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Preface

The aim of this Special Issue is to give a short overview of how passive Ice Protection Systems

(IPSs) can help in reducing ice accretion. This Special Issue is just a droplet in the enormous world

of the scientific literature focused on the development of solutions that are helpful in reducing ice

formation during flight, but we hope it may be of inspiration for many readers. The wide field

of active IPSs involves designing, manufacturing, and optimization with the aim of reducing the

amount of fuel needed and, subsequently, the amount of CO2 emissions produced. The possibility

of combining active IPSs with passive IPSs through the design of surfaces with superhydrophobic

or icephobic properties opens the door to the design of new hybrid IPSs wherein active and passive

IPSs work in a synergistic way with the aim of reducing the amount of power consumption needed.

Looking to a green world, passive IPSs developed in the aviation field have direct applications in

other areas, such as energetic or transportation fields, paving a way to a more sustainable future.

“No cloud above, no earth below,

A universe of sky and snow.”

John Greenleaf Whittier

Filomena Piscitelli

Editor
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Special Issue “Superhydrophobic and Icephobic Coatings as
Passive Ice Protection Systems for Aeronautical Applications”
Filomena Piscitelli

Italian Aerospace Research Centre—CIRA, Via Maiorise, 81043 Capua, Italy; f.piscitelli@cira.it

The formation of ice can be very dangerous to flight safety, especially in cold climates,
since ice accumulated on the surfaces of the aircraft can alter the aerodynamics, increase
the weight, and reduce lift, leading to catastrophic stall situations in some cases. Currently,
risks caused by ice accretion are mitigated by using energy-demanding active ice protection
systems (IPSs), which work by either preventing ice (anti-icing) or removing ice (de-icing).
However, for future sustainable aviation, low-energy-demanding IPS must be designed.
Hybrid IPSs, which combine active IPSs with passive superhydrophobic/icephobic coat-
ings, able to prevent, delay, and/or reduce the ice accretion, might represent a valuable
solution, reducing the energy consumption and the CO2 emissions [1–5]. Recently, Morita
et al. [6] found that the combination of icephobic coatings with electrothermal heating IPS
reduces the energy requirements by more than 70% at LWC of 0.6 g/m3 and a median
volume diameter (MVD) of 15 µm at 75 m/s. However, in wet icing conditions, more than
a 30% reduction in power is achieved. A reduced power consumption by more than 50%
compared with IPS without coatings was also observed by Yu et al. [7], which demonstrated
the ability of superhydrophobic coatings to prevent run-back ice.

In this scenario, this Special Issue collects research achievements, ideas, chemical
formulations, applications of superhydrophobic and icephobic coatings as passive IPS
working alone or in combination with active IPSs, IPS parameter design, and icing wind
tunnel (IWT) test campaigns, covering diverse technologies and application domains, such
as aeronautical and energetic.

Some studies have focused on the design of the hybrid IPSs, providing numerical
tools able to simulate the effects of superhydrophobic and icephobic coatings under icing
conditions [8], including the sensitivities of IPSs to icing environmental parameters [7].
These first results demonstrated that it is actually possible to predict the beneficial effect of
properly designed coatings for ice mitigation purposes in real-world applications [8]. Phys-
ical parameters, coating compositions, structure, roughness, morphology, and durability
are properties not to be neglected in the design and development of reliable IPSs in aircraft
maintenance [9].

In addition to high superhydrophobicity or icephobicity, a protective coating to be
used on aircraft must meet comprehensive property requirements, such as workability, heat
and low temperature resistance, weatherability, erosion durability, and reparability. Among
these, erosion resistance is one of the most important; for instance, coatings applied to the
leading edge of a wing or helicopter rotor blades, where icing tends to occur and cause
the most negative impact on aircraft operation, may experience excessive wear due to the
high-speed (e.g., 100–300 m/s) impact of sand, airborne dust, rain droplets, and hail [10].
Elastomeric coatings with water contact angles ranging from 100 to 115◦, high mechanical
strength (19–27 MPa), high elongation at break (640–730%), and low tensile set (20–35%)
have been demonstrated to reduce the ice adhesion from 622 kPa to 480–220 kPa, while
combining excellent erosion resistance against both high-speed solid particles and water
droplets [10].

The question remains as to whether such coatings could provide durability and perfor-
mance in relevant flight icing conditions. Superhydrophobic coatings were demonstrated to

1



Appl. Sci. 2024, 14, 1288

be helpful in reducing the ice accretion by 12% to 100% at temperatures higher than −12 ◦C
and velocities of 50 and 95 m/s during an IWT test campaign carried out on coatings
applied on two NACA0015 wing profiles, with no active IPS switched on [11].

The use of passive IPSs becomes essential during takeoff operations since, according
to the Federal Aviation Administration regulation, active IPSs cannot be switched on until
the aircraft reaches 400 feet above the takeoff surface to avoid engine thrust reduction [12].
IWT tests performed at the takeoff and first climb conditions [13] on a nacelle lip-skin
at T = −5 ◦C and −12 ◦C, v = 70 and 95 m/s, at an altitude of 3000 m, with a median
volumetric diameter (MVD) equal to 20 µm and liquid water content (LWC) equal to 0.3
and 1 g/m3, demonstrated that the application of a superhydrophobic coating with active
IPS switched off reduces the ice thickness, up to −49%, and the ice accreted impingement
length up to −10%. At a higher LWC, i.e., 1 g/m3, a reduced length and number of ice
rivulets have also been observed for coated configurations [14].

A fundamental parameter to know about a coatings’ performance in icing flight
conditions is the ice adhesion strength on the aircraft surfaces. The lack of a standard for
the ice adhesion measurements offers many opportunities and opens new routes in this
area. The effects of ice types, test parameters, and surface properties on the measurement
data of ice adhesion centrifuge tests have been studied elsewhere [15]. Surfaces with low
ice adhesion strength, achieved through the application of coatings [16] or through laser
texturing [17], might also be highly useful in facilitating or assisting the manual de-icing
process performed by the crew members [18].

Technological solutions found for the aeronautical applications can be transferred
in diverse domains, since ice accretion poses serious problems not only in the aviation
industry, but also for dams and locks, express trains, air conditioners, refrigerators, wind
turbines, solar panels, power lines, suspension bridges, heat pumps, and offshore oil plat-
forms [19]. For instance, one of the problems involving the use of photovoltaic technology
to produce renewable energy is that photovoltaic panels are subject to a significant loss
of efficiency due to the accumulation of dust and dirt and, during the winter season, of
snow and ice, which reduce or stop the energy production. The application of transparent
coatings with superhydrophobic self-cleaning and icephobic properties might be proposed
as valuable solution [20]. The results demonstrated that the ice adhesion of photovoltaic
panels decreased by 69%, and the freezing delay time increased 17-fold compared with
those of the unmodified surface. Jointly, the contact angle hysteresis and roll-off angle of
coated surfaces were significantly reduced, and transparency, which is a key requirement
for photovoltaic applications, was preserved.

Although their application on vehicles’ surfaces is still challenging, the development
of hybrid IPSs offers new perspectives in the field of aviation, paving the way for more
sustainable and efficient solutions for flight safety.
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the Special Issue “Superhydrophobic and Icephobic Coatings as Passive Ice Protection Systems for
Aeronautical Applications”.
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Characterization in Relevant Icing Conditions of
Two Superhydrophobic Coatings
Filomena Piscitelli

Department of Materials and Structures, CIRA–Italian Aerospace Research Centre, Via Maiorise, 1,
81043 Capua, Italy; f.piscitelli@cira.it

Abstract: The formation of ice can be very detrimental to flight safety, since the ice accumulated on
the surfaces of the aircraft can alter both the aerodynamics and the weight, leading in some cases to
catastrophic stall situations. To date, only active Ice Protection Systems (IPS), which require energy to
work, are being employed. The use of passive coatings able to prevent, delay, or reduce ice accretion
in real flight icing conditions can be viewed as a valuable instrument to reduce the environmental
footprint of aircraft. The majority of work in the literature focuses on testing superhydrophobic
coatings at a speed equal to or lower than 50 m/s or rather in combination with an active system.
The present study was aimed at understanding the effectiveness of two superhydrophobic coatings
applied on two NACA0015 wing profiles in reducing the ice formation in relevant flight icing
conditions, through tests carried out in an Icing Wind Tunnel at 50 and 95 m/s and at temperatures
ranging between −3 and −23 ◦C. Results demonstrated that at temperatures higher than −12 ◦C,
at both 50 and 95 m/s, with exposure time ranging between 72 and 137 s, the developed coatings can
be helpful in reducing the ice accretion by 12 to 100%.

Keywords: coatings; superhydrophobic coating; icephobic coating; passive Ice Protection System;
Icing Wind Tunnel Tests

1. Introduction

Aircraft icing has been widely recognized as a severe weather hazard to flight safety in
cold climates [1], since the ice accretion on aircraft surfaces alters the flight aerodynamics,
reducing lift and increasing weight and drag, thus leading to dangerous stall conditions
with a temporary or permanent loss of control of the aircraft.

Currently, to hinder the ice accretion dangers, active Ice Protection Systems (IPS)
requiring energy are being employed, either to prevent icing (anti-icing) or to remove ice
once it has been formed (de-icing). The use of active IPS, which can be thermal, electro-
mechanic [2], electro-thermal [3], pneumatic, or a glycol-based fluid type [4], implicates
an increase in construction complexity, weight, manufacturing, and management costs,
an increase of onboard power consumption, and then an increase of CO2 emissions [5].

It would be highly desirable and advantageous if surfaces could passively reduce or
delay the ice formation and facilitate ice removal. While active methods rely on energy
input from an external system for the anti-/de-icing operation, passive methods take
advantage of the physical properties of the airframe surfaces (e.g., surface wettability) to
prevent, delay, or reduce ice formation and accretion [1], and avoid/reduce the run-back
of ice [6].

In this contest, superhydrophobic coatings owing to their extraordinary water repel-
lency and no requirement for additional energy consumption can be viewed as excellent
candidates for icephobicity in this area [7,8].

However, whether or not superhydrophobicity implies icephobicity, is a debated
topic [9,10], and, generally, it is a misunderstanding to believe that to design a surface with
high contact angles should consequently lead to an icephobic surface [9].
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Cao et al. [11] found that the anti-icing capability of surfaces depends not only on
their superhydrophobicity but also on the surface morphology; Varanasi et al. [12] found
that icephobic properties of superhydrophobic surfaces can be compromised in the case
of frost formation, so under high humidity, the surface turns into a hydrophilic surface;
Chen et al. [13] found that the superhydrophobic surfaces cannot reduce the ice adhesion,
and the ice adhesion strength on superhydrophobic surfaces is comparable to that observed
for superhydrophilic surfaces, because of the mechanical interlocking between the ice and
the surface texture.

During a flight, ice accretion is usually due to supercooled water droplets impinging
on aircraft surfaces, and the icephobicity of a surface not only depends on intrinsic surface
properties but also on the ice formation conditions [5].

Therefore, it would be highly recommended and helpful to assess the icephobicity of
these coatings through a test conducted at aircraft cruise velocities and in relevant icing
conditions. However, most studies use droplets’ impact velocities below 10 m/s [14,15]
or freezing conditions not in line with typical aircraft icing conditions [13,16].

To the best of our knowledge, only in a few studies of superhydrophobic surfaces
were tested in an Icing Wind Tunnel (IWT) at relevant speed, i.e., 50 m/s or higher, and by
generating both rime and glaze ice [17–19]. Other studies were focused on the effect
of hydrophobic/superhydrophobic coatings on the reduction of power supply needed
to keep the aircraft surfaces ice-free when combined with active Ice Protection Systems
(IPS) [6,9,20–22]. Table 1 represents a short review of these studies, performed to the best of
our knowledge.

Table 1 highlights that IWT tests at a speed higher than 50 m/s were carried out only
by combining coatings with active IPS [20].

In this scenario, the present work aims to test at 50 and 95 m/s and at temper-
atures ranging between −3 and −23 ◦C, two superhydrophobic coatings applied on
two NACA0015 wing profiles, without any active IPS. Selected IWT test conditions take
into account common performances of General Aviation, CS-23, and CS-25 categories [23].
Ice accretion was assessed by measuring the ice thickness at the stagnation region and the
extension length of the compact ice accreted along the airfoils.

The wetting properties of surfaces were studied by static contact angles, surface free
energy, and work of adhesion measurements. The surface morphology of the coating’s
surfaces was observed by optical and scanning electron microscopy, and the roughness was
opportunely measured. Cutting and a tape test and adhesion test at 23 and −30 ◦C were
performed in order to assess the durability of these coatings, especially at low temperatures.
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2. Materials and Methods

Two nanostructured coatings (hereafter labeled as 1 and 2) [24] were applied with
an aerograph with a layer-by-layer process, as a usual paint, on three different sub-
strates: (1) 5 × 5 cm × cm flat composite samples made of carbon fiber and epoxy resin
painted with a commercial aeronautical paint purchased from Akzo-Nobel (labeled as C);
(2) 5 × 5 cm × cm flat samples in stainless steel (hereafter labeled as S) pretreated with
a sandpaper P40 to increase the roughness surface and improve the coating’s adhesion,
and; (3) two wing profiles NACA0015 manufactured with a 3D printing machine, having
a length of 135 mm and a chord of 100 mm made of acrylonitrile butadiene styrene (here-
after labeled as A). Samples were named as: X-i with X = Substrate, which is C, S, or A,
and I = Surface, namely, R for Reference, and 1 or 2 for coatings. Hence AR, CR, and SR are
the references, whereas A1, A2, C1, C2, S1, and S2 are the coated samples.

Unlike samples C and S, sample A had one-half painted with coatings, leaving the
other half uncoated as a reference to better compare the coating and reference.

The roughness of substrates before and after the application of the coating was mea-
sured by employing a SAMA SA6260 surface roughness meter. Roughness measurements,
performed according to the ISO 4288 [25], were reported as Ra, which represents the arith-
metic average of the absolute values of the profile height deviations from the mean line.

