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Abstract: Ice accretion presents serious safety issues, as airplanes are exposed to supercooled water
droplets both on the ground and while flying through clouds in the troposphere. Prevention of icing
is a main concern for both developers and users of aircraft. The successful solution of this problem
implies the combination of active and passive methods and the use of advanced sensors for early
detection of icing and monitoring of ice accretion and de-icing processes. This paper focuses on
the development of passive solutions. These include advanced anti-icing coatings deposited by a
variety of chemical methods including sol-gel, advanced paints based on polyester combined with
fluorinated derivatives and applied by electrostatic spray deposition and conventional silicone-based
paints modified by adding alumina nanoparticles. Water contact angle has been measured in all
cases, demonstrating the hydrophobic character of the coatings. An ice accretion test has been carried
out in a laboratory scale icing wind tunnel (IWT) located in a cold climate chamber. Three different
studies have been undertaken: ice accretion measurement, durability of the anti-icing behavior after
several icing/de-icing cycles and ice adhesion testing by means of the double lap shear test (DLST)
methodology. All the studied coatings have shown significant anti-icing behavior which has been
maintained, in some cases, beyond 25 cycles. Although these results are still far from any possible
application for aeronautic components, they provide interesting insights for new developments and
validate the laboratory scale tests.

Keywords: ice accretion; ice adhesion; icing wind tunnel; hydrophobicity; nanoparticles; coatings

1. Introduction

Ice accretion presents serious, sometimes catastrophic, safety issues for aircraft, due to the presence
of supercooled water droplets under specific atmospheric conditions, both on the ground and while
flying through clouds in the troposphere [1,2]. In the last decades, hundreds of incidents due to icing
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have been reported. Many have led to aircraft crashes with a high rate of mortality [3]. This is not an
issue only for extreme latitudes, but a ubiquitous problem that can appear anywhere. A significant
example is a recent aircraft icing episode near Madrid in 2017 as described by Bolgiani et al. [4]. It has
been demonstrated that flight performance can be seriously affected by ice accumulated on several
critical areas [5,6]. For example, icing in the horizontal tail stabilizer can reduce its ability to balance
the tendency of the nose to pitch downward, potentially leading to a phenomenon called tail stall.
In addition, ice accumulation on wings disrupts the airflow by altering the shape of the wing surface.
This leads to increased drag and decreased ability to create lift. Several tests such Icing Wind tunnel
(IWT) and flight tests [7] have shown that an ice layer with the thickness of a piece of coarse sand paper
can reduce the lift and increase considerably the drag [8,9]. Extensive effort has been devoted to study
this crucial yet challenging issue. Icing reduction can be achieved by two different strategies: de-icing
and anti-icing corresponding respectively to active and passive approaches. The de-icing strategy
(active methods) involves chemical [10,11], thermoelectric [12,13], or mechanical methods [14,15]
for removing ice that has already accumulated. If previously activated, when possible, it helps to
avoid/reduce ice accretion. De-icing systems exhibit inherent negative effects such as high-power
consumption along with a complex and continuous maintenance, an increase of weight, and the need
to frequently reapplicate chemicals. These increase the design, fabrication and operation costs and
have important negative environmental consequences [16–18].

Passive methods have been used in order to avoid ice accretion or facilitate detachment once ice
has been formed. Hydrophobicity has been traditionally used as an initial strategy when designing
icephobic surfaces, based on the idea that a nonwetting material repels droplets and avoid ice
formation [19,20]. Extensive research has been carried out on the development of superhydrophobic
properties applied to anti-icing materials [21]. Superhydrophobic surfaces are based on the lotus flower
effect [22] by combining wax-like nonpolar substances together with a defined hierarchical roughness.
This effect allows flowers and leaves to be kept dry and clean, even in muddy water.

Superhydrophobic surfaces exhibit contact angles (CA) higher than 150◦ and high water repellency,
thus causing droplets to bounce. To achieve this effect, it is necessary to combine suitable chemical
properties using hydrophobic materials and physical properties based on the generation of specific
structures composed by hierarchical levels of roughness from micro to nanostructures. These structures
tend to form a microscopic air film (Cassie-Baxter) on the droplet solid-water interface, reducing
the interaction of liquid with the surface so that the droplet can easily roll over the surface [23,24].
It has been demonstrated that this correlation is not always true as in very humid environments
ice forms in superhydrophobic materials [25–28]. Although roughness yields to hydrophobicity,
the presence of micro- and nano-cavities can promote nucleation and formation of ice crystals. In
addition, small microcracks and fractures can appear on the surface and can also lead to additional
nucleation sites limiting the use of superhydrophobic surfaces. Under some conditions, this type of
surface increases ice adhesion, thus reducing the anti-icing effect of these materials [29].

