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In numerous fields such as aerospace, the environment, and energy supply, ice generation and accretion represent
a severe issue. For this reason, numerous methods have been developed for ice formation to be delayed and/or to
inhibit ice adhesion to the substrates. Among them, laser micro/nanostructuring of surfaces aiming to obtain

superhydrophobic behavior has been taken as a starting point for engineering substrates with anti-icing properties.

anti-icing laser microstructuring wettability superhydrophobicity metals

polymers

| 1. Introduction

Ice in its several forms, i.e., frost, glaze, rime, snow, can cause severe problems for locks and dams [, solar
panels 2, wind turbines B, aircraft A&, heat pumps &, power lines or telecommunication equipment &, civil
engineering materials &, and oil platforms &, especially when it adheres and accumulates. These problems can
increase energy consumption, reduce the energy conversion efficiency, origin mechanical and/or electrical
malfunctions, and define safety hazards 9Ll Among all the mentioned fields, the aerospace industry is
particularly affected by icing phenomena, which can occur both while aircraft are on the ground 22! and in the air
(131 |n the first case, before flying, ice needs to be removed, since it alters aerodynamic properties, and ice
fragments can be sheared off by aerodynamic drag and fly into the engines. In the latter case, the impact of
supercooled water droplets found in clouds, depending on atmospheric conditions, may stick to the surface,
creating a dangerous ice layer. Therefore, the overall recommendation of the safety authorities is to strengthen the
ice protection systems (IPS) to all commercial aircraft 14, These protection systems can be classified into two
groups: anti-icing systems, which aim to prevent ice formation, and de-icing systems, which aim at the removal of
already-accumulated ice or frost from a surface.

In recent years, great attention has been paid to the anti-icing surfaces, as attested by the increasing number of
research papers and patents related to the topic "anti-icing" (Eigure 1).
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Figure 1. The statistics of the published articles indexed in Scopus (black line) and of the published patents listed

in Espacenet 13 (black dotted line) on the topic of "anti-icing". Year range selected: 1988—2019.

It can be difficult to find a common definition of anti-icing, but some ubiquitous features must be exhibited by such
surfaces, i.e., (i) inhibition of water condensation on the surface; (ii) inhibition of the incoming water's freezing; and

(iii) weakening of the adhesion strength of ice, when formed, so that it can be easily removed 18,

Different strategies have been employed to prevent ice accretion and to easily remove it, and they can be divided

into active and passive approaches.

Keeping the surface temperature above the freezing point by means of electro-thermal heating is an efficient active
method to reduce the likelihood of ice formation or to enhance its melting 221, The exploitation of the Joule effect for
heating line conductors is at present recognized as the most efficient engineering approach 18, especially in the
case of transmission lines. However, this strategy is extremely time and energy consuming. In addition,
electromagnetic disturbance can be generated by the passage of electric flow, which could interfere with the
operation of the apparatus. Another method is to use freezing point depressants. It is well known that salt
depresses the freezing point to the eutectic point, facilitating the ice in melting. Instead, in order to prevent icing
and frosting of water on aircrafts surfaces, organic liquids are exploited, thanks to their lower crystallization
temperatures compared to plain water 23!, In particular, for commercial aircraft in the northern hemisphere, various
de-icing fluids are used (1219 They are essential not just on the exposed surfaces of aircraft wings, but also on
other aerodynamic areas such as under the wings and on the rear spar stabilizer areas. Two standard test
methods, namely Wet Spray Endurance Test 29 and Boundary Layer Displacement Thickness 21l are employed in
climatically controlled wind tunnels to give a measure of the remaining film thickness on a surface during its
continuous removal under an increasing flow of air over it. Both tests are critical for safe flight operation and are

closely associated with density, surface tension and viscosity of the exploited fluids.
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This notwithstanding, the use of chemical agents to prevent ice formation has many drawbacks. First, their
effectiveness is short-lived. Therefore, for large surfaces, periodic treatments are required. Furthermore, extensive

use of these liquids, besides having high costs, can cause environmental problems 22!,

Other active de-icing techniques consist of using mechanical forces to remove ice accretion from surfaces. With
this aim, direct scraping or mechanical removal by shock waves, vibrations, or the twisting of conductors are
applied. However, these methods often require personnel to reach the lines and towers; furthermore, helicopters or
even shotguns must also be exploited when the ice is less accessible 8. Moreover, applying mechanical force
during de-icing causes additional stress to the networks, which in some cases can lead to failure. Consequently,
such methods are certainly neither safe nor efficient. In addition, many other anti-icing and deicing methods have

been studied and applied, e.g., electro-impulse systems, shape memory alloys, and ultrasound technology 22!,

In addition, hybrid solutions consisting of material with a combination of passive anti-icing and active deicing
functionalities have also been reported 24, In [22] the prevention of freezing above —14 °C without any source of
power input was claimed in the case of incoming water by using a spray-coating of perfluorododecylated graphene
nanoribbons (FDO-GNRSs), whereas resistive heating represents an alternative active deicing method in more

extreme sub-zero environmental conditions.