The optical images were acquired with a microscope USB Dino-Lite AM4815ZTL
at 140×.

The contact angle (CA) measurements were performed at 23 ◦C in compliance with
the ASTM D7490–13 [26] standard, with 3 µL of water (H2O) and diiodomethane (CH2I2),
by acquiring at least six measurements. Contact angles were rapidly acquired, within 30 s of
depositing the drop, to avoid changes in angles. The mean values and standard deviations
of CA were the input data of a Matlab tool (a CIRA home-made tool) which solves the
two equations (1), derived by the application of the Owens-Wendt-Kaelble method [27,28]
for the assessment of the solid surface free energy (SFE). Due to the stochastic nature
of the CA experimental measurements, a third liquid was introduced, i.e., formamide
(HCONH2) [29,30]. The software uses the third liquid to minimize the error on the third
Equations (2) and (3), giving as output the optimized values of the CA, along with an
assessment of polar and dispersive components of SFE, which is useful to calculate the SFE
through Equation (4), the work of adhesion (WA) through Equation (5), and the surface
polarity (SP) through Equation (6).
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Here γP
li and γD

li are the polar and dispersive components of the liquid i, γP
s and γD

s are
the polar and dispersive components of the solid, respectively, and θi is the CAs measured
with the liquid i.

Sample morphology and coatings’ thickness were acquired using a field emission scan-
ning electron microscope (SEM) Tescan Mira3 (Tescan Orsay Holding, Brno-Kohoutovice,
Czech). Samples were observed in the top section after metallization.

Cutting and tape tests were carried out according to the ASTM D 3359-09 standard [31]
by making a grid incision with a specific cutter on the coated samples and then applying
adhesive tape to cover the cut area. The test adhesive was vigorously removed and the
involved area was inspected. According to the standard, the test passed if the area involved
had detached flakes of coating at intersections less than 15%.

The adhesion tests were carried out according to the ASTM C633 [32]. The test
consisted of coating one face of a substrate fixture, bonding this coating to the face of a
loading fixture, and subjecting this assembly of coating and fixtures to a tensile load normal
to the plane of the coating. The tensile load to the assembly of the coating and fixtures
should not permit eccentric load or bending moment to the specimen. A cyanoacrylate
was employed as adhesive. Adhesion or cohesion strength was calculated as Maximum
load/cross-sectional area. The adhesion strength of the coating was given a failure if rupture
was entirely over the coating-substrate interface. The cohesion strength of the coating
was validated if rupture was only within the coating. This test was performed at room
temperature and at −30 ◦C.

Icing wind tunnel (IWT) tests were performed in the CIRA IWT facility, which is
a closed-loop circuit, refrigerated wind tunnel with three interchangeable test sections
and one open jet configuration, whose main mission is to perform icing tests. The cloud
generation for icing conditions simulation is carried out by the spray bar system, which
is able to generate water droplets with diameters (median volumetric diameter—MVD)
and concentrations (liquid water content—LWC) covering nearly all the envelope as pre-
scribed by the CS-25 Appendix C for both continuous and intermittent cloud conditions.
Two samples A and two coatings, i.e., 1 and 2, were contemporary tested by dividing each
sample into two parts, one of which was coated with a coating of A1 and A2, and the other
left uncoated as a reference (AR) (see Figure 1). The two samples were mounted with the
two reference sides in opposite positions, as shown in Figure 1b, in order to minimize the
effect of a possible cloud inhomogeneity.
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To have a three-dimensional shape of the accumulated ice overlapped with the neat
airfoil, 3D laser scan reconstructions were performed (Figure 2). Three-dimensional ice
measurements and reconstruction were performed using an all-purpose portable measuring
arm system integrated with a laser scanner for fast 3D surface data capture (ROMER 8525-7).
Innovmetric PolyWorks was employed to get data points, align the ice point clouds to the
3D model of the corresponding “clean” sample, and, finally, generate a polygon mesh.
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3. Results
3.1. Coatings’ Characterization
3.1.1. Roughness

Figure 3 shows the mean values of roughness measured on C and S samples before and
after the application of the coatings. The roughness of the SR sample before the sandpaper
treatment was 0.39 µm which increased to 1.3 µm after the P40 treatment, as reported in
Figure 3. After the application of coating 1 (S1), the roughness did not change significantly,
but it did after the application of coating 2 (S2) and achieved a Ra = 3.1 µm. Whereas sample
CR had a roughness of 3.7 µm, which did not appreciably change after the application of
both coatings since only a slight increase of the roughness could be measured, and only for
C1 (from 3.7 to 4.1 µm).
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the coatings.

3.1.2. Optical Microscopy

Figure 4 displays the optical images acquired at 140× of magnification of all flat
samples’ surfaces, along with the corresponding roughness profiles. It highlights that the
surface morphology of the CR sample was homogeneous and it became slightly denser and
more compact after the application of the coatings (C1 and C2 in Figure 4b,c). The shape
of the roughness profiles confirmed the homogenous succession of peaks and valleys in
all C samples. Contrary, the treatment of SR with the sandpaper P40 gave the coarse
morphology shown in Figure 4g. As a consequence, in the SR roughness profile (Figure 4l),
the valleys appeared larger than the peaks as a footprint of the scratches. Although at
this magnification the scratches were still visible and after the application of the coatings
(Figure 4h,i), the roughness profiles of coated samples displayed that both coatings partially
filled the valleys and created their own roughness with a homogeneous distribution of
peaks and valleys (Figure 4m,n).
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SR (j), S1 (k), and S2 (l).

3.1.3. Scanning Electron Microscopy

In order to further investigate the morphology at the micro- and nano-scale, SEM
images in the top view were acquired at different magnifications (see Figure 5).
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C2, and S2 samples.

By comparing the SEM images of C1 and C2 and S1 and S2 samples with CR and SR,
respectively, it highlighted that in both cases, the coatings were able to completely cover
the substrate morphology, since neither the sponge-like morphology of the commercial
paint, characterized by the presence of micropores, nor the scratches of the SR surface
were visible once the coatings were applied. Generally speaking, it seemed that the same
coating, applied on different substrates generated the same morphology, with the presence
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of micro-sized aggregates which emerged from the matrix. However, some little differences
could be detected. In fact, by comparing C1 and S1, and C2 and S2 samples, it seemed that
for both coatings, the aggregation of nanoparticles emerged in the C samples more than
it occurred for the S samples. This result could be ascribed to the different surface nature
and/or morphology of the substrates. The same results were observed by Yilgor et al. [33]
by applying the same layers number of the same coating to different polymeric substrates.
In fact, they found different nanoparticles aggregation at the surface depending on the
substrate nature (i.e., TPSU, PMMA, PC, and TPU), which could probably be responsible
for the slight differences in CA. In Figure 5, it should also be noticed that at the highest
magnification, small microcracks and fractures appear, most of all on C1 and C2 surfaces.
As reported in [19], during the IWT tests, these fractures on the samples’ surfaces could
become ice nucleation sites.

3.1.4. Wettability

Due to the superhydrophobicity of coatings, the CA measurements on 3D samples
(A1 and A2) have been impossible to be perform; the water droplets, in fact, do not retain
on the surfaces but quickly glide away. Therefore, for A1 and A2 samples, the success of
the coatings’ application and then the superhydrophobicity of surfaces was assessed by
observing that the water droplets slipped rapidly away from the A1 surface (right side of
Figure 6), whereas they adhered to the AR surface (left side of Figure 6). The same behavior
was observed for the A2 sample (data not shown for brevity). Instead, Figure 7 shows a
representative picture of 3 µL of water droplets on all flat surfaces, i.e., CR, C1, C2, SR, S1,
and S2 samples. The CA measurements and the corresponding optimized values are listed
in Table 2, whereas the SFE, WA, and SP of coated and reference surfaces are displayed
in Figure 8.
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Table 2. Experimentally measured CA; the optimized values are also reported.

Contact Angle [DEG] H2O CH2I2 HCONH2

Measured Optimized Measured Optimized Measured Optimized

CR 70 ± 4 74 48 ± 6 46 62 ± 3 62
SR 82 ± 3 85 55 ± 5 52 69 ± 6 75
C1 161 ± 7 155 146 ± 8 148 152 ± 8 153
S1 157 ± 9 148 140 ± 10 130 136 ± 6 142
C2 164 ± 6 157.5 141 ± 8 148.5 137 ± 10 141.5
S2 161 ± 5 156 136 ± 7 139 139 ± 11 150
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Figure 8. SFE, WA, and SP of SR, S1, and S2 (a), and of CR, C1, and C2 (b) samples.

As reported in Table 2, all coated surfaces were superhydrophobic. However, some
little difference in the wettability of the samples prepared by applying the same coating on
different substrates could be noticed. In fact, the CA of S1 and S2 were slightly lower than
those measured for C1 and C2, respectively. This could be ascribed to slightly different
morphologies observed for C and S samples, also responsible for the different measured
roughness (Figure 3). In fact, as reported in Section 3.1.3 and in Figure 5, in the C samples,
the micro-aggregates emerge more than occurred for the S samples, thereby improving
the roughness (Figure 3) and the Cassie-Baxter state, and reducing the wettability as a
consequence. This is in line with that observed by other authors who found such increased
contact angles with the increased surface roughness [34].

The SFE of reference samples SR and CR were 35 mN/m (γs
P = 2 mN/m and

γs
D = 33 mN/m) and 42 mN/m (γs

P = 5 mN/m and γs
D = 36.5 mN/m), respectively,

whereas the values of 79 and 93 mN/m were found for the corresponding WA. After the ap-
plication of the coating, we observed a reduction of 99% in SFE in the C samples (0.3 mN/m
for both C1 and C2), and 95–98% for the S samples (1.6 mN/m for S1 and 0.8 mN/m for
S2). Accordingly, the WA was reduced by 93–94% for the C samples (6.8 mN/m for C1 and
5.5 mN/m for C2) and by 86–92% for the S samples (11.1 M/m for S1 and 6.3 mN/m for
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S2). With respect to CR, SP decreased by 75% and 100% in C1 and C2, from 12 to 3 and
0, respectively, whereas it was reduced by 83% and 17% for S1 and S2, from 6 to 1 and 5,
respectively, with respect to SR.

3.2. Durability Tests
3.2.1. Cutting and Tape Test

An inspection of surfaces after the cutting and tape test revealed that both coatings
passed the test since the area involved in detached flakes of coating at intersections was less
than 15% (Figure 9-top). Moreover, after the test, the surfaces remained superhydrophobic
as highlighted by the residual low wettability of the surfaces after the test (see pictures of
water droplets at the bottom of Figure 9).
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3.2.2. Adhesion Tests

Figure 10a shows the Zwick Roll Z010 machine employed to perform the adhesion
test. Some pictures of samples before and after the test are also displayed (Figure 10b,c,
respectively). Tests performed at room temperature revealed that failure at adhesive-
coating interfaces occurred for SR and S1 samples, at an adhesion strength of 8.1 and
9.9 MPa, respectively; whereas, failures at adhesive-substrate interfaces (see the schematic
drawing in Figure 11b) occurred for S2 (10.7 MPa), CR (19.9 MPa), C1 (7.2 MPa), and C2
(10.2 MPa), meaning that the adhesion strength of the interface adhesive-coating was higher
than the reported strength. At −30 ◦C, only C samples were tested. It was found that also
at low temperatures for CR, C1, and C2 sample failures occurred at the adhesive-substrate
interface at adhesion strengths of 2.9 MPa per CR, 2.2 MPa for C1, and 1.8 for C2. So,
the adhesion strength of the adhesive-coating interfaces was higher than the measured
values. The measured adhesion strength decreased as the temperature decreased, as shown
in Figure 11a, which may be due to the more brittleness of adhesive at low temperatures [35].
In Figure 11b, a schematic drawing of the failure at the adhesive-substrate interface is shown
for clarity.

3.3. IWT Tests

Table 3 details the IWT test conditions selected by taking into account common perfor-
mances of General Aviation, CS-25 (Test 1,2), and CS-23 (Test 4–6) categories [23]. The tem-
peratures investigated ranged from −3 to −23 ◦C, at an altitude of 3000 m and an LWC
of 0.3 g/m3. Two different speeds were considered, i.e., 50 and 95 m/s, so the covered
flight path (in clouds) ranged between about 7 and 13 km. Tests 1 referred to the CS-25
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vehicles category and investigated the lowest temperatures (−23 ◦C), the highest speed
(95m/s), and the highest LWC (0.5–0.6 g/m3). Test 2 replicated the test 1 conditions, but at
sea level (altitude 83 m). Test 3–6 referred to the CS-23 vehicles category, investigating the
temperature ranging between −3 and −12 ◦C, LWC was fixed to 0.3 g/m3 and MVD at
20 µm, and altitude at 3000 m, corresponding to severe icing cloud conditions which can
occur at altitudes above 600 m [36]. In tests 3–6, along with the temperature, also the effect
of speed was investigated (50 and 95 m/s).
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Figure 11. Adhesion test results performed on C samples at 25 ◦C and −30 ◦C (a); schematic draw of
most adhesion failures occurred during the testing of C samples (b).

Figure 12 shows the pictures of both samples after each test. The surface of each
sample was one-half superhydrophobic (A1 and A2 sites), whereas the other half was left as
a reference (AR). First of all, it must be noted that the rime ice generated in tests 1, 2, and 5
(Figure 12a,b,e) covered quite uniformly the two samples, without taking into account
the different wettability of the two half-sites of the samples. A deeper analysis of images
revealed the presence of isolated frozen droplets along the airfoil, especially for coated
surfaces which were evident in test 2 and test 5 (Figure 12b,e).
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Table 3. IWT test matrix.