To prevent ice formation, water droplets should be quickly evacuated from the surface to avoid
freezing [30]. This could be achieved by reducing the surface energy and improving hysteresis angles
without greatly affecting nanoroughness. To carry out these modifications, the most used strategy
is to adjust or reduce surface energy by applying coatings or adding materials. Materials with low
surface energy could be used directly on the surface or to modify commercial coatings. Some examples
include fluorinated polymers, polydimethylsiloxanes (PDMS), paraffin type, or inorganic materials
deposited by PVD, CVD, or sol-gel based on functionalized silicas by organosilanes.

Most of the known anti-icing materials are soft polymers. Critical drawbacks are their durability
due to icing cycles, wear, and erosion (rain or particle) among others, despite some promising results
in elastomeric polymers [31] or polytetrafluoroethylene coatings [32,33]. Due to this, several works
are focused on the design and fabrication of durable icephobic polymeric surfaces [34–37]. Recently
some authors have studied the behavior of hard coatings by thermal spray for anti-icing purposes.
Zhang et al. have applied stable super hydrophobic TiO2/h-BN composite coatings by suspension
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plasma spraying containing 15% BN [38]. Sharifi et al. have studied the hydrophobicity of sprayed
TiO2, as well as its icephobicity and durability [39,40]. By studying different deposition parameters,
they have been able to obtain uniform superhydrophobic (SPH) behavior on samples treated with
stearic acid. Qiao and collaborators deposited hard Fe-based amorphous coatings deposited by using
plasma spraying and have found that depending on the spray parameters, a wear resistant triple-level
hierarchical surface morphology can be obtained [41]. When these coatings are impregnated with
heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane, SPH behavior is observed. Very recently
Mora and collaborators have studied the behavior of quasicrystalline materials (QCMs) in icing
conditions [42]. Some QCMs exhibit non-stick properties and are used for cookware with the advantage
of scratch resistance. The authors have deposited AlCuFeCr QCMs by HVOF thermal spray and have
found an ice accretion degree similar to that of PTFE in a laboratory scale IWT.

Wet chemistry methods constitute a different approach for the deposition of superhydrophobic
coatings [43]. Sol-gel films deposited by dip coating were employed to obtain highly hydrophobic
surfaces that also performed well against ice accretion. By using thermal treatments and corrosion
inhibitors, these coatings can provide extra protection to the aluminum alloys employed as reference [44].
Alternative strategies using electrostatic spinning technique are a new method for fabrication of
superhydrophobic surfaces. These coatings can be modified to combine hydrophobic properties with
anticorrosive protection for aluminum alloys [45]. In addition to the development of active and passive
methods, another critical issue in this field is the evaluation and validation of new systems since there is
no standard test to assess the icephobicity. A wide variety of tests to measure adhesion and ice accretion
are available, but there is no general agreement in terms of best practice or procedures. For ice adhesion,
there are several tests based on the shear stress necessary to detach the formed ice (in unrealistic
conditions) from the material [46], among which the most used are the zero degree cone test (ZDCT) [47]
and the double lap shear test (DLST) [48]. Another type of tests is the cantilever/electroshaker type [49]
in which the specimen is held at one end and subjected to vibration. A sensor detects the moment of
detachment of the ice sheet, since there is a change in the rigidity of the specimen. This requires an
IWT to accrete the ice prior to carrying out the test. Another family of adhesion tests under realistic
conditions also requires an IWT to form ice. They are the centrifugal systems [33,50] in which the
tangential force necessary to detach the formed ice is evaluated.

The main tool to evaluate ice accretion in the laboratory simulating realistic conditions is the
IWT. Different configurations of cold accelerated air systems with open or closed circuits nebulize
water at low temperature and boost them at high speeds towards the specimen. There is no standard,
nor universally accepted test condition. Durability is also a critical issue. According to Airbus DS,
the mean duration of flying in icing condition in a commercial aircraft conditions is 4.500 h, which
implies about 36.000 icing events, or cycles. The proposed anti-icing solutions need to last at least a
significant length of these estimations.

