the textured surfaces even in a subzero environment (see Figure 7b), the drop bounced 

off the textured surface very quickly, thus making the drop freezing and an ice layer accretion very 

unlikely.

 

Figure 7. Time evolution of water accumulation (a) on the pristine surface compared with (b) the laser-treated 

Al2024 one (at −20 °C). 

4. Conclusions 

We proposed a one-step fs-laser microprocessing method to obtain superhydrophobic Al2024 

surfaces with robust water repellent behavior and anti-icing properties. 

Microgrid structures with different spacing were textured by direct fs-laser writing. The 

microgrid spacing ℎ was shown to have a great influence on the wetting behavior of the surfaces. In 

particular, below a certain hatch spacing value (h ≤ 200 μm) superhydrophobicity has been reported. 

On these samples, the self-cleaning behavior with contaminant particles of different sizes was 

successfully demonstrated. This property can help in delaying the ice formation, being any deposited 

particle a natural ice nucleation accelerator. 

The hydrophobic behavior of the textured surfaces was proved also at subzero temperature, 

showing that this remained unchanged even after a thermal cycle. Namely, the droplets deposited 

on the textured substrate recovered their original shape, thus completely preventing the surface to 

be wetted, as it conversely happened on the pristine sample. In this last case, the water froze at 

subzero temperatures and created an uncontrolled layer of ice. 
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Moreover, the fs-laser-textured surfaces showed a dynamic anti-icing performance even in a 

very low-temperature environment (−20 °C). In particular, our tests proved that the laser-fabricated 

microstructures on the Al2024 surface favor effective anti-icing because of the stable water repellent 

properties that are preserved even at subzero temperatures, thus inhibiting water adhesion and 

preventing ice formation. 
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