TEST
ID

Static T
[◦C]

V
[m/s]

Total T
[◦C]

Altitude
[m]

LWC
[g/m3]

MVD
[µm] Mach Test Duration

[s]
Flight Path

[km]

1 −22.98 94.9 −18.55 3001 0.602 22.08 0.299 79 7.50
2 −22.95 94.5 −18.57 83 0.553 19.92 0.298 77 7.27
3 −5.97 95.0 −1.53 3002 0.307 22.27 0.290 137 13.01
4 −3.10 50.0 −1.91 3001 0.297 20.04 0.152 227 11.35
5 −12.18 50.0 −10.98 3000 0.298 20.05 0.154 228 11.39
6 −7.96 95.0 −3.52 3007 0.293 21.90 0.291 72 6.84

On the other hand, in glaze ice conditions, the low wettability of coated surfaces caused
a reduction of the accreted ice, as highlighted in tests 3, 4, and 6 (Figure 12c,d,f), with a
larger amount of isolated frozen droplets. This result seemed to provide evidence that,
especially in glaze ice conditions, the high degree of surfaces’ hydrophobicity caused the
droplets to easily roll on the surface, reducing contact duration and thus ice accumulation.
Additionally, in both rime and glaze ice, the isolated frozen droplets had a spherical shape,
meaning that they preserved the low wettability at low temperatures and in dynamic
conditions. The same behavior was observed at −5 ◦C by Fortin et al. [22] on hydrophobic
and superhydrophobic surfaces (CA of 118–152◦).

Most of the droplets frozen as isolated ice had dimensions larger than the frozen
droplets near the denser ice (Lci in Figure 13a), probably because the droplets slipped
on the superhydrophobic surface until they met an isolated iced droplet on which they
could grow.

Measurements of the accreted ice thickness, tice, and the extension length of the
compact ice, Lci, accreted along the airfoils (continuous blue zone in the schematic drawing
in Figure 13a), were performed. In detail, for the measurements of tice, seven marks were
drawn on each airfoil at a 2 cm distance, and tice was measured as the difference in the
chord length before and after the IWT tests (see pictures in Figure 13b,c).

Results, displayed in Figure 14a,b, show that in rime ice conditions, the tice measured
on A1 and A2 was similar to or higher than those measured on AR; whereas in glaze ice
conditions, in test 3 and test 6, the tice measured on A1 was reduced by −12 and −34%,
respectively, with respect to the AR site; lower differences were observed in all other cases.
This was because, at the stagnation point (“A” in Figure 13a for an attack angle equal to
zero), the ice accretes in spite of the surface properties since the local velocity of the airflow
there is zero. For the A1 surface in test 4, in fact, the ice accreted only at the stagnation point.

The extension length of the compact ice Lci was measured after each test and compared
to the corresponding reference. Values were subtracted of the corresponding tice and
reported in Figure 15.

Results show that in rime ice conditions (test 1 and test 2), the ice accreted along the
coated airfoil generally increased with respect to the reference. In detail, Lci measured
on the A1 site in test 1 and test 2 was +5% and −5%, respectively, compared to those
measured on the AR. In both tests, Lci on the A2 site was higher than the AR (+39 and
+22%, respectively).

A different scenario could be observed in glaze ice conditions (tests 3, 4, and 6) and in
test 5, for which Lci measured on A1 and A2 was considerably lower than those measured
on the AR (from −12 to −100%). By supposing that in all cases the high hydrophobicity
of the surface caused the droplets to easily roll on the surface, these results seemed to
give evidence that the lower the temperature, the faster the freezing of droplets. As a
consequence, in test 1 and test 2, the droplets froze before rolling away, increasing Lci.
Whereas in tests 3–6, the droplets slipped away, froze as isolated droplets, or did not freeze
at all.

Hence, as the temperature increased, the effect of the superhydrophobicity increased
and the difference of Lci (∆Lci) measured on coated and reference surfaces became larger
(Figure 16).
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Figure 15. Length of the compact ice Lci accreted from the leading edge alongside the airfoils A1 and
AR (a), and A2 and AR (b) during the IWT tests.

The superhydrophobicity of A1 and A2 was preserved after the IWT test campaign.
The 3D scan acquired after test 6 was overlapped with the neat airfoil 3D reconstruction

(Figure 17). In the inset (Figure 17d,e), a magnification of the airfoils with an assessment
of the lengths of the compact ice Lci accumulated starting from the leading edge was also
reported. These values were in good agreement with those measured and reported in
Figure 15, and listed in Table 4. The comparison was made by adding the thickness of the
ice accumulated at the stagnation point.
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Table 4. Comparison between Lci values measured experimentally and through 3D scan (test 6).

Experimental [cm] 3D Scan [cm]

SAMPLE 1
A1 0.5 0.52

AR 1.5 1.49

SAMPLE 2
A2 0.8 0.79

AR 1.2 1.18

4. Discussion and Conclusions

To be an anti-icing material, the hydrophobic/superhydrophobic coatings must signifi-
cantly prevent, delay, or reduce the ice accretion in real flight icing conditions. The majority
of work in the literature (see Table 1) focuses on testing superhydrophobic coatings at a
speed equal to or lower than 50 m/s or rather in combination with an active system.

The present study was aimed at understanding the effectiveness of superhydrophobic
coatings to reduce ice formation in relevant flight icing conditions, at 50 and 95 m/s and at
temperatures ranging between −3 and −23 ◦C. Two superhydrophobic coatings generated
as a combination of roughness and low SFE were applied on two NACA0015 wing profiles
and tested in an IWT without any active IPS.

First, we observed the morphology of surfaces and measured their roughness and
wettability; then, we evaluated the durability of these surfaces; finally, we tested them in an
IWT. We found that at −23 ◦C and 95 m/s, with an exposure time of 77–79 s, the application
of superhydrophobic coatings seems even detrimental, causing an increase of accreted
ice on both the stagnation region (−1–+17%) and along the airfoils (−5–+39%). Whereas,
at 95 m/s, but in glaze conditions, i.e., −6 and −8 ◦C, both superhydrophobic coatings
achieved lower ice accretion at both the stagnation region (−2–−34%) and along the airfoils
(−29–−73%) for an exposure time of 72–137 s. At 50 m/s for a longer exposure time
(227–228 s) and at temperatures of −3 and −12 ◦C, the accreted ice was reduced mainly
along the airfoils (by −12–−100%), whereas no differences can be observed at the stagnation
region (−5–+5%), probably due to the higher exposure time.

These findings suggest that the effectiveness of these coatings in reducing the ice
accretion largely depends on the tested conditions, so they can be highly helpful for a short
exposure time, also at 95 m/s, and mainly in glaze ice conditions. Instead, for use in a wide
range of flight icing conditions, both rime and glaze, and long exposure time, they must be
considered as a support to an active system.

5. Patents

Data reported in this manuscript refer to coatings of a formulation that is protected by
the patent submission: Piscitelli, F. Italian Patent Application N. IT102021000032444, “Rives-
timento superidrofobico e ghiacciofobico di un substrato, metodo per il suo ottenimento e
substrato così rivestito”, 23 December 2021.
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Abstract: The formation of ice on nacelle causes the reduction or loss of aerodynamic performance,
fuel consumption increases, reduced thrust, and the ingestion of ice, which can damage the engine.
The piccolo tube anti-icing employed as an active ice protection system has limitations in terms of
performance losses and energy costs. Furthermore, according to the FAA regulation, it cannot be
activated during takeoff and initial flight phases in order to avoid engine thrust reduction. This work
reports on an icing wind tunnel test campaign performed at initial flight phases conditions on the
M28 PZL nacelle before and after the application of a superhydrophobic coating in order to study the
effect of wettability on ice accretion. Results highlighted that an ice thickness reduction of −49% has
been recorded at −12 ◦C, matched to an increase in the impingement length of 0.5%. At 95 m/s and
at 420 s of exposure time, the ice thickness was reduced by −27% and −14%, respectively, whereas
the impingement length reductions were −9.6% and −7.6%. Finally, an ice thickness reduction of
−8% was observed at a liquid water content of 1 g/m3, matched to an increase in the impingement
length of 3.7% and to a reduction in length and number of the frozen rivulets.

Keywords: superhydrophobic coatings (SHC); nacelle lip-skin; passive ice protection system; icing
wind tunnel tests

1. Introduction

Ice accretion on the nacelle lip-skin surface which occur upon flying through clouds
containing super cooled water droplets (SWD) can result in a reduction or a loss of aero-
dynamic performance due to the formation of non-aerodynamic profile [1,2]. When this
occurs, the fuel consumption increases due to the higher drag force, and the thrust reduces
as a consequence of the restriction of airflow through the fan due to ice accumulated on the
inner surface portion of the nacelle lip-skin [3]. The worst scenario occurs when broken ice
particles are absorbed, the ingestion of which can critically damage the engine. For these
reasons, protection against icing is required as it is a potential cause of aircraft crashes. A
typical anti-icing system used for the nacelle is the piccolo tube anti-icing (PTAI), which
is one of the most popular hot-bleed-air anti-icing devices utilized for wings, among oth-
ers [4–6]. The parameters affecting the thermal performance of the PTAI include the hot
air mass flow rate, jet spacing, the distance from the holes to the surface, the impingement
angle, etc. [7]. This high-performance system is better than other ice protection systems with
respect to efficiency and reliability; nevertheless, it has limitations in terms of performance
losses, energy costs, complexity, weight, and hotspot issues [8].

Furthermore, the engine nacelle is mainly exposed to the icing environment with SWD
during the takeoff and the initial climb phases of flight [1,9]. According to the Federal
Aviation Administration regulation, the anti-icing systems cannot be activated until the
aircraft reaches 400 feet above the takeoff surface to avoid engine thrust reduction [10].
Therefore, the PTAI cannot protect the nacelle against ice accretion during these two flight
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phases. Therefore, it could be highly desirable, mainly in these two flight phases, to use
a passive ice protection system (IPS) such as a superhydrophobic coating (SHC) which is
able to reduce the droplets permanence on the surface nacelle lip-skin, thereby reducing de
facto the accreted ice [11]. Additionally, during the whole flight, the passive SHC could
be used in combination with the active PTAI to reduce the needed hot air mass flow, and
consequently mitigate some limitations of the active PTAI system, such as the increased
fuel consumption, the reduced overall thermal efficiency, and the performance losses.

Several previous studies focused on the simulation study of the effect of PTAI on the
lip-skin of the nacelle [3,8,9,12–14], but very little can be found in the literature with regard
to the experimental tests in icing wind tunnel (IWT). For example, Papadakis [15] conducted
icing tests in the NASA Glenn wind tunnel for a full-sized engine inlet and documented ice
shapes on the leading edge under different icing conditions. Tian et al. [16] conducted an
experimental campaign to study the dynamic ice accretion on rotating aeroengine spinner
and fan blades, with the aim to evaluate the icing-induced performance degradation to the
fan rotor. With the perspective to reduce the energy cost of the PTAI system, in [17], the
authors carried out an experimental study to quantify the dynamic ice accretion process
on aeroengine inlet guide vanes in order to optimize the design paradigms to reduce the
requirements of the bleed air. Finally, they also suggested as a novel anti-/de-icing strategy
to leverage hydrophobic/icephobic coatings to further reduce the requirements of the bleed
air for the inlet guide vanes’ anti-/de-icing operation, thereby minimizing the performance
penalties to the aeroengines. Studies on the effect of a superhydrophobic surface (SHS)
and anti-icing coatings on rotating aeroengine fan blades were reported in [18], where the
authors highlighted that both SHS and icephobic coatings have advantages in anti-icing.
SHS facilitated the blades’ surface with much less ice under both glazed and rimed icing
conditions, while icephobic coating prevents large ice-chunk formation in the leading edge
as ice chunks easily shed from the leading edge, compared with the SHS blade and blades
with a hydrophilic coating.

In this context, the present work reports an experimental test campaign performed
in the Italian Aerospace Research Centre (CIRA) IWT with the aim to evaluate the effect
of a SHC on the ice accretion occurring on the nacelle lip-skin belonging to the M28 PZL
vehicle, possessing dimensions of 50 cm × 50 cm × 20 cm and is made of stainless-steel
(the PTAI) and composite (the back side). To the best of our knowledge, no previous work
focused on this topic. IWT tests were performed at the takeoff and first climb conditions [9],
which represent the worst case for ice accretion due to the switched off PTAI system in
these two flight phases, at T = −5 ◦C and −12 ◦C, v = 70 and 95 m/s, at an altitude of
3000 m, with a median volumetric diameter (MVD) equal to 20 µm and liquid water content
(LWC) equal to 0.3 and 1 g/m3. Tests were performed before and after the application of
a SHC, in order to study the effect of the SHC application on ice accretion. Accreted ice
was measured after each test in terms of thickness and impingement length. In a previous
work [11], the authors studied the effect of the SHC on the ice accretion occurring on two
wing profiles of NACA0015 made of acrylonitrile butadiene styrene and manufactured
with a 3D printing machine, having a length of 135 mm and a chord of 100 mm. Broader
ranges of IWT parameters were considered in the previous work, i.e., temperatures ranging
between −3 ◦C and −23 ◦C, speed 50 and 95 m/s, and LWC 0.3 and 0.6 g/m3.

The present work was developed in the framework of the Clean Sky 2 SAT-AM (More
Affordable Small Aircraft Manufacturing) project, whose main goal was to investigate new
technologies for a future small aircraft able to fly with low fuel consumption. The reference
vehicle for this project was the M28 designed and manufactured by Consortium Partner
Polskie Zakłady Lotnicze (PZL), Mielec (PL). It is a commuter category 19 passenger, twin-
engine high-wing cantilever monoplane, suited for passenger and/or cargo transportation
and certified under EU CS-23 and USA FAR 23 requirements.
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2. Materials and Methods

A nanostructured coating developed at CIRA [19,20] was applied with an aerograph
using de-humified air at 3 bars, with a layer-by-layer technique. The coating was cured in
an autoclave at 80 ◦C.