The present paper reports the use of three alternative passive methods that employ coatings based
on a soft hydrophobic matrix. The first coating is based on sol-gel dip-coating technology in order to
fabricate thin-films with the presence of fluorinated polymeric chains in the outer surface which show a
highly hydrophobic behavior. The second coating is based on additivated silicone paints with inorganic
nanooxides and was chosen as the application method is simple and reproducible. The inorganic
nanoparticles increase the wear resistance of the coating to erosion phenomena and the silicone matrix
exhibits high chemical resistance to different kinds of fuels or lubricants usually employed in aircrafts
and an improved behavior with temperature. Other advantages lie on its reparability and lightness.
The third coating combines fluorinated modified silanes and polymers with low surface energy on a
thermosetting polyester paint system. It was applied by electrostatic spray, which results in smooth
surfaces, and low ice adhesion was expected.

Ice accretion tests of the three coatings were carried out in a laboratory-scale IWT with repeated
icing/deicing cycles. In addition, ice adhesion was measured by the DLST and compared to reference
substrate durability. The surface morphology of the coating’s surface was observed by scanning
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electron microscopy and the wetting properties were studied by WCA measurements both before and
after exposing the samples to the IWT conditions in order to try to find an explanation for the observed
results. PTFE and the base substrate were also tested for comparison purposes.

2. Experimental Section

2.1. Materials and Reagents

The reference substrate selected for the preparation of different coatings is aluminum alloy
6061-T6 (100 mm × 25 mm × 3 mm). The specimens were polished and cleaned with ultrapure water
and dried prior to applying the coatings. The chemical reagents used for the sol-gel coatings were
1H,1H,2H,2H-Perfluorooctyltriethoxysilane (PFAS), ethanol (EtOH) (>99.5%) and hydrochloric acid
(HCl) (37%) which were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the modified silicone
paints, Aeroxide Alu C805 nanoparticles from Evonik (Essen, Germany) and silicone paint R-2180 from
NuSil (Carpinteria, CA, USA) were purchased. Primer SP-120 from NuSil was also used in order to
increase the final adhesion of the modified coatings to the metallic substrate. The powder-coating for
the electrostatic spray deposition was provided by Adapta Color S.L. (Castellón, Spain).

PTFE plate (thickness of 3 mm) was acquired from J. Morell S.A (Tarragona, Spain) to be used as
reference material.

2.2. Coating Fabrication Techniques

Three different representative coatings have been applied by using the following fabrication
techniques:

2.2.1. Sol-Gel by Dip-Coating

The sol-gel coating was produced by mixing perfluoroalkyl silane (PFAS), aqueous hydrochloric
acid (0.1 M HCl) and ethanol. The sol was prepared by mixing PFAS, 0.1 M aqueous HCl and EtOH
in a specific molar ratio of 1:5:4.25, respectively, with an aging time of 1 day. Once, the sol-gel has
been aged for this period of time, the sol-gel coatings were applied to the reference substrate (6061T6)
using a programmable robot ND-R Rotatory Dip coater provided by Nadetech Inc. (Pamplona, Spain).
The dipping speed (100 mm/min for immersion and withdrawal) as well as in the resultant immersion
time (300 s for each dip deposition) was strictly maintained. A further thermal treatment at 180 ◦C
was carried out overnight to eliminate excess solvent and to induce chemical cross-linking between
the metal alkoxydes with the decrease of free hydrophilic hydroxyl groups (–OH) in the sol-gel
matrix [51]. This thermal treatment offers a significant benefit. Harder films with very good adhesion
were obtained [52] without decomposing the fluorinated chains of alkoxyde precursor located on the
outer surface [53]. More details about the fabrication process can be found in [54].