Thus, most of the active or hybrid strategies striving against ice formation are apparently inefficient, energy-
consuming, expensive, or dangerous to the environment. It is thus crucial to develop innovative, green, cost-

effective, and efficient technologies for anti-icing and deicing [,

A new development perspective for pure passive anti-icing methods is surface micro- and nano-structuring.
Recently, several efforts have been devoted towards the modification of surface topography and/or chemistry in
order to obtain superhydrophobic properties (28127 A close relationship between the water repellency of
superhydrophobic surfaces (SHSs) and icephobicity has been demonstrated [28l. Indeed, the air trapped between
the water droplets and the underlying surface texture allows the surfaces to exhibit not only high water contact
angle (WCA) and low contact angle (CA) hysteresis 22, but also prevent ice formation because of reduced water
adhesion. Consequently, using SHSs for anti-icing application is undoubtedly an inherently attractive strategy.
Among the different technologies available for surface micro- and nano-structuring, short and ultrashort laser
pulses have several advantages: (i) they offer extreme flexibility in the morphology of the structures and surface
micro-/nano-features that can be created [BABLBE2BSI: (jjy in principle, they have no limitations in terms of
manufacturable materials, as long as the targets absorb the laser wavelength B4I35: and (jii) it is possible to scale

up such technology 28! to structure large areas with industrially relevant process times and costs 71,

| 2. Surface Wettability

2.1. Key Concepts
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Wettability is the result of the stability of the three phases, i.e., gas, liquid and solid, which come into play when a
liquid lies on a solid surface. In fact, while the force at the solid-liquid interface (adhesive) tends to spread the
liquid, that within the liquid itself (cohesive) instead resists spreading. Therefore, the balance between such forces
determines the ability of the surface to be wet. The wetting behavior is normally evaluated by considering the
contact angle (CA), i.e., the angle 6 between a droplet deposited on the surface and the surface itself, as shown in
Figure 2.

Vig air
Vi ) water
Vst substrate

Figure 2. Contact angle of a liquid lying on a surface and balance between surface tensions.

In the early nineteenth century, Young found a relationship relating the intrinsic contact angle 6 to the surface

tensions of the liquid—gas ylg, solid—gas ysg, and solid-liquid interfaces ys/, which can be expressed as [38:

Tl = Vag — ﬁgms& (1)

This relation, also called the Young equation, is the starting point for all the investigation on the wetting behavior of
surfaces.

As mentioned before, another important concept to be introduced to investigate the wettability is the adhesion of
the water droplet to the substrate, addressable through the work of adhesion Wa B9, This can be defined as the
work done when two surfaces are separated to a distance of infinity and, in case of liquid—solid combinations, can
be expressed as:

Wu = Yag ik Yig — Yal (2)

From (1) and (2), Wa can be also expressed as:

W, = 1, (1 + cosf) (3)

A low contact angle (6<90°) indicates hydrophilicity, namely good wetting. If the angle approaches zero, Wa=2ylg,

and total wetting is observed with the formation of a liquid film. When 6>90°, hydrophobic properties are revealed,
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while for 6>150°, the surface is classed as superhydrophobic. No wetting and no adhesion are instead
characteristics of a surface where 6=180°, that is, Wa becomes zero.

For non-ideal surfaces, where non-homogenous chemical composition and/or non-uniform topography are present,
wettability cannot be described by Equation (1). Consequently, the apparent contact angle 6% % is considered
instead of 6. Considering real solid rough surface, two possible configurations can be sketched for a deposited
droplet: (i) it adapts to the contours of the real solid surface, conforming to the peaks and valleys of its roughness

(Wenzel state, Figure 3a); or (ii) it stands on the nails of the roughness, leaving only air to fill the cavities below

(Eigure 3b). This latter condition, the Cassie and Baxter state, is also called the "fakir" state, since the droplet lies
on micro asperities 4],

(a) (b)
Figure 3. Schematic of droplet in (a) Wenzel state and (b) Cassie and Baxter state.

In the Wenzel state, the apparent CA depends on the Young's CA through the Wenzel wetting equation [42!:

cost* = r cosf (4)

where ris =1, and it is defined as 42I:

r = rouhgness factor = gmmual s]mfaer ©)

namely, the ratio of the effective solid surface area to the apparent projection area of a rough surface 43,