Roughness of surfaces before and after the application of the coating was measured by
employing a SAMA SA6260 surface roughness meter. Roughness measurements, performed
according to the ISO 4288 [21], were reported as Ra, which represents the arithmetic average
of the absolute values of the profile height deviations from the mean line.

The optical images were acquired with a microscope USB Dino-Lite AM4815ZTL
at 140×.

The contact angle (CA) measurements were performed at 23 ◦C in compliance with
the ASTM D7490-13 [22] standard, with 3 µL of water (H2O). Contact angles were rapidly
acquired within 30 s of depositing the drop to avoid changes in angles.

The thickness of the dry coating was measured according to ISO 2360 [23] using the
Defelsko PosiTector 6000 FSN2, manufactured by DeFelsko Corporation, Ogdensburg, NY, USA.

IWT tests were performed in CIRA IWT facility, which is a closed loop circuit, refriger-
ated wind tunnel with three interchangeable test sections and one open jet configuration,
whose main purpose is to perform icing tests. The cloud generation for icing conditions
simulation is carried out by the spray bar system (Figure 1), able to generate water droplets
with diameters (MVD) and concentrations (LWC) covering nearly the overall envelope
prescribed by the Appendix C CS-25 for both continuous and intermittent cloud conditions.
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Figure 1. Pattern configurations of spray bar nozzles: 1:2 grid, one half of the spray bar nozzles
working (a); 1:4 grid, one quarter of spray bar nozzles working (b).

Ice accretion measurements were performed after each test. A cold stop at −20 ◦C
guaranteed to freeze the accreted ice on the test article, in order to allow the CIRA team to
enter the tunnel, take pictures and measurements of thickness and impingement lengths
performed in correspondence to 13 sections drawn before tests on the metallic leading
edge (red and blue lines in Figure 2). Measurements of the ice thickness as the difference
of measured length section before and after each test taken using a Mitutoyo CD-20DAX
digital centesimal caliber, with an accuracy better than 0.02 mm (Figure 3a). For each test
condition, the ratios between the mean values of the difference between the ice thicknesses
recorded at the measuring stations in coated and uncoated configurations and the mean
values of the ice thicknesses measured during the corresponding uncoated tests were
evaluated in order to have a quantitative global estimation of the SHC performance on the
ice accretion performance in terms of the percentage change of ice accretion thickness. The
impingement length of the accreted ice was calculated as the difference between the total
length of metallic part and length free from ice (see picture in Figure 3b), measured using
the Mitutoyo CD-20DAX digital centesimal caliber. During the measurements, the caliper
was aligned with the reference lines drawn before tests on the test article. In Figure 3c,
a schematic draw of the accreted compact ice and isolated droplets observed during the
IWT test campaign is displayed. Similar to the ice thickness data, for each test condition,
the ratios between the mean values of the difference between the impingement length
recorded at the measuring stations in coated and uncoated configurations and the mean
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values of the impingement length measured during the corresponding uncoated tests were
evaluated in order to have a quantitative global estimation of the SHC performance on
the impingement length as percentage change of the impingement length. During the
measurements (Figure 3a,b) the IWT test section was kept at subzero temperature in order
to avoid ice melting.
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draw of the accreted compact ice Lci and isolated droplets (c).

3. Results
3.1. Superhydrophobic Coating Application

Since paint adheres to rougher surfaces more strongly than to smooth surfaces because
of the increased contact area and an interlocking effect, a specific roughness of the test
article substrate was required. A previous work [24] established the best roughness at about
3–4 µm achieved through sand blasting. Figure 4a shows the M28 PZL vehicle highlighted
in the red circle of the nacelle test article, whereas Figure 4b,c display the nacelle lip-skin
before and after the sand blasting useful for achieving the required Ra = 3.2 µm ± 0.2.
Figure 4d shows the nacelle lip-skin after the application of the CIRA SHC [19,20], having
a thickness of 32 µm ± 6 and a roughness Ra = 1.6 µm ± 0.3.
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Figure 4. M28 PZL vehicle (a) and nacelle test article before (b) and after (c) the sand blasting
treatment, and after the application of the superhydrophobic coating (d).

The test article surface after the sand blasting treatment has a uniform sponge-like mor-
phology (Figure 5a,b) which was preserved after the application of the coating (Figure 5c).
This morphology is helpful to guarantee a good adhesion of the coating due to the me-
chanical interlocking occurring around the interphase substrate-coating. Moreover, the
sponge-like morphology preserved after the application of the coating is useful to trap air
and contribute to superhydrophobicity [25].
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Figure 5. Set-up for the optical microscopy acquisitions (a); microscope images at 140× of the lip-skin
nacelle surface before (b) and after (c) the coating’s application.

Figure 6 shows pictures of water droplets on flat samples, representative of the nacelle
test article having the same roughness, at 25 ◦C and −27 ◦C [24]. Measurements of
water contact angles performed at 25 ◦C give values of 44◦ and 164◦ on the uncoated and
coated surfaces, respectively (Figure 6a,c). These values seem to be preserved at −27 ◦C
(Figure 6b,d). Wettability measurements have also been performed on the test article
before and after the coating application using the set-up in Figure 7a. The test confirmed
the measured CA on the uncoated surface; however, due to the low wettability of the
applied SHC, it has been impossible to perform the measurements of the wettability on
the coated surface since water droplets bounce or roll away from the 3D-coated surface,
thereby making the acquisition of the static water contact angle impossible. Therefore, on
coated surfaces, the quality of the coating application and its corresponding low wettability
were assessed through the slipping and/or the bouncing off of water droplets impacting
the coated surface, as shown in Figure 7b,c, where the movement of the water droplet is
highlighted by a red arrow.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 22 
 

sponge-like morphology preserved after the application of the coating is useful to trap air 
and contribute to superhydrophobicity [25]. 

 
Figure 5. Set-up for the optical microscopy acquisitions (a); microscope images at 140× of the lip-
skin nacelle surface before (b) and after (c) the coating’s application. 

Figure 6 shows pictures of water droplets on flat samples, representative of the na-
celle test article having the same roughness, at 25 °C and −27 °C [24]. Measurements of 
water contact angles performed at 25 °C give values of 44° and 164° on the uncoated and 
coated surfaces, respectively (Figure 6a,c). These values seem to be preserved at −27 °C 
(Figure 6b,d). Wettability measurements have also been performed on the test article be-
fore and after the coating application using the set-up in Figure 7a. The test confirmed the 
measured CA on the uncoated surface; however, due to the low wettability of the applied 
SHC, it has been impossible to perform the measurements of the wettability on the coated 
surface since water droplets bounce or roll away from the 3D-coated surface, thereby mak-
ing the acquisition of the static water contact angle impossible. Therefore, on coated sur-
faces, the quality of the coating application and its corresponding low wettability were 
assessed through the slipping and/or the bouncing off of water droplets impacting the 
coated surface, as shown in Figure 7b,c, where the movement of the water droplet is high-
lighted by a red arrow. 

 
Figure 6. Wettability tests of the coated flat sample representative of the test article performed at 25 
°C (a) and −27 °C (b); wettability of reference performed at 25 °C (c) and at −27 °C (d) [24]. 

 

Figure 6. Wettability tests of the coated flat sample representative of the test article performed at
25 ◦C (a) and −27 ◦C (b); wettability of reference performed at 25 ◦C (c) and at −27 ◦C (d) [24].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 22 
 

sponge-like morphology preserved after the application of the coating is useful to trap air 
and contribute to superhydrophobicity [25]. 

 
Figure 5. Set-up for the optical microscopy acquisitions (a); microscope images at 140× of the lip-
skin nacelle surface before (b) and after (c) the coating’s application. 

Figure 6 shows pictures of water droplets on flat samples, representative of the na-
celle test article having the same roughness, at 25 °C and −27 °C [24]. Measurements of 
water contact angles performed at 25 °C give values of 44° and 164° on the uncoated and 
coated surfaces, respectively (Figure 6a,c). These values seem to be preserved at −27 °C 
(Figure 6b,d). Wettability measurements have also been performed on the test article be-
fore and after the coating application using the set-up in Figure 7a. The test confirmed the 
measured CA on the uncoated surface; however, due to the low wettability of the applied 
SHC, it has been impossible to perform the measurements of the wettability on the coated 
surface since water droplets bounce or roll away from the 3D-coated surface, thereby mak-
ing the acquisition of the static water contact angle impossible. Therefore, on coated sur-
faces, the quality of the coating application and its corresponding low wettability were 
assessed through the slipping and/or the bouncing off of water droplets impacting the 
coated surface, as shown in Figure 7b,c, where the movement of the water droplet is high-
lighted by a red arrow. 

 
Figure 6. Wettability tests of the coated flat sample representative of the test article performed at 25 
°C (a) and −27 °C (b); wettability of reference performed at 25 °C (c) and at −27 °C (d) [24]. 

 
Figure 7. Wettability test carried out on the test article before (a) and after (b,c) the application of the
SHC. The red arrow points at the movement of the water droplet.

27



Appl. Sci. 2023, 13, 5183

3.2. IWT Tests
3.2.1. Installation of Nacelle in the Icing Wind Tunnel

The test article has been installed in the IWT main test section (Figure 8), whose
dimensions are: width 2.3 m, height 2.35 m, length 7 m. The test section is equipped
with two turntables for model attitude setting; the maximum attainable Mach number
is about 0.4 and the minimum static temperature is −32 ◦C. In this configuration, the
model is generally vertically mounted between the wind tunnel floor and ceiling, using as
fixing points two interface plates fastened on the two turntables. The interface plates are
customized for each test campaign. In this case, only the lower turntable has been used for
model installation. The test article was fixed on the interface plate by means of four fixing
points, each one made of four M10 bolts.
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3.2.2. IWT Test Definition

The M28 PZL is a commuter turboprop airplane, belonging to the CS-23 Normal,
Utility, Aerobatic and Commuter Airplanes, that is the 14 CFR, Part 23. According to the
14 CFR Appendix C of Part 25 (Electronic Code of Federal Regulations (eCFR)), the CS-23
class aviation is regulated by the FAR 25 Appendix C, to be used as reference once the
aircraft performances are known. The test matrix for the IWT test was defined by taking
into account the maximum and the cruise speed of the M28 PZL, which are 355 km/h
(98.6 m/s) and 244 km/h (67.8 m/s), respectively, as well as the flight altitude of 3000 m
for the cruise altitude, to which corresponds a T = −4.5 ◦C, according to the standard
atmosphere of 1976. For all tests, an MVD of 20 µm and a flight altitude of 3000 m were
considered. All other IWT test conditions are detailed in Table 1, which also correspond
to the take-off and the first climb conditions of an aircraft CS-25 class aviation [9]. Tests
have been performed before on the neat test article (UNCOATED in Table 1), and then,
after the application of the SHC, on the coated one (COATED in Table 1). With respect
to the baseline, corresponding to the standard temperature of −5 ◦C, the cruise speed of
70 m/s, an LWC equal to 0.3 g/m3, and an exposure time of 140 s (test 1–2), the following
effects have been analyzed: (a) LWC (equal to 1 g/m3 in tests 3 and 4), (b) temperature
(reduced to −12 ◦C in tests 5 and 6), (c) exposure time (increased to 420 s in tests 7 and 8),
and (d) velocity (increased to the maximum speed equal to 95 m/s in tests 9, 10, and 11).
During tests, a humidity ranging from 89% to 93% has been measured. The formation of
glaze, rime, and mixed ices was observed [26,27].
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Table 1. IWT test conditions.

Test ID Coating T [◦C] v [m/s] Liquid Water Content [g/m3] Exposure Time [s] Flight Path [km]

1

UNCOATED

−5 70 0.3 140 9.8
3 −5 70 1 140 9.8
5 −12 70 0.3 140 9.8
7 −12 70 0.3 420 29.4
9 −5 95 0.3 140 13.3

2

COATED

−5 70 0.3 140 9.8
4 −5 70 1 140 9.8
6 −12 70 0.3 140 9.8
8 −12 70 0.3 420 29.4

10 −5 95 0.3 140 13.3
11 −5 95 0.3 140 13.3

3.2.3. IWT Test Results

In the following, the results related to the IWT tests performed on the coated and
uncoated test article are reported.

Test 1–2 T = −5 ◦C; v = 70 m/s; H = 3000 m; MVD = 20 µm; LWC = 0.3 g/m3; t = 140 s—Baseline

Tests 1 and 2, performed at −5 ◦C with a velocity of 70 m/s near the cruise velocity of
the M28 PZL vehicle and an LWC of 0.3 g/m3, represent the base-line tests for the uncoated
and coated test article, respectively. Test 1 has been performed on the uncoated surface
(Figure 9a–d) and test 2 on the coated one (see results in Figure 9e–h). The pictures taken
after the two tests highlighted that in these conditions and for the selected exposure time,
i.e., 140 s, the amount of the ice accreted on both uncoated and coated surfaces is poor
and concentrated at the impingement area, whereas both inner and outer sides of the
nacelle lip-skin were free from ice. Average thickness values of 1.78 mm and 1.16 mm were
measured at the uncoated and coated leading edge, respectively. The accreted ice seems
similar to dry rime ice [27–29]. Nevertheless, beyond the dense and compact ice, an area
with isolated ice droplets appears, as schematically illustrated in Figure 3c, especially for
the coated surface. Here, the isolated ice droplets are greater in quantity and size (Figure 9g)
than those observed on the uncoated surface. Moreover, they have the same spherical
shape as that observed for isolated droplets of ice frozen in static conditions (Figure 6).