2.2.2. Silicone Spray-Coating

To obtain superhydrophobic surfaces, the additivation of hydrophobic paint with inorganic oxide
nanoparticles was carried out. A commercial silicone paint that exhibits hydrophobic behavior was
selected (NuSil R2180), and alumina nanoparticles (Aeroxide, Evonik supplier) were introduced.
Alumina nanoparticles with a high specific surface and a specific mean diameter of 15–20 nm were
ultrasonically dispersed in an organic medium (xylene) with a sonotrode Hielscher (1000 W, 20 Hz)
with the maximum amplitude (100%_25µ) for 30 min using a water bath to control the final temperature
during the application of ultrasound. Subsequently, the dispersion was mixed with the silicone
paint. The corresponding volume of silicone paint was calculated considering the content of Volatile
Organic Compounds (VOCs) in the paint (80% in weight) to tailor the final concentration of alumina
nanoparticles in the coatings. Prior to the deposition of the modified paint, different surface treatments
were applied to the substrate with the aim of optimizing adhesion of the nanocomposite (modified
paint) to the substrate. First, mechanical abrasion was applied to the substrate to increase the roughness
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in order to facilitate mechanical bonding of the paint. Next, an intermediate bonding layer (unmodified
silicone paint) was sprayed. Then, the mixture of silicone paint with alumina nanoparticles in xylene
was sprayed. The deposited nanocomposite was dried and cured in a vacuum muffle at 150 ◦C.

2.2.3. Electrostatic Spray Deposition

A test bar made of aluminum was powder-coated by electrostatic deposition provided by Adapta
Color. The powder coating was based on polyester paint systems, combined with fluorinated derivatives
and additives based on modified silanes. These ingredients were mixed in a molten state, cooled and
crushed into a uniform powder. An electrostatic spray deposition (ESD) then deposited of the powder
coating was done on the aluminum substrate. The spray gun applied an electrostatic field of 50 to
100 kV. After application of the powder coating, the test bar was cured overnight by using an oven
at 80 ◦C, where the coating reacted chemically to produce long molecular chains, resulting in high
cross-linking density.

2.2.4. Surface Characterization

The hydrophobic behavior of the coatings was evaluated by using a CA measuring apparatus
(CAM 100 KSV Instruments, Burlington, VT, USA). The corresponding static CA value was obtained by
using the tangent method algorithm. The final value was obtained after performing five measurements
of the coated surface.

The surface morphology of the coatings was analyzed using a HITACHI S4800 field emission
scanning electron microscope (FE-SEM, Hitachi High-Technologies Corporation, Tokyo, Japan).
The roughness was measured by means of a Wyco RST-500 interferometric profilometer (Veeco
Corporate, Plainview, NY, USA). Measurements were carried out using the vertical scanning
interferometry (VSI) mode. The vertical resolution using this mode is 3 nm. Three-dimensional
(3D) images of the surfaces were obtained, and the corresponding changes in Ra (surface roughness
average) were measured.

2.3. Description of the IWT Tests

INTA’s laboratory-scale IWT allows simulating icing “in cloud” conditions in studies of active
and passive ice protection systems as well as ice detection. It consists of an open section wind tunnel
(see Figure 1), located inside a 54 m3 cold climate chamber offering temperature stability during long
duration tests. A representative scheme of the test cell and the test conditions inside of the chamber are
shown in Figure 1. The precooled samples (100 × 25 × 3.3 mm3) were affixed to the center of the test
chamber (15 × 15 cm2 section), with the coated face perpendicular to the air flow. The exposed area
was 8.75 cm2. The tests simulating glaze icing (see Figure 2) were carried out following experimental
conditions in the IWT test chamber employing a nebulization time of 90 s.
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Air speed was measured using a Pitot probe PCE-PFM 2 taking representative values in the
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and determine MVDs from 0.5 to 600 µm in sprayed atmospheres, with >1% accuracy.
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Two different studies were undertaken employing the IWT:

(1). Ice accretion of deposited coatings: obtained by the weight difference caused by ice deposition
employing a Sartorius TE153S laboratory balance (150 ± 0.001 g). This was repeated 6 times
allowing time for the ice to melt at room temperature between each icing cycle to avoid any
damage caused by the mechanical remove of ice. The mean value and standard deviation were
obtained. The mass of accreted ice in every sample is compared with the mass accreted in the
substrate of the reference, in this case, AA6061-T6, and the result was given as the percentage
relative to the uncoated reference (see Equation (1)). The lower the ratio, the better the obtained
anti-icing behavior.