The Wenzel Equation (4), perfectly suitable for characterizing hydrophilic and hydrophobic surfaces, reveals that
the contact angle 6% of a real surface can be increased by increasing its roughness. Nevertheless, this model fails
to describe superhydrophobicity, because it does not consider the air pockets that are bounded between the
surface and liquid. Consequently, another model was introduced to explain many wetting phenomena, such as the
lotus effect 44 and self-cleaning behavior 2!, obtainable when CA>150 °, developed by Cassie and Baxter.
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In case of superhydrophobicity, the droplet no longer infiltrates the surface roughness, but a kind of combined
phase contact is established between the solid—liquid and gas-liquid interfaces. So they introduced a new

relationship for the apparent contact angle 4&:

cost* = f,cos8; + focosty (6)

where 61 and 62 are, respectively, the Young contact angles of the liquid droplet on the solid and gas bearings,
while f1 and f2 are the percentage of the solid-liquid and gas—liquid contact area, with f1+f2=1. Therefore, if
62=180°, Equation (6) becomes:

cost® = fr cosby + f — 1 @

which explains some non-wetting superhydrophobic phenomena 42, The existence of a critical value of roughness
factor was found to dictate the transition between the two mentioned wetting states, as found Dettre and Johnson,

who stated that beyond it, wettability is better described by the Cassie-Baxter model than by Wenzel 48],

Besides the apparent contact angle 6%, contact angle hysteresis (CAH) gives valuable information on the moving
properties of a droplet on a solid surface 2. When a surface is inclined, an advancing and a receding front,
forming different angles with the surface, can be recognized as the droplet slides. The difference A8 between
these two angles, the advancing 6A and the receding 6R (Eigure 4), defines the CAH. When A6<10°, the droplet

can be easily removed from the surface; conversely, when A8 is sufficiently large, the liquid viscosity is such that
the droplet cannot readily roll off the surface.

Figure 4. Schematic of advancing and receding angles of a droplet sliding on a surface. Contact angle hysteresis

is defined as the difference between these two.
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Another angle that characterizes a moving droplet is the rolling angle a (see Figure 4), also called roll-off angle or
sliding angle SA, namely, the minimum angle at which a liquid droplet would begin to slide down an inclined
surface. It is related to several factors, such as CA, CAH and droplet size (59151 and can be described by the
following equation, where the sliding angle is defined depending on the advancing and receding contact angles (6a

and Or, respectively) 52
i Y
sinae = —— (cosf, — cosf,) (8)
mg

where y is the surface tension, R and k are length scale and shape constants for describing the droplet profile (R is
generally taken to be the drop radius, while k is an empirical parameter obtained by fitting the experimental data),
respectively, m is the mass of the droplet, and g is the gravitational acceleration. Thus, a small hysteresis

corresponds to a small SA, and researchers usually correlate water adhesion to CHA or SA interchangeably.

Usually, the total wetting Wenzel regime characterizes sticky surfaces with high CAH, where the water droplets
tend to grip more than to a flat equivalent surface. Conversely, surfaces which behave in the Cassie and Baxter
state are slippery and are characterized by a low CAH, which leads the water drop to slide away more easily than
an equivalent flat surface. However, the existence of "sticky" surfaces, i.e., with high intrinsic contact angle

hysteresis, in the regime of Cassie and Baxter has also been reported 231541,

| 3. Anti-Icing Properties

In recent years, scientists have found that a key factor to obtaining anti-icing properties is superhydrophobicity,
which can be obtained through low surface energy coatings 2 or by increasing the surface roughness B8IE7158],
Dwelling on the latter strategy, the bio-inspired example of SHS, such as surfaces reproducing the doubled micro-

nanostructures of the lotus leaf, have attracted great attention [52I[60I[61][62][63]

Tourkine et al. showed that using SHS at subzero temperature made it possible to easily remove a deposited water
drop before freezing thanks solely to gravity, thus preventing the formation of an ice layer 4. Furthermore, Kulinich
et al. 29 suggested that only when the CAH was low would the correspondence between low ice adhesion and
high CA be consistent, suggesting icephobicity to be related to the CAH rather than to superhydrophobicity alone.
Indeed, higher CAH indicates higher water—solid adhesion and, consequently, at subzero temperature, when the
water becomes ice, higher ice adhesion, too. On the contrary, water-repellent surfaces, i.e., those that exhibit high
water CAs and low CAHs, remain dry because of the easy water roll off, and thus, at subzero temperature, ice-

formation is reduced.
The main aspects investigated to assess the anti-icing properties of a surface are:

 icing delay, intended both as a time delay in the solidification of the water and as a reduction in the threshold

temperature for freezing. A lower threshold for the formation of ice would, indeed, allow wider range of operating
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temperature conditions. Similarly, a postponement of freezing would increase the probability of water removal
before solidification.

interaction between water and the solid surface. That is, if before freezing occurs, water droplets were to roll off
the surface, there would be no chance of ice being formed. This phenomenon is strictly correlated with the

sliding angle.

ice adhesion. Although ice is formed, its adhesion should be minimized, so that a small external force or, e.g., in
case of a wind turbine, the centrifugal force of its own blades, is sufficient to remove the frozen layer, facilitating

the de-icing process.

Usually, the testing of these three aspects of an anti-icing surface takes place at atmospheric pressure and in static

conditions. Consequently, in the aerospace field, these tests are more appropriate for verifying the anti-icing

formation on the ground than in the air, where the atmospheric conditions are more extreme.
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