Test 3–4: T = −5 ◦C; v = 70 m/s; H = 3000 m; MVD = 20 µm; LWC = 1 g/m3; t = 140 s—LWC Effect

In order to study the effect of the LWC, tests 3 and 4 have been performed at an
LWC equal to 1 g/m3. Pictures taken after test 3 of the uncoated test article are shown in
Figure 10a–c, whereas pictures of test 4 carried out on the coated test article are displayed
in Figure 10d–f. By comparing the pictures in Figure 10 with those in Figure 9 (baseline
test), it is highlighted that the effect of increasing the LWC corresponds to an increased
amount of accreted ice, which was observed mainly in correspondence to the impingement
area and alongside the internal part of the nacelle lip. Here, the ice has accreted as frozen
rivulets instead of isolated ice droplets, as observed at the lower LWC. This is due to the
larger amount of liquid water as the impacted water mass would only freeze partially,
while the remaining water would coalesce into rivulets and run back over the downstream
surface. Instead, the ice accreted in a spherical-like shape can be observed only at the
impingement line, before the rivulets, on both the uncoated and coated surfaces. They
seem to make a separation between the dense ice below them and the rivulets beyond
the stagnation line. The formation of this spherical-like ice accumulated at the stagnation
line along with the isolated rivulets downstream are typical of glazed ice accretion [27].
The average thickness of ice measured on uncoated and coated surfaces were, respectively,
1.75 mm and 1.74 mm. Measurements of the impingement length of the accreted ice, Lci,
reported in Figure 11 reveal that no differences can be observed between the uncoated
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and coated surfaces. Rather, the Lci for the uncoated surface seems to be slightly shorter
than that measured on the coated surface. Here, the values of Lci measured for the coated
surface in Section 8 and uncoated surface in Section 11 are reported as isolated dots and
are not included in the trend due to a substantial deviating rate. This deviation could be
due to some imperfections in the nacelle surface, highlighted in these tests more than in the
others. Finally, by comparing the rivulets’ lengths in Figure 10c,f, it is notable that these are
much longer and that the rivulets’ distribution is denser on the uncoated surface than on
the coated one.
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Test 5–6: T = −12 ◦C; v = 70 m/s; H = 3000 m; MVD = 20 µm; LWC = 0.3 g/m3; t = 140 s—T
Effect (Baseline for Tests 7 and 8)

The effect of the decreased temperature was assessed with tests performed at −12 ◦C.
Pictures of tests performed on uncoated and coated surfaces are displayed in Figure 12a–j,
respectively. As for baseline tests 1 and 2, sparse ice droplets having spherical shapes appear
on both coated and uncoated surfaces, displaying a typical dry rime ice accretion [27].
However, the coated surface has more isolated ice droplets, which result in a less dense
transition area, and the ice droplets have larger dimensions than those accreted on the
uncoated surface. Average thicknesses of accreted ice on uncoated and coated surfaces
were 1.51 mm and 0.77 mm, respectively. No significant difference can be observed in the
impingement lengths (see Figure 13).
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Test 7–8: T = −12 ◦C; v = 70 m/s; H = 3000 m; MVD = 20 µm; LWC = 0.3 g/m3;
t = 420 s—Exposure Time and Temperature Effect

Starting from tests 5 and 6 performed at −12 ◦C, the exposure time was increased to
420 s. Pictures of tests 7 and 8, performed on uncoated and coated surfaces, were shown
in Figure 14a–j, respectively. By comparing pictures in Figure 12 at a shorter exposure
time with those of Figure 14, it can be observed that the ice accumulated on both uncoated
and coated surfaces increases as the exposure time increases, as expected. The accreted
ice assumes two different shapes: it is milky with crystalline structures on the upstream
area, typical of rime ice, whereas it appears to be less dense with columnar structures at
the stagnation line, typical of glaze ice [27,29]. Quite no differences can be observed in
the shape and appearance of the ice grown on coated and uncoated surfaces. However, it
was found that the impingement length of ice accreted on the coated surface is on average
3 mm shorter than that measured on the uncoated surface (Figure 15). Finally, measured
thickness was 3.46 mm and 2.97 mm for uncoated and coated surfaces, respectively.

Test 12–13–14: T = −5 ◦C; v = 95 m/s; H = 3000 m; MVD = 20 µm; LWC = 0.3 g/m3;
t = 140 s—V Effect

Velocity was increased to 95 m/s in tests 9 and 10; pictures of results are displayed in
Figure 16a–d for uncoated and Figure 16e–h for coated test article. A test of repeatability
was performed on the coated surface (test 11), and results are shown in Figure 17. Compared
with the baseline tests (Figure 9), it was found that as the incoming flow velocity increased,
the water droplets on the uncoated surface would move more rapidly downstream and
then freeze as thin and narrow runback rivulets due to the increased aerodynamic stress
acting on the rivulet flows, as observed also by Gao et al. [27]. A striking contrast is the
dynamic of icing on the coated surface. Here, the formation of rivulets stopped at the
beginning phase (see Figure 16f,g and Figure 17g,h), and the area downstream was free
of ice. As a consequence, the impingement length of compact ice Lci was reduced on an
average of 4 mm with respect to the uncoated surface, as shown in Figure 18. Far from the
impingement line, on the right and left sides of the test article and in the area below the
impingement line, the formation of isolated, spherical, and large frozen water droplets were
observed only on the coated surface (Figures 16h and 17b,f). A repeatability test performed
on the coated test article confirms both the accreted ice shape (Figure 17) and the measured
length of the compact ice (Figure 18). Measurements of thickness provided average values
of 1.10 mm for the uncoated test, and 0.90 mm and 0.81 mm for the two coated tests.
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3.3. Wettability after Icing/De-icing Cycles

Pictures of the test article after the IWT tests shown in Figure 19 highlight that the
distribution of the SHC seems to be ununiform as after recent application, but the milky
color of the coating resembles a leopard-spot distribution. However, the low wettability of
all the test article surfaces was preserved since water droplets impacting it rapidly bounce
and slide off (Figure 20).
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4. Discussion

Pictures of ice accreted on the uncoated and coated surfaces acquired after tests can be
meaningful and useful to understand the different icing dynamics. A summary of the IWT
test campaign results is shown in Figure 21.
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It appears that one difference raised during the IWT tests between coated and uncoated
surfaces is the presence of isolated ice droplets observed especially on coated surfaces and
in tests 1–2 (Figures 9, 12 and 21a,f,c,h). The presence of isolated frozen water droplets can
be ascribed to the low wettability and consequently the low rolling angles [30] of coated
surfaces, so the water droplets impacting the coated surface quickly bounce on it and/or
slide off. Thus, depending on the test conditions, they take a longer path before freezing or
not freeze at all. From a microscopic perspective, this evidence could be explained with
the classical nucleation theory [31,32], according to which the larger the contact angle is,
the larger the free energy barrier ∆G for the formation of ice nucleus and the smaller the
nucleation rate J, so the nucleation becomes more difficult and slower. The small contact
area of the applied SHC and the dynamic behavior of water droplets reduce the probability
of nucleation, thus reducing the probability of ice on the surface. As a matter of fact, the
isolated ice droplets observed on the coated surface are located at a bigger distance from
the impingement area with respect to the uncoated one, thereby increasing de facto the
transition area (see for instance Figure 9 and scheme in Figure 3c). Another remarkable
finding is that the isolated ice droplets accreted on the coated surface have a spherical
shape and larger dimensions than those frozen on the uncoated surface. The shape of
the isolated ice droplets on the coated surface can be ascribed to the low wettability of
SHC at low temperature (Figure 6), so the surface also retains the Cassie–Baxter state at
low temperature, whereas the larger dimensions could be explained by imagining that the
fewer water droplets frozen on the coated surface become ice nucleation points, causing
the other incoming droplets to freeze on them, thus increasing their dimensions. The
high-humidity environment of test conditions [33] and some surface imperfections could
be the reason why there is a transition from the Cassie–Baxter to the Wenzel state with
penetration and condensation into the surface cavities [33]. Therefore, these microdroplets
nucleate and grow, becoming anchoring points for further incoming water droplets. The
authors observed the same behavior in other previous IWT tests [11] performed on two-
wing profiles NACA0015 tested at temperatures ranging between −3 ◦C and −23 ◦C, speed
50 and 95 m/s, and LWC 0.3 and 0.6 g/m3. Here, the isolated and spherical water droplets
were observed in all tests performed at temperatures higher than −12 ◦C.

At low temperature, sparse ice droplets appear on both coated and uncoated surfaces,
displaying a typical dry rime ice accretion [27]. Once again, the presence of isolated ice
droplets which reduce the density of the transition area can be observed especially on the
coated surface, but compared to the baseline tests at −5 ◦C, at −12 ◦C, this phenomenon is
largely reduced and the larger isolated ice droplets are relatively absent (Figure 21a,f,c,h).
This is most likely because the lower temperature allows the water droplets to freeze
immediately upon impact with the surface, so their sliding off is hugely reduced. This
evidence agrees with studies from Xu et al. [34], according to which the frosting time
reduces as the temperature reduces.
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Increase in exposure time at low temperature has the effect to increase the accumulated
ice, as expected, and no differences can be observed in the shape and appearance of ice
accreted on coated and uncoated surfaces (Figure 21e,j).

The major advantage in applying a SHC can be highlighted at a higher LWC and
higher velocity, where the nucleation is more difficult and slower for SHC with respect
to the uncoated surface [31,32]. At a higher LWC, the isolated ice droplets disappear and,
in their place, several ice rivulets appear alongside the internal part of the nacelle lip
(Figure 21b,g). The presence of rivulets on both uncoated and coated surfaces is due to
the increased amount of impacted liquid water, which would only freeze partially, while
the remaining water would coalesce into rivulets and run back over the downstream
surface [27]. Figure 21b,g highlight a prominent difference in the length of rivulets frozen
on coated and uncoated surfaces ascribed once again to the low wettability of the applied
SHC, which allows the liquid water to slide off before freezing, thereby reducing the
length of the frozen rivulets. At the impingement line, the impacting water quickly freezes,
accreting as spherical-like ice regardless of the wettability of the surface. This is because
at the impingement line, no helpful forces are present to take advantage from the low
wettability of the SHC and allow water to slide off.

On the other hand, at a higher velocity, the high-speed water droplets colliding with
the test article surface do not get enough time to freeze. Incoming airflow pushes these
droplets further away from the stagnation line which leads, on the uncoated surface, to the
accumulation of these droplets along upper and lower sides of the stagnation line as thin
and narrow runback rivulets. In contrast to the uncoated surface, the high-speed water
droplets for the coated surface slip away rapidly without freezing at all downstream the
stagnation line (Figure 21d,i), and so reducing de facto the length of the accreted compact
ice Lci, leaving the area upper the stagnation line free of ice.

A direct comparison between the present and the previous [11] IWT test campaign can
be made only between the test performed at higher velocity, namely at −5 ◦C, v = 95 m/s,
LWC = 0.3 g/m3, and exposure time = 140 s, and the previous one carried out at −6 ◦C,
v = 95 m/s, LWC = 0.3 g/m3, and exposure time = 137 s (test 3 in [11]). Ascribed to
the different geometrical configuration of the two test articles, many differences can be
observed for the ice accumulated on both the uncoated and coated surfaces of the test
article. In fact, instead of thin and narrow runback rivulets, in the previous work, a typical
dry rime ice accretion can be observed on the uncoated surface, with ice droplets which
become less dense and isolated on the coated one. On the contrary, in the present work, the
isolated frozen water droplets can be seen only at the inner left and right sides of the test
article (Figure 16h).

Figure 22 displays the percentage change of the ice thickness and the impingement
length calculated for each test conditions as ratios between the mean values of the differ-
ences between measurements taken on coated and uncoated configurations and the mean
values of those acquired on the uncoated configuration, showing the effect of the main
investigated parameters (LWC, T, exposure time and airspeed).

Results highlight a reduction in the ice thickness accreted on the coated surfaces with
respect to the uncoated one across the entire spectrum of test conditions investigated.
The maximum ice thickness reduction, i.e., −49%, which was recorded during the tests
at −12 ◦C, matched to an increase in the impingement length of 0.5%. Significant ice
thickness and ice impingement length reductions have been recorded in the tests aimed
to evaluate the airspeed and the exposure time. In particular, the application of the SHC
allows the ice thickness to be reduced to values of −27% and −14%, at 95 m/s and at 420 s
of exposure time, respectively. The impingement length reductions were −9.6% and −7.6%,
respectively. The repeatability tests performed at higher airspeed show a good agreement
between them, corroborating the overall quality of the carried-out measurements. Finally,
the test aimed to assess the LWC effect presents a moderate reduction in the ice thickness,
i.e., −8%, matched to an increase in the impingement length, i.e., 3.7%. Nevertheless, the
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relevant finding at a higher LWC is the reduced length and number of the ice rivulets
observed for the coated configuration.
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Ultimately, the lesson learned from the two IWT test campaigns is that the low wet-
tability of the SHC reduces the permanence time of water droplets on surfaces and the
probability of icing on the coated surfaces with respect to the uncoated ones, but the thick-
ness and the impingement length of the accreted ice largely depend on the geometrical
configuration of the test article. As a consequence, it was found that the ice thickness
variations observed in the previous work [11] for tests carried out at temperatures ranging
between −3 ◦C and −12 ◦C varied from −3% to −34% and from +5% to −5% for A1
and A2 coated configurations, respectively, whereas in the present work, the ice thickness
reduction is more pronounced, ranging between −8% and −49%. On the other hand,
the impingement length reduction with respect to the uncoated surfaces in the previous
work [11] ranged between −35% and −100% for A1, and −12% and −76% for A2, which
becomes less pronounced in the present work, ranging between +3.7% and −10%.

5. Conclusions

This work provides and discusses results of an icing wind tunnel (IWT) experimental
campaign performed on a nacelle lip-skin belonging to the M28 Polskie Zakłady Lotnicze
(PZL) vehicle. The test campaign reproduced the typical flight conditions of the M28 vehicle,
which also correspond to the take-off and first climb conditions of an aircraft CS-25 class
aviation. Tests were repeated after the application on the nacelle of a superhydrophobic
coating (SHC), in order to study the effect of a low wettability surface on the ice accretion in
real flight conditions. SHC performance seems to be encouraging across the entire spectrum
of test conditions investigated. The maximum ice thickness reduction was recorded during
the tests at lower temperature. Significant ice thickness and ice impingement reduction
were also recorded in the tests aimed to evaluate the airspeed and the exposure time.
The repeatability tests performed at higher airspeed show a good agreement between
them, corroborating the overall quality of the carried-out measurements. Finally, the tests
aimed to assess the LWC effect presents a moderate reduction in the ice thickness, matched
to an increase in the impingement length but with a reduced length and number of the
frozen rivulets.