% of ice accretion =
Mass of ice accreted in sample (mg)

Mass of ice accreted in AA6061− T6 (mg)
× 100 (1)

(2). Durability of anti-icing behavior after icing/de-icing cycles: in order to evaluate the loss of
icephobicity caused by the processes of icing/de-icing. The different coatings were exposed to a
sequence of icing/deicing stages, each containing several cycles and the ice accretion was measured
after 17, 25, and 33 cycles, progressively reducing the cycles between measurements stages as the
coatings began to show increases in ice accretion. The results were again normalized with the
AA6061-T6 reference, which did not exhibit further degradation during the cycle sequence.
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2.4. Ice Adhesion by Double Lap Shear Test (DLST)

An Instron 5882 Universal Machine (Barcelona, Spain) was used. It was equipped with a 5 KN
loading cell, calibrated in the 5%–95% range and placed inside a climate chamber (refrigerated with
liquid nitrogen). An ultralow temperature freezer (Arctiko ULTF series, Esbjerg, Denmark) was used
to produce the ice layer on the surface of the coupons. The test procedure was as follows:

(1). Mold preparation: Ice must be formed on the samples 24 h before the test. Initially, the sides
of the test block were sealed with transparent adhesive tape to prevent water from escaping.
The mold was then filled with water, ensuring that there are no air bubbles. The specimen was
placed inside ensuring that the level of water on both sides of the specimen was the same, reaching
6 mm below the top edge of the mold (Figure 4).

(2). Ice formation: The prepared molds were placed in a low temperature fridge at −10 ◦C (Arctiko
ULTF series) and left for at least 16 h before the test.

(3). Testing: One hour before the test, the adhesive tape was removed, and any remaining ice accreted
over the sample edges was carefully, but quickly, removed by using a scalpel. The molds were
placed in the freezer further for 1 h. The test block was fixed to the Universal Machine, which was
previously cooled to the test temperature (Figure 4). The transport of samples from the freezer to
the test rig was done very fast to maintain the temperature of the system. Once the selected test
temperature was reached in the chamber, the samples were left for further 5 min before beginning
the test. The displacement speed was set, and once the test was initiated, it continued until the
sample was fully out of the mold.

(4). Data evaluation: A plot of resultant measured load (N) as a function of displacement (mm) was
obtained during the test. The maximum load peak corresponds to the load needed to overcome
the adhesion strength and is a measure of the adhesion between ice and the surface of the sample
in the corresponding testing conditions. Three specimens of each coating were tested to obtain
the mean value and the standard deviation.
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3. Results

3.1. Surface Characterization of the As-Fabricated Coatings

Table 1 indicates the static WCA, the roughness and the thickness of the coatings included in
this study.

The sol-gel produced coating was denoted as Coating 1. A final number of 5 immersion steps
were performed with the aim to obtain a hydrophobic surface with a WCA value of 119.2◦. This water
repellent behavior is associated with the presence of nonpolar perfluoroalkyl groups in the outer
surface of the coating. A thermal treatment of the sol-gel coating (curing step) was carried out to
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increase the hardness of the coating, increase its adhesion, and improve the mechanical properties as a
result of chemical cross-linking between the PFAS alkoxydes [53]. Figure 5 shows SEM images of the
sol-gel coating surface Figure 5a,b after thermal treatment. The coating exhibited an irregular surface,
and the substrate grinding marks could still be observed, which is not surprising given the very low
thickness of this coating (2 µm). At higher magnification, circles could be observed, which resulted
perhaps from the formed during deposition of the coating.

Table 1. WCA, thickness and roughness of the as-fabricated coatings.

Type of Coating WCA (◦) Thickness (µm) Ra (µm)

Coating 1 (sol-gel) 119.2◦ ± 2.3◦ 1.92 ± 0.3 2.84 ± 0.4
Coating 2 (silicone 5% Al2O3) 115.0◦ ± 1.1◦ 20.0 ± 4.0 0.34 ± 0.07
Coating 3 (electrostatic spray) 88.0◦ ± 4.0◦ 75.0 ± 25.0 0.19 ± 0.02

AA6061-T6 89.8◦ ± 3.8◦ 3000 (Bulk) 0.17 ± 0.05
PTFE 101.4◦ ± 5.1◦ 3000 (Bulk) 1.55 ± 0.61