Future works should focus to further explore the working envelope of SHC, investigat-
ing additional test conditions, particularly in terms of LWC and MVD. Future developments
should also include the improvement of the measurement technique. The adopted method
provided data of appropriate quality for the scope of the intended analysis. Nevertheless,
for a deeper understanding of SHC behavior, it is necessary to adopt a measurement tech-
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nology able to provide a more substantial amount of quantitative data. The employment of
a 3D laser scanner is actually deemed as one of the best possible options. This research is
especially relevant for Northern Europe, which is characterized by high humidity.

6. Patents

Data reported in this manuscript refer to coatings whose formulation is protected by
the patent submission: F. Piscitelli, Italian Patent Application N. IT102021000032444, “Rives-
timento superidrofobico e ghiacciofobico di un substrato, metodo per il suo ottenimento e
substrato così rivestito”, 23 December 2021, and F. Piscitelli, Substrate superhydrophobic
and icephobic coating, method for obtaining it and substrate thus coated, International
Patent Application N◦ PCT/IB2022/062672 22 December 2022.
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Abstract: The risk of accidents caused by ice adhesion on critical aircraft surfaces is a significant
concern. To combat this, active ice protection systems (AIPS) are installed on aircraft, which, while
effective, also increase fuel consumption and add complexity to the aircraft systems. Replacing
AIPS with Passive Ice Protection Systems (PIPS) or reducing the energy consumption of AIPS
could significantly decrease aircraft fuel consumption. Superhydrophobic (SH) coatings have been
developed to reduce water adherence to surfaces and have the potential to reduce ice adhesion,
commonly referred to as icephobic coatings. The question remains whether such coatings could
reduce the cost associated with AIPS and provide durability and performance through suitable tests.
In this paper, we then review current knowledge of superhydrophobic and icephobic coatings as
potential passive solutions to be utilized alternatively in combination with active systems. We can
identify physical parameters, coating composition, structure, roughness, and morphology, durability
as properties not to be neglected in the design and development of reliable protection systems in
aircraft maintenance.

Keywords: superhydrophobic; icephobic; active ice protection systems (AIPS); passive ice protection
systems (PIPS)

1. Introduction

The term deicing involves actions and procedures aimed to remove or clear ice after
formation on critical structures in the environment, while anti-icing systems are instead
intended to prevent ice growth and deposition. The aviation industry is strongly affected
by this phenomenon reflected in both technological and safety issues.

Before aircraft take off, ice formation prevention procedures usually imply that anti
and deicing fluids are commonly administered, even if their effectiveness diminishes
rapidly as the aircraft accelerates [1] in addition to releasing harmful fluid components to
the environment while, during flight, aircraft can employ heaters and inflatable guards to
shield against ice.

Physical parameters like wettability, temperature or pressure describe the direct re-
sponse of materials to environmental conditions.

The development of an anti-icing surface on a specific industrial coating patch or object
has posed a persistent challenge for various industries, including aviation and wind power.
To address this challenge, it is essential to perform surface modifications to incorporate the
icephobic property into existing commercial coatings for practical applications.

Additionally, permanent hydrophobic coatings can decrease the ability of water to
adhere to the aluminum surface, preventing freezing. However, it has been demonstrated
in [2] that these coatings can also compromise the effectiveness of anti-icing fluids. Ac-
cording to a recent examination carried out by scientists from Canada, there is a possibility
that the application of anti-icing fluid alongside hydrophobic coatings may hinder the
formation of a protective film. Researchers at Skoltech [3] also conducted experiments to
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assess the ability of aluminum surfaces used in aircraft skins to repel water and ascertain
whether this has any impact on the effectiveness of these fluids.

Nevertheless, we can regard SH or icephobic coatings (PIPS) as an adjuvant in the
inhibition of ice formation during the take-off, in fact eliminating or strongly reducing the
use of fluids or chemicals which, in turn, could result as harmful to the environment.

The endurance of three distinct fluid types, all of which met the rigorous aerospace
standards of SAE AMS1424 or AMS1428, was examined. These fluid types exhibited
varying durations of endurance. To prepare for testing, aluminum plates underwent a
process of sanding, polishing, and coating with a hydrophilic acrylic varnish, which yielded
a transparent finish that could be either glossy or matte.

The results of the Canadian team’s study differ from those of the researchers, as they
found that the wetting ability of plates did not affect the effectiveness of anti-icing fluids.
However, the researchers attribute this divergence to the surface tension and viscosity of
the fluids. Additionally, the researchers acknowledged that surface roughness (Sa) may be
a factor, as it takes longer for ice to accumulate on rough surfaces.

Also, temperature and pressure have been demonstrated to affect the shape of the
supercooled water on the new icephobic coating. Mechanical tests like cutting, tape tests,
pull-off tests and nanoindentation were carried out in [4] to assess the high durability of the
icephobic coating. To claim that an icephobic surface is suitable for aeronautical application,
it should be tested under flight conditions. This test is possible in an icing wind tunnel
(IWT) that can mimic the icing or frosting process in the natural environment by spraying
supercooled water droplets onto the substrates. Unfortunately, this facility is rather rare
due to the high cost of the setup.

In [5] the effects on roughness at the micro/nanoscale by the pressure have been
evidenced due to the impinging of supercooled water droplets, in fact, the pressures at
water droplet impact can reach up to 105 Pa with the strong mechanical wearing of the
coating during its application. Moreover, the Cassie–Baxter state is a condition to be
maintained to keep the icephobic properties through the Euler stability of the roughness,
the surface asperities resistance to buckling upon water drop impacts.

The huge work on structures and morphology including roughness on hierarchical
scales is probably the most innovative approach in this field, considering the high level of
manipulation at the micro-nano scale available.

In the last 20 years high water-repellent surfaces have attracted the scientific com-
munity due to their wide potential applications in various research and technological
fields [6,7] (Figure 1). Lotus-leaf-inspired superhydrophobic surfaces (SHS) and Pitcher-
plant-inspired slippery liquid-infused porous surfaces (SLIPS) are compared in this review
work [8] providing the state-of-the-art bio-inspired icephobic coatings/surfaces aimed
at aircraft icing mitigation Experiments [9] were carried out at Icing Research Tunnel of
Iowa State University (i.e., ISU-IRT) facility aiming to evaluate SHS and SLIPS coatings
effectiveness in decreasing or eliminating ice accretion and its impact over the surfaces
of typical airfoil/wing models. Ice accretion was found to be hindered by both SHS and
SLIPS where strong aerodynamic forces were present, while where these forces found a
minimum like close to the airfoil stagnation line, ice formation was still found.

This method for preventing ice buildup on aerodynamic surfaces and wings has
been successfully demonstrated by combining icephobes with reduced surface heating
in the leading edge vicinity. This experimental study assessed the durability of icicle
coatings when exposed to rainfall, and the potential applications for preventing aircraft
icing. Additionally, it was re-evaluated the impact of ice on erosion and its associated
consequences by analyzing variations in ice adhesion forces and surface morphology of
eroded surfaces coated with SHS and SLIPS. The findings of this research provide valuable
insight into the fundamental physics behind developing anti-/deicing strategies and robust
solutions for mitigating aircraft icing.
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Figure 1. (a) Schematic diagram of contact angle and Young’s equation. (b) Schematic diagram of
dynamic contact angle measurement. (c) Schematic diagram of rolling angle measurement. (d) Hy-
drophobic model and its prototype in nature and electron micrograph. (e) Superhydrophobic model
and its prototype in nature and electron mi-crograph. (f) Slipperyliquid-infused porous surfaces
(SLIPS) model and its prototype in nature and electron micrograph. Reprinted with permission under
the terms of the Creative Commons CC BY license from Li, Z.; Wang, X.; Bai, H.; Cao, M. Advances in
Bioinspired Superhydrophobic Surfaces Made from Silicones: Fabrication and Application. Polymers
2023, 15, 543. https://doi.org/10.3390/polym15030543 [10].

Nevertheless, the impact of surface coatings on the performances and behavior of the
fluids should be thoroughly tested before their use in the industry. Once introduced, new
materials for coatings developed for passive ice protection systems undergo for testing with
deicing fluids in facilities like the Anti-icing Materials International Laboratory (AMIL)
where, more than 30 years, interactions with the ground deicing/anti-icing fluids have been
tested before approval for aeronautic application. In this work, current test methods, like the
Water Spray Endurance Test (WSET) and Aerodynamic Acceptance Test (AAT), have been
carried out on different, commercial and not commercial, surface coatings, with ground
deicing/anti-icing fluids: The application of the coating resulted in a decreased spreading,
wetting and the endurance time of the commercial fluids. Moreover, the superhydrophobic
coating could also avoid aerodynamic drawbacks coming with the reference fluid [2]. The
conclusions and methodology of this study were used in the development of sections of
the SAE AIR6232 (Society of Automotive Engineers, Aerospace Information Report n◦6232)
Aircraft Surface Coating Interaction with the Aircraft Deicing/Anti-Icing Fluids standard.

Coating composition is related to its chemistry, to low energy materials, but also
aimed to avoid the constraints given by environmental issues, raised by the dispersion of
solids and fluids in the air and ground, hardly recoverable and unpredictable long-term
accumulation effects.

Among new materials, the ice-repelling properties of superhydrophobic silicone rub-
ber nanocomposite surfaces were created in [11] through either spin coating or spray-
coating methods and examined through contact angle hysteresis (CAH), surface roughness,
and icing conditions. Both the spin and spray-coated samples displayed a high contact
angle (CA) (>150◦), a low contact angle hysteresis (<6◦), and a roll-off property. While the
spin-coated sample had a significantly reduced ice adhesion strength, the ice adhesion
strength on the spray-coated sample was surprisingly similar to that of the uncoated sam-
ple. This study highlights that a surface’s icephobic properties may not directly correspond
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to its superhydrophobicity, and further investigations, such as considering the effects of
icing conditions, are necessary. Additionally, the ice-repelling behavior of the spray-coated
sample was found to improve at lower levels of liquid water content (LWC) and under
icing conditions characterized by smaller water droplet size.

The role of surface topology on superhydrophobic/icephobic properties has been also
investigated by the authors in [12] where, despite high water-repellence with low heat
transfer in superhydrophobic surfaces having been widely found for anti-icing purposes,
at low temperatures, condensation phenomena occur with the result of more ice adhesion
by wetting of the micro- and nanostructures. To address this issue, researchers have
developed five different superhydrophobic coatings at the microscale by adjusting the
weight ratio of surface-modified nanoparticles to unmodified ones. The strength of ice
adhesion and the temperature at which ice nucleation occurs were examined, along with
the impact of moisture condensation on ice adhesion. The mechanism and condition of
ice strength and formation do not seem to be related to merely morphological aspects of
the coating, evidencing the key but not unique role of the roughness in determining the
surface features. The results address a more careful surface design underlying the top
superhydrophobic coating.

Various studies [13–15] have designed strategies to create an anti-icing surface for
specific industrial coating patches or objects carrying out surface modifications with the ice-
phobic characteristic embedded into currently existing commercial coatings for real-world
uses. The wide use of polyurethane-based products in the paint and coating industry sug-
gested by a study [16] about the icephobicity of a micron-scaled hydrophobic heterogeneous
treatment on Polyurethane Aerospace Coating., an icephobic coating (PPG Industries), evi-
dencing the role of coating in postponing the formation of frost while reducing ice adhesion
strength. A copolymer composed of hard and soft sections, poly(methyl methacrylate) and
poly(lauryl methacrylate-2-hydroxy-3-(1-amino dodecyl)propyl methacrylate), respectively,
a hydrophobic heterogeneity was obtained at the micron-scale at segregation level, result-
ing in the maintenance of the icephobic properties. The presence of distinct segments with
opposite features provides a particular characteristic appearing in a wrinkled design of the
coated layer (Figure 2).
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Figure 2. Scanning electron micrograph of the hydrophobic coating showing soft micro-domains
embedded on the wrinkled surface. Adapted with permission from Formation of Icephobic Surface
with Micron-Scaled Hydrophobic Heterogeneity on Polyurethane Aerospace Coating, Yeap-Hung
Ng, Siok-Wei Tay, and Liang Hong, ACS Applied Materials & Interfaces 2018 10 (43), 37517–37528,
DOI: 10.1021/acsami.8b13403. Copyright 2018 American Chemical Society [16].

The integration of icephobic solutions with active systems and their testing represents
the transition period in which newly achieved coating systems begin to couple existing
efficient, but energy-consuming devices.
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The effectiveness of a series of coatings composed of amphiphilic silicone polyurethane
(AmSiPU) was tested for its anti-icing capabilities [17,18]. While these types of coatings
have been previously researched for their antifouling potential, their use for anti-icing pur-
poses remains relatively unexplored. A range of amphiphilic polyurethane-based coatings
were produced, containing both hydrophilic polyethylene glycol (PEG) and hydrophobic
polydimethylsiloxane (PDMS) with variations in both molecular weight and composition.
The surface of these coatings was analyzed, revealing the presence of both PDMS and PEG
moieties and confirming their amphiphilic properties. The coatings were then tested for
their ability to prevent ice adhesion, with particular attention given to the relationship
between their anti-icing performance and water absorption and barrier properties.

The role of innovation aimed to limit accidents caused by ice adhesion on aircraft
surfaces poses a significant weight, highlighting the need for AIPS on board. Nevertheless,
the downside of AIPS is its added complexity and increased fuel consumption. A potential
solution to this is to use PIPS or seek ways to decrease the energy consumption of the AIPS.
Superhydrophobic coatings are one such innovative development that could help reduce
water adherence on surfaces and subsequently, fuel consumption. The cost associated with
AIPS could potentially be decreased by utilizing superhydrophobic or icephobic coatings.
Such coatings can effectively decrease ice adhesion and are thus commonly used. The
question remains whether these coatings will prove to be a solution for the cost issue
at hand.

In these commentaries [19], the author makes a wide comparison among different
ways to face ice adhesion-related problems and solutions. Superhydrophobic and icephobic
coatings are currently being studied to determine their level of hydrophobicity. Various
methods are being developed to adapt existing experimental data to be applied to aircraft.
However, it is important to consider the durability of these coatings and, even though
some of them have the potential to reduce AIPS power consumption, many do not possess
adequate erosion resistance for practical use. To aid manufacturers, guidelines for aircraft
erosion tests have been devised. Using superhydrophobic coatings, the extent to which
AIPS power consumption can be reduced is dependent on the level of hydrophobicity
utilized. Developing coatings that can resist erosion is the primary obstacle faced by
manufacturers and designers and the demand for coatings that are superhydrophobic and
icephobic arises from this need.

Critical components like leading edges, slats, or vertical tails are strongly affected by
ice formation decreasing flight reliability and safety. This work [5] mainly proposed two
aims focused on coating design with icephobic properties and, on the other side, developing
an innovative tool for wettability assessment. While in the first case, the study addresses
coating multifunctional properties including livery effect and resistance to adhesion and
abrasion, in the second one the authors attempt to reproduce the thermodynamic conditions
like pressure and temperature present at flight altitudes.

In these papers [20,21], the authors evaluated the performance of SHS in preventing
ice formation as a function of their durability in terms of erosion coupled with active deicers
(Figure 3).

Coupling icephobic coating with electromechanical deicers is one solution for facing
ice growth on the surfaces of aircraft with long-recognized issues concerning the security,
effectiveness and operational costs. Current dynamic ant-ice strategies, such as electro-
mechanical de-icers, are regularly based on dissolving or breaking ice layers despite these
dynamic approaches requiring significant energy for their operation. As passive solutions,
SHS can show icephobic properties preventing ice accretion, and, even if their prevention
is not completely found, they can be the basis for designing hybrid systems efficient in
lowering energy demand for active electromechanical deicers.
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2. Superhydrophobic Surface with Icephobic Behaviour for General Purpose

In recent years, the research on the prevention of ice and frost has significantly grown
since this problem affects numerous fields. Superhydrophobic surfaces, due to their low
water wettability, are regarded as the most promising materials with anti-icing properties.
As we shall see, this statement is partly erroneous because much depends on the actual
conditions under which the coating will be exercised (aerospace, marine environment,
energy systems). Much research that tries to find a solution to this problem provides results
that need to be investigated through specific tests for the different industrial applications.

Chen et al. [22] prepared a macroscopic Al honeycomb structure by electrospray on an
SHS with high mechanical strength and anti-icing behaviors. The coating on the honeycomb
structure has CA = 161.1 and roll of angle (RoA) = 5.6◦. The particular honeycomb structure
combined with the low wettability can explain the results from the icing test, in fact, it was
observed that at different temperatures below 0 ◦C the complete freezing time increased for
SHS and was better for the honeycomb structure. Also, the frost formation on the sample
surface tilted at 60◦ and at T = −20 ◦C was less on the SH honeycomb surface both compared
to the sample taken as a reference and especially compared to the superhydrophobic on a
smooth surface.

Another example is the work of Yu et al. [23] in which the authors affirm preparing an
SHS with icephobic behavior. The titanium SHS was prepared via chemical immersion in
copper solution and a successively annealing after that the surface showed a CA of about
158◦. Icephobicity was tested just by observing the behavior of the water droplet on SH
and reference surfaces cooled at −16 ◦C or observing ice melting on the two surfaces. The
authors observed that on SHS, water needs more time to freeze compared to reference and
ice, once melted, formed a spherical water droplet able to roll off the surface (Figure 4).

Cheng et al. [24] reported the creation of a superhydrophobic surface with ultra-low
ice adhesion without a specific application. For this reason, in this paper, the anti-icing tests
did not follow standard protocol. The authors prepared an SHS based on a sprayed PDMS
microsphere and OTS@SiO2 np (OTS is octadecyl trichloro silane), on fluorocarbon resin
(PDMS/SiO2 based surface). SHS show CA = 171◦ and Sa = 0.277 µm. The Sa was ten times
lower with respect to the PDMS coating and in the same order of magnitude coating with
only OTS@SiO2. From static and dynamic anti-icing tests with the surface at −10 ◦C, it was
observed that the PDMS/SiO2-based surface had good anti-icing ability as it was able to
prolong the freezing time probably due to a greater CAH (not reported). Ice adhesion was
further evaluated by freezing an ice block on the different surfaces and measuring the shear
force to detach ice. The test produced a result in line with previous observations confirming
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the anti-ice behavior of the prepared SHS. Also, the surface maintains its wettability after
100 mechanical abrasion cycles.
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Figure 4. Successive snapshots of ice melting process for adhesion test, the original Ti mesh is on the
left and the SSTM is on the right. Reprinted from Applied Surface Science, 476, T. Yu, S. Lu, W. Xu,
R. Boukherroub, Preparation of superhydrophobic/superoleophilic copper coated titanium mesh
with excellent ice-phobic and water-oil separation performance, 353–362, Copyright (2019), with
permission from Elsevier [23].

These are just a few examples where we can see how surfaces are deemed icephobic
but in a general context. In addition, the used tests to assess it are nonspecific and, in some
cases, exclusively qualitative rather than quantitative.

In the next sections studies on coatings at different degrees of hydrophobicity will be
reviewed also according to the test procedures they underwent including the use and the
impact of deicing fluids on the stability and durability of their icephobic performances.

3. Superhydrophobic Surface with Icephobic Behaviour for Aircraft Applications
3.1. SHS Not Tested in Flight Conditions

In the literature, some papers aimed to explore the application of superhydrophobic
coating in aeronautical fields conducting resistance and anti-icing tests in non-standard
conditions. These works could be considered as preliminary and some of them, are indeed
a first step of works that applied more stringent and adherence tests to what are the real
conditions of use.

Piscitelli et al. presented two works [25,26] in which an SH coating was characterized
on a lab scale. The SHS, in both papers, was prepared following the procedure in [27] and
the SH coating was applied on different aeronautical substrates, in terms of material and
roughness, and the icephobicity was tested by observing the shape of water-frozen droplets
(−27 ◦C) (Figure 5) and then the surface wettability. Cutting and tape tests according to
ASTM procedure were performed to evaluate mechanical abrasion resistance. Furthermore,
the work of adhesion and surface free energy of the prepared surface was calculated and
correlated with sample surface roughness. The authors observed that the SH treatment was
necessary to reach high CA and the roughness, regardless of the material, decreased after
surface modification, and different roughness can allow the same CA. The works conclude
by stating that prepared surfaces can reduce the contact area between ice and substate
and that adhesion work, obtained from surface free energy value, was reduced by more
than 80%.
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Figure 5. Pictures of samples acquired at −27 ◦C. Reference with water droplets before (a) and
after (b) the icing at −27 ◦C; coated sample with water droplets before (c) and after (d) the icing at
−27 ◦C. Reprinted with permission under the terms of the Creative Commons CC BY license from F.
Piscitelli, A. Chiariello, D. Dabkowski, G. Corraro, F. Marra, L. Di Palma, Superhydrophobic coatings
as anti-icing systems for small aircraft, Aerospace. 7 (2020) [26].

Liu et al. [28] developed and tested different PDMS-based icephobic coatings for
aircraft applications. In this study PDMS coating was fluorinated (F/PDMS) to increase
the wettability (CA = 124◦) and, to enhance the CA up to 157◦, fumed silica was added
(F-PDMS/silica). An initial test used to study icephobicity was to deposit a water drop
on a surface at a temperature of −10 ◦C, from this test it was observed that the greater
the CA, the smaller the contact area between ice and surface. On the other hand, a lower
value was observed for the hydrophobic sample. This result was justified by the different
roughness between the samples, SH F-PDMS/silica surface showed an average surface
roughness of 7.3 µm while hydrophobic F-PDMS 1.6 µm, with high values meaning high
interlocking of the ice within the surface. To investigate operating conditions similar to
those of a future application, wettability measurements were performed at a pressure of 0.5
bar and temperature of −12 ◦C. In such conditions, the CA of the SHS decreases to 104◦

(reduction of air pockets). From these works, it can be observed that, although the purpose
of use of the investigated surfaces is for aeronautical applications, the conducted tests do
not follow standard specifications and are rather subjective. Comparing these works, it is
also observed that surface roughness at macroscopic magnitudes is important to define ice
adhesion but is not sufficient to define a surface as icephobic.

3.2. SHS Tested in Flight Conditions

Some works devoted to ice prevention employing superhydrophobic surfaces for
aerospace applications draw incomplete or preliminary conclusions because the tests to
which the materials are subjected are not in line with real application conditions. To date,
the tests that most closely simulate real-world conditions are those involving the use of an
Icing Wind Tunnel (IWT) in which is possible to reach the relevant droplet’s impact velocity
(50 m/s or higher) at low temperatures (up to −30 ◦C) generating both rime and glaze ice
or specific aging test according to standards. Fortunately, to date, the research employing
these tests is increasing and this improves knowledge and the chances, through careful
study, of finding a solution to the long-standing problem of ice accretion during flight.

Among the earliest works devoted to the study of the properties of superhydrophobic
coatings for aeronautics applications using tests conducted under standard conditions
(IWT and others) are those by Antonini et al. [29] and Tarquini et al. [30]. In [29] different
surfaces, from hydrophilic to superhydrophobic, were analyzed in IWT (air speed 28 m/s,
T = −17 ◦C) varying icing conditions by acting on the nozzle for the liquid water clouds
generation following Icing certification (FAR29, Appendix C—Icing Certification for icing
condition requirements). The SH coating (CA = 161◦ ± 2) was obtained by depositing a
thin layer of Teflon by spray coating technique on the wing surface (etched aluminum).
To define how a surface was effective in reducing ice adhesion, values of heating power
required to avoid ice formation were taken as quantitative parameters. They found that
the use of SH coating for aluminum reference provides a reduction in heating power
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up to 80% to keep the edge of the wing ice-free and a significant reduction of runback
ice in high LWC and complete prevention in low LWC conditions. Furthermore, it was
observed that the grown ice consists of isolated structures, features that facilitate their
breakage and removal. Unfortunately, the present study did not provide data regarding the
characteristics of the coating after the test. In [30] the authors tested two SH commercial
materials (surface roughness 1.1 and 2.42 µm) and two common metals (baseline) (surface
roughness 0.5 µm) to evaluate the icephobic properties in helicopter blades employing an
Adverse Environment Rotor Test Stand facility (T up to −25 ◦C and about 60 m/s) following
the Federal Aviation Administration (FAA) advisor circular. The authors found that at high
LWC on SH-FAS material, the ice-shedding capability could be slightly enhanced compared
to the other samples. However, the authors observed that the adhesion reduction for the
two SH samples did not depend on wettability because similar CA show differently in rime
ice conditions. Nevertheless, it was observed that SHS exhibited a reduced thickness of the
grown ice (Figure 6) but on the other hand, it was pointed out that adhesion stress increases
as roughness increases, and the SH samples started to deteriorate after four shedding tests.
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Figure 6. Ice shape pictures for both metallic and SHS materials, taken immediately before the
shedding event. Case nomenclature is A, D glaze ide, B, mix condition and C rime. Ice shape profile
has been enhanced to ease visual comparisons. SHS case A seems to have a lot of ice on the top
surface not enhanced, but this is correct because that ice section is made only by light ice feathers,
which would have been shed earlier and separately from the leading edge ice. Reprinted from Cold
Regions Science and Technology, 100, S. Tarquini, C. Antonini, A. Amirfazli, M. Marengo, J. Palacios,
Pages 50–58, Copyright (2014), with permission from Elsevier [30].

Also, Fortin et al. [31] tested different commercial hydrophobic and superhydrophobic
(CA = 152◦) coatings under glaze and rime conditions in IWT. Different temperatures
were settled to simulate different ice conditions at a constant speed of 21 m/s. From the
test, it was observed that the SHS allowed to save energy equal to 33% for glaze ice and
about 13% for rime concerning the anti-icing system without coating (reference). Also,
the hydrophobic coating allowed for saving energy but in smaller quantities than SHS.
From this preliminary work, the increase in hydrophobicity allowed reducing energy
consumption for ice protection but no tests about the durability and resistance of SHS were
conducted.

Piscitelli et al., over the years, proposed different studies in which they analyzed
the yield of SH materials under real application conditions. In these works, [27,32] the
SH coating was prepared by spray coating technique where several layers of nanometric
hydrophobic silica dispersed in Tetrahydrofuran were deposited on different substrates
with or without a polyurethane primer layer. In [27] the authors found that higher CA
was reached when the silica dispersion was prepared by ultrasonication, in fact, superhy-
drophobic behavior was reached only after this step. Reference and SH-coated samples
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(Ra = 0.3 µm) were subjected to an aging test according to the MIL standard in which real
flight conditions at 16,000 m in altitude were simulated (variation of humidity and tempera-
ture) for about 16 h, 10 times. After the aging test, the SH coating maintained its wettability
in particular when a primer PU (Polyurethane) layer was applied and measurement of CA
at −12 ◦C and 0.5 bar showed a decrease in wettability losing superhydrophobicity (<130◦).
An evolution of the work is found in [32] where an SH coating, produced following the
procedure in [33], was applied on the NACA0015 (symmetrical airfoil with a 15% thickness
to chord ratio developed by the National Advisory Committee for Aeronautics) wing
profile has been subjected to an IWT test, the temperature ranged from −3 to −23 ◦C at an
altitude of 3000 m, LWC 0.3 g/m3 and two-speed tests 50 and 95 m/s. Superhydrophobicity
was maintained after the IWT test campaign but the effectiveness of the SH coating on ice
prevention/reduction depended on the tested conditions (glace or rime and exposure time)
and, in general, for long exposure time it could be considered as a support to an active
system and not for use only as an anti-icing system.