The sol-gel produced coating was denoted as Coating 1. A final number of 5 immersion steps
were performed with the aim to obtain a hydrophobic surface with a WCA value of 119.2◦. This water
repellent behavior is associated with the presence of nonpolar perfluoroalkyl groups in the outer
surface of the coating. A thermal treatment of the sol-gel coating (curing step) was carried out to
increase the hardness of the coating, increase its adhesion, and improve the mechanical properties as a
result of chemical cross-linking between the PFAS alkoxydes [53]. Figure 5 shows SEM images of the
sol-gel coating surface Figure 5a,b after thermal treatment. The coating exhibited an irregular surface,
and the substrate grinding marks could still be observed, which is not surprising given the very low
thickness of this coating (2 µm). At higher magnification, circles could be observed, which resulted
perhaps from the formed during deposition of the coating.

The second coating was obtained by silicone spray and was denoted as Coating 2.
The concentration of alumina nanoparticles in the nanocomposite coatings ranged from 2.5% to
35% in weight approximately. The corresponding series of nanocomposites was first characterized
measuring the surface roughness, the WCA, and by undertaking cross-hatch adhesion tests. Only the
coating with 5% Al2O3 has been considered as the most promising in terms of hydrophobicity and
good coating adhesion and was denoted as Coating 2. Figure 5c,d shows the SEM images of the surface
with uniform coverage. However, at higher magnification in some areas some coating detachment as
well as scratches could be observed.

The third coating was produced by electrostatic spray deposition and was denoted as Coating 3.
The paint was formulated by Adapta Color S.L. (trade secret formulation) and contained surface energy
modifiers. This coating was applied by electrostatic deposition of the powder paint and Figure 5e,f
show the SEM images of the top view. The very smooth surface, confirmed by a very low roughness,
exhibited a homogenous dispersion of the powder along the overall surface.
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Figure 5. Top view SEM images for the sol-gel coating at 500× magnification (a) and at
1000× magnification (b), for the silicone spray coating composed of 5% Al2O3 in weight at
180× magnification (c) and at 450× magnification (d), and for the electrostatic spray coating at
1000×magnification (e) and at 5000×magnification (f), respectively.

3.2. Ice Accretion of the Coatings in Pristine Conditions

Flat geometry specimens are not the best option for IWT tests, since accretion is highly influenced
by edge effects which behave as ice nucleation sites artificially increasing the accreted ice weight.
Nevertheless, a general decrease in ice accretion was observed, as shown in Figure 6. The best result
was Coating 3, which decreased the ice accretion by 33% relative to the uncoated substrate. In any case,
a high dispersion in the results was observed, which is common in IWT results. So, it can be concluded
that the degree of ice accretion reduction was similar for all the studied coatings, and in all cases, lower
than on PTFE.
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3.3. Durability of the Anti-Icing Behavior after Icing/De-Icing Cycles

The durability of anti-icing properties is a key factor in the aeronautic sector due to the exposure
to severe environmental conditions. A pending issue is the lack of proper evaluation standards
for reducing the ice accretion. Moreover, there is no standard for the evaluation of the durability
related to icephobic coatings. In this work, an experimental test was designed to analyze the gradual
degradation of the coatings, measuring ice accretion after stages comprising a certain number of cycles
and reducing the number of cycles per stage as the coating anti-icing behavior began to deteriorate.
Specifically, the test was stopped when a material reached the same accretion value as the untreated
reference AA6061-T6, and therefore, no reduction of ice accretion was obtained. In all cases of study,
the degradation of the properties during the test was observed, as it is shown in Figure 7.
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Figure 7. Evolution of ice accretion along the icing/de-icing cycles.

The experimental results demonstrate that Coating 3 performed the best, keeping a slight ice
accretion reduction after 25 cycles. Coating 2 also demonstrated good performance up to 17 cycles,
after which, a sudden loss of ice reduction ability was observed. Coating 1 maintained its ice
reduction property at 17 cycles, and it totally failed at 25 cycles. These results are still far from
any possible application for aeronautic components, and both durability and ice accretion reduction
of the present coatings need to be clearly improved in order to be considered as a real option for
technological applications.

After completing the test, both the WCA and the roughness of the tested samples were measured
again. Relevant decreases in WCA were observed in all coatings, as shown in Figure 8.
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In contrast, only Coating 1 exhibited a substantial decrease in roughness as exhibited in Figure 9,
where the roughness of all coatings before and after the icing/deicing cycling test are shown. There
was a slight increase in roughness of Coatings 2 and 3.
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To complete the durability study, the surfaces of the tested samples were re-examined by SEM
microscopy in search of damages or any other defects that could explain the loss of the anti-icing
behavior, as well the decrease in the WCA values and in the roughness levels for some of the coatings.
Figure 10 shows the FESEM images before and after the icing/deicing cycling test.

Coating 1 clearly suffered degradation as shown in Figure 10a,d. When comparing with the
initial surface, it seems as if the coating has been mostly removed and only the substrate with its
corresponding grinding marks is left with only some coating residues. This sol-gel coating could
have been eroded by the supercooled water droplets or alternatively detached due to the temperature
cycles, and given its initial low thickness (<2 µm), it could have totally disappeared after a few
icing/deicing cycles. The significant drops in both WCA (Figure 8) and roughness (Figure 9) support
these hypotheses. This coating is, therefore, either not hard or not adhesive enough to withstand the
very harsh conditions encountered in the IWT test.

Coating 2 also had a totally different aspect after the icing de-icing cycles but in this case the
surface was mostly covered by the coating although some holes with sizes ranging from a few microns
to >20 µm could be clearly seen. The coating was therefore eroded during the test but not totally as it
has an original thickness of 20 µm. This coating was rather smooth in the as-deposited condition, and
the roughness slightly increased after the test, perhaps due to the presence of the “holes”. The coating
kept a low ice accretion after more cycles than Coating 1 and that is easily explained as the coating
was not totally removed during the test. The “holes” could have appeared on the surface after a
certain number of cycles and acted as ice nucleation sites and therefore more ice was accreted after
25 cycles (Figure 7). In parallel, the WCA experienced an important reduction, and the initially
hydrophobic surface became hydrophilic with a WCA of 68.7◦ as shown in Figure 8. This is indicative
of a modification of the surface energy of the paint caused by the harsh conditions encountered in the
IWT. Therefore, although this coating is better than Coating 1, it is also not sufficiently durable.

The low surface roughness of Coating 3 was not significantly affected by the icing/deicing cycles,
and the WCA after the test was lower but still indicated hydrophobic behavior. The coating exhibited
a similar morphology than that of the as-deposited coating as seen in Figure 10c,f but some scratches
were observed on the surface. These defects could act as ice nucleation sites explaining the deterioration
of the anti-icing behavior. In this case, the scratches may not be a result of the cycling test, but have
rather resulted from handling the specimens while weighting, or while fixturing and detaching them
in the IWT testing chamber. This coating clearly exhibited a better behavior and does not seem so
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affected by the icing/deicing cycles, but nevertheless needs improvement as any coating on aeronautic
surfaces must exhibit scratch resistance in order to provide durable anti-icing protection.
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3.4. Ice Adhesion by the Double Lap Shear Test (DLST)

This test methodology was based on previous works [25,42] but was adapted to this specific
application. Some modifications such as temperature range, loading rate, and the geometry of the molds
have been implemented in order to obtain more reliable and consistent results. In addition, the test
employs ice generated under static conditions (in a freezer) instead of in an IWT, resulting in advantages
such as ease of execution, ease of interpretation of results, and simple specimen geometry. The results
are shown in Figure 11, in which, the roughness of the different coatings has also been included.
Two other materials have been included as references: untreated AA6061-T6 and PTFE, a polymer
with a low ice adhesion as reported by many authors using different testing methodologies [32,55].

Ice adhesion mechanisms and the main adhesion contributor forces have been previously described,
and summarized in four main effects: electrostatic interactions, van der Waals forces, hydrogen bonding,
and mechanical interlocking due to solid surface roughness [56–58]. The first three effects are related
to the chemical nature of the surface, whereas the last one is associated with the surface topography.
Nonimpact ice formation methodologies, as the present one, are highly influenced by the surface
topography and the interlocking effect. Chen et al. [59], among others, point out that the higher the
roughness, the higher the ice adhesion. During slow freezing of water in this method, the growing ice
crystals have time to fill the microgrooves and valleys present in the surface, increasing the contact area
of the surfaces which results in an interlocking effect, thus, increasing adhesion. However, ice adhesion
on PTFE was much lower than on AA6061-T6, despite the fact that AA6061-T6 exhibits low roughness
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(Ra = 0.2), whereas and PTFE is rougher (Ra = 1.6). This indicates that the composition effect (surface
energy) has a higher impact in the ice adhesion of these two materials. The sol-gel coating (Coating 1)
showed an ice adhesion order of magnitude higher than that exhibited by AA6061-T6. In this case,
the very high roughness of this coating likely overcame the surface energy effects. On the other hand,
from the three studied coatings, the electrostatic sprayed layer (Coating 3) achieved the lowest observed
ice adhesion, probably caused by a suitable combination of low surface energy and low roughness.
The high-quality surface of Coating 3, evidenced in Figure 5e,f, with uniform dispersion of the solid
phase and the absence of defects, is key for obtaining low adhesion values. However, even with a lower
roughness than PTFE, adhesion to ice was higher likely because of the effect of the surface composition.
Finally, the silicone coating (Coating 2) exhibited lower adhesion than AA6061-T6, despite exhibiting
similar roughness, therefore indicating the influence of the surface energy, but nevertheless adhesion
was higher than that observed on Coating 3, with a similar roughness. The presence of surface defects
such as those showed in Figure 5d may be behind this difference in behavior. These results clearly
confirm that there is no clear correlation between iced adhesion and roughness.
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4. Discussion

An anti-icing material must significantly delay or prevent ice accretion, or if it accretes, ice
detachment should be easy. So far there are no reported passive solutions that have completely reached
these objectives. The findings of this work are no different, nevertheless, slight improvements were
observed and insights on the causes of failures had been provided. The three proposed coatings are all
based on low surface energy materials of different compositions with different surface roughness. These
materials achieved lower ice accretion rates than AA6061-T6, and even lower than PTFE. In addition,
two of the three coatings showed lower ice adhesion than AA6061-T6, and one of them (Coating 3)
exhibited a behavior very closed to that of PTFE in terms of low ice adhesion, as shown on in Figure 12.
The experimental results indicate that Coating 3 was the best rated in ice accretion, ice adhesion and
durability in ice accretion cycles, based on the presented methodologies. Failure in terms of lack of
durability, was attributed to scratches present on the surface, indicating that the hardness of these
materials needs to be increased. The failure mechanisms of the other two coatings regarding durability,
were related to lack of coating adhesion and/or erosion resistance.

To date, a commercial passive solution that could be used without the simultaneous support of an
active system is also not available. Passive solutions can help decrease the power required by active
system by conferring further reduction in accretion and faster detachment which improves aircraft
safety. Hybrid systems are being investigated by different groups. For instance, Strobl et al. combined
electrothermal and thermomechanical active systems together with an ultrasmooth hydrophobic
finish on AA2024-T3 and were able to decrease power consumption up to 91% in IWT tests [12].
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Fortin et al. studied the required power supply using two commercial hydrophobic coatings applied
over aluminum that covered National Advisory Committee for Aeronautics (NACA) profile, combined
with a thermoelectric system. They achieved a 33% reduction in power consumption [60]. The coatings
developed in this work could also be employed as a part of a combined active-passive system.
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5. Conclusions

A comparative study based on the implementation of 3 alternative passive solutions designed
to have anti-icing properties was performed. Wet-chemistry methods were employed to produce
the coatings: (1) sol gel coatings, (2) conventional silicone-based paints modified by adding alumina
nanoparticles and (3) advanced paints based on polyester combined with fluorinated derivatives
applied by electrostatic spray deposition. In all three cases, WCA and roughness measurements
were undertaken to measure of the hydrophobic behavior of the coatings and the surface topography
respectively. Ice accretion tests were performed in a lab scale IWT by two different studies including
ice accretion in pristine conditions and durability of the anti-icing behavior after icing-de-icing cycles.
Ice adhesion was evaluated by using a DLST modified methodology. The polyester-fluorinated additive
coating applied by electrostatic spray deposition exhibited the best behavior in ice accretion, ice adhesion
and durability in ice accretion cycles with an overall better behavior than PTFE. Coatings 1 and 3
failure mechanisms in terms of durability, were attributed to lack of sufficient coating adhesion and/or
erosion resistance, whereas in the case of Coating 3 surface scratching during sample manipulation
seemed to be the main cause of failure.
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