Morita et al. [34] conducted validation tests in IWT on a hybrid anti-icing system
(CA = 150◦ RoA = 8◦) prepared by combining icephobic polytetrafluoroethylene (PTFE)
coating and electrothermal heating (ICE-WIPS). The IWT test chosen conditions appeared
in Federal regulation and they selected wind speed of 75 m/s, T = −10/−8 ◦C and different
LWC. The experiments provided raw data concerning the reduction in power consumption
and it was observed that, in relationship to the existing heating system, the ICE-WIPS
reduced power consumption by 30 to 70% depending on icing conditions. The work,
however, did not provide data regarding the durability and the maintenance of properties
thus resulting partly deficient for actual applications.

Brown et al. [35] recently developed an SH duplex coating system devoting a great deal
of attention to its environmental durability. This material was obtained on stainless steel by
depositing first TiO2 powder by suspension plasma spray and secondly, a thin coating of
diamond-like carbon network with SiO2 by plasma enhanced chemical vapor deposition.
The prepared coating showed CA = 159◦, CAH = 3.8◦ and Sa = 10.3 µm. The SH coating
was exposed to icing/deicing cycling (IWT), rain erosion, and accelerated aging test, and
the results were compared with those from tests performed on SH TiO2/stearic acid and
commercial hydrophobic fluoropolymer. The IWT test conditions were T = −10 ◦C with air
speed of 43 m/s and LWC of 0.5 g/m3. At the end of the study, it was possible to affirm
that the prepared SH coating was resistant to UV exposure, and could resist up to 6000
water droplets impact at 165 m/s and especially started to degrade after 170 icing/deicing
cycles resulting in the coating with the best performance. However, the authors pointed
out that, although the test in IWT was under severe conditions, deicing by melting and
removal of ice through this method was less damaging than removing it by shearing force
and that, if this situation could arise, the coating would degrade much faster. As above
noted, the works just reported all apply specific test conditions that are very close to real
ones even if they are often different from each other. In general, it is observed that SHS
decreases the energy required to melt ice in AIPS and that the greater or lesser effectiveness
depends on the type of formed ice.

Until now, we revised articles where wettability studies did not take into account the
reported roughness values. In the following papers, however, this relationship has been
carefully analyzed to draw more accurate conclusions after IWT testing.

Belaud et al. [36] investigated by IWT tests hydrophobic and superhydrophobic sur-
faces created on an aluminum alloy commonly used for aerospace components. The
different wettability and roughness were obtained working on the Al alloy anodization
in different media, sulphuric (SA) or oxalic acid (OA), and subsequently, each sample
was functionalized by spraying a commercial hydrophobizing agent. OA samples were
hydrophobic (max CA = 146◦, RoA = 81◦) with max surface roughness of 0.32 µm, SA
samples were superhydrophobic with CA of 162◦ and 170◦, RoA of 32 and 4◦, respectively,
and surface roughness one order of magnitude higher than OA samples and smooth Al
alloy reference (roughness like OA). IWT tests were performed following FAA specifi-
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cations creating four different icing conditions (rime, mixed/rime, mixed/glaze, glaze)
after each of them, ice adhesion strength was measured. Except for the glaze condition in
which the adhesion strength remained unchanged for all surfaces (approx. 45 kPa), in the
other three conditions, only the hydrophobic OA sample showed adhesion strength lower,
2–3 times, than the reference (Figure 7). This result was explained considering the different
surface roughness between the samples supporting the theory that wettability alone is not
synonymous with anti-ice.
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Another work supporting this theory is [11] in which the authors prepared, by different
techniques (spin and spray coating) but the same mixture, two SHS with different surface
roughness. Spin coated sample showed CA = 156◦, CAH = 5◦ and Ra = 500 nm, spray
coated sample showed CA = 165◦, CAH = 4◦ and Ra = 8 µm. After the IWT test (T = −10 ◦C,
wind speed 10 m/s, different LWC conditions and size of microdroplets) it was observed
that although the samples had similar wettability and CAH, different ice adhesion strength
values were registered. The spray-coated sample showed higher values, similar to the
reference, compared to the spin-coated one evidencing the dominant effect of roughness
on icephobicity. Furthermore, less stable wettability of spin coated sample with respect to
spray coated one was observed, and icephobicity decreased after each icing/deicing cycle.

Continuing the search for a performance coating with icephobic behaviors for aerostruc-
ture components, Mora et al. [37] proposed the use of quasicrystals (QCs) metallic materials.
They are applied by means of high-velocity oxyfuel thermal spray Al-based QCs on com-
mon aeronautic materials. In particular, the work aimed to compare the QCs coating with
PTFE, PU-based commercial paints and bare metal considering also the surface roughness.
To do that, two QC materials were chosen and tested both in an “as deposited” state and
after grinding with SiC paper to allow surface roughness similar to the reference. As
deposited QCs materials showed different CA, for QC1 it was 158◦ with a CAH of 58◦,
for QC2 CA = 114◦ and CAH = 60◦. All other reference materials showed contact angles
less than 101◦ (PTFE). Ground QCs lost their wettability in fact CA for QC1 decreases to
57◦ and QC2 to 72◦. IWT tests were performed both in glaze and rime ice conditions and
ice accretion was evaluated. Under rime and glaze conditions the mass of ice accreted on
all QCs coating was less than ice on standard metals. A different behavior was observed
for the ice adhesion test, in this case, roughness played a critical role, the best results (low
shear stress) were observed for the low roughness sample (PTFE and PU reference), and
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lower values than as-deposited QCs were observed for ground QCs samples even lower
than the value obtained for the aeronautic paint. The results thus lead to the statement that
for ice adhesion, roughness played a role more important than wettability which seemed
to be important in the mass of accreted ice, and finally that QCs materials are promising
in terms of durability. Comparing these works, it can be affirmed that roughness is a key
factor in the ice adhesion to the surface. Each work concludes by noting that samples with
higher roughness, even if SH, show higher shear stress than the unmodified surfaces used
as reference. It should be noted, however, that in all these cases the produced SHS shows
a macroroughness on the order of microns, while in the only case where an SHS shows
performant results, the roughness is below the micron (500 nm, CA = 156◦). In conclusion,
we can affirm that superhydrophobicity plays a key role only if it is accompanied by nano
roughness that does not allow strong ice interlocking.

3.3. Hydrophobic and SLIP Surfaces with Icephobic Purpose Tested in Flight Conplaysditions

It was observed from the literature that it is difficult to obtain SH surfaces with
anti-ice behavior and durability; some authors directed their research toward other types
of surfaces.

Rivero et al. [38] in the present study proposed three hydrophobic coatings, prepared
by different techniques and materials, with anti-icing behavior to deepen the use of coatings
for passive solutions in airplanes. The three coatings were tested in IWT (air speed 50 m/s,
T = −8 ◦C, LWC 0.36 g/cm3) evaluating ice accretion and durability after some icing-deicing
cycles. From these tests, it was observed, considering also reference material such as PTFE
and Al substrate, that the anti-icing behavior was a combination of surface roughness and
surface energy. Materials with similar roughness (coating 1 and PTFE) showed different ice
adhesion and high roughness was more important with respect to low wettability. The best
coating was that showing CA = 88◦ and Ra 0.19 µm but the results are far from a possible
aeronautical application due to its low mechanical resistance.

SLIPS are a category of materials recently investigated for applications in aeronautical
applications. Veronesi et al. [39] prepared and tested them in IWT to evaluate the ice
accretion in rime and glaze conditions. Two different SLIPS were prepared, one was
Al2O3-based and the other was SiO2-based and both were infused in perfluoropolyether
lubricant oils (two liquids that differ in terms of viscosity). IWT were conducted in different
conditions but same velocity, 50 m/s, to obtain glaze and rime regimes. Al2O3-based and
SiO2-based SLIPS showed similar CA around 120◦ depending on the used lubricant oil
and not on the substrate material. An important difference was the morphology of the
samples: Al2O3-based coatings showed a flower-like structure, and SiO2-based showed
nanoparticles agglomerate with larger pores compared to alumina coatings. Both SLIPS
displayed a decrease in ice accretion with respect to the uncoated surface, in particular,
silica-based showed a reduction of up to 45% in glaze conditions. In rime, ice conditions
not much improvement was observed compared with the reference.

Also, Vicente et al. [40] studied SLIPS as an anti-icing solution comparing them with
self-prepared SHS. Both surfaces were formed by PVDF deposited by electrospinning
technique and silicon oil was used as liquid to fill the porous PVDF structure and obtain
the SLIPS. The prepared SH surfaces showed a linear correlation between CA and Sa, the
highest value of CA (about 162◦) was reached for the roughest sample (Sa = 700 nm). The
SLIPS obviously showed low CA (106◦) but the value of CAH (SHS CAH = 30◦, SLIPS
CAH = 19◦) denoted how droplet mobility was better on this surface. Anti-icing behavior,
on the best SHS and on SPLIPS, was tested in two conditions in IWT (air speed 70 m/s,
T = −5/−15 ◦C, LWC 0.5 g/cm3) in order to produce glaze and rime ice, and adhesion test
was performed using a centrifuge. PTFE and Al were used as a reference and in both glaze
and rime conditions, as shown in Figure 8, SHS showed higher ice adhesion (especially in
glaze conditions) than PTFE, while SLIPS achieved low ice adhesion in both conditions
(four and seven times less of PTFE). SHS sample lost its property after only one cycle of
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icing/deicing instead of SLIPS that resisted up to four cycles. The surface was still not
resistant considering that Al and PTFE did not show degradation after the test.
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From these studies, it is possible to observe that SLIP surfaces are more performant
compared to SHS due to the presence of lubricant in the microstructure that avoids water
penetration and ice interlocking with the surface. Unfortunately, SLIPS seems to be not
resistant to icing/deicing tests indicating that to date this solution is not applicable.

4. Deicing Fluids

Regardless of whether innovative coatings investigated as potential passive ice protec-
tion systems were hydrophobic, superhydrophobic, or SLIPS, they must resist the effects
due to the application of deicing fluids and simultaneously that the fluids do not lose
effectiveness when applied to surfaces. The problem with deicing/anti-icing fluids regards
their composition because they are mainly composed of water, glycols, additives, and
surfactants with potential adsorption to the surface and consequential loss of their initial
highly hydrophobic properties. Villeneuve et al. [2] performed two current test methods
used to qualify the ground deicing/anti-icing fluids on five different surface coatings,
commercial and under development, and the results were used to develop a section of
the SAE AUR6232 about fluids endurance time. They found that, depending on used
deicing/anti-icing fluids, some surfaces could reduce the fluid endurance time that was
regulated by law (Figure 9). The authors found no direct correlation between the CA and
the endurance time and even when a positive result was observed, it was possible that the
surface affected the fluid flow off establishing possible negative effects on aerodynamics.
A later study setting out to explore this problem is more accurately described in [3]. In
this paper, as opposed to [2], the authors provided detailed information about commercial
anti-ice fluids (density, viscosity and surface tension) and employed surfaces (Sa, advancing
and receding CA). Superhydrophilic and hydrophobic surfaces were used to test the ice
protection of three commercially anti-icing fluids during the water spray endurance test.
It was observed that surface wettability had no effect on the anti-icing fluid endurance
time and that the results of ice accretion and durability were correlated with fluid viscosity
and surface tension. The authors in particular stressed how surface roughness was impor-
tant and must be considered for comparative studies since rough surfaces took longer to
accumulate ice due to the presence of anti-ice fluid in the surface texture.
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On the other hand, Zhang et al. [41] investigated the negative effects of deicing
fluids on coating performance. Commercial SHS and PTFE-based surfaces were chosen as
representative icephobic materials and they were applied on test plates. Enamel coating was
used as a reference material. Icephobic plates were immersed in two different commercial
deicing fluids to simulate a situation where liquids remained on the airframe surfaces for
different amounts of time before take-off. The authors observed that the two liquids had
different impacts on the surface’s wettability. Type-I deicing fluid showed low or no effect
on the performance of SH and PTFE coating, on the other hand, Type-IV deicing fluid was
capable of strongly contaminating surfaces by drastically reducing their icephobicity and
consequently increasing their ice adhesion strength.

5. Conclusions

In this work, recent and fundamental literature has been revised on topics related to
strategies to inhibit ice formation in aircraft as passive solutions or in combination with
active systems. In the conclusion remarks, we can underline the high potential of SHS,
which can be efficiently combined to reduce power consumption in an anti-icing active sys-
tem. From the literature, some improvements should be addressed among physicochemical
properties studies, where it can be observed that icephobicity is correlated with surface
roughness, while wettability is not a comprehensive parameter to speculate about icephobic
behavior. Moreover, studies addressing erosion resistance and ultraviolet degradation will
be conducted, as they significantly affect the durability and overall stability of the treatment,
potentially compromising the safety of the aircraft functions. Lack of methodology has been
observed in studies on characterization and assessment of the icephobic coating perfor-
mance, found not following the same protocols (methodology, shape form airfoils, how ice
was introduced/grown on material) producing results that are not easily comparable and,
in some cases, the test conditions are not reported. Furthermore, in some papers, details
about surfaces such as roughness and CAH are not listed making comparison impossible.
Future perspectives can be suggested considering the real application on aircraft with more
insight into uniforming protocols and tests with de-icing/anti-icing fluids.

Author Contributions: The manuscript was written through the contributions of all authors. M.F.:
conceptualization and supervision. F.C. and M.F.: writing—original draft. F.C. and M.F.: validation,

56



Appl. Sci. 2023, 13, 11684

resources, investigation, writing—review and editing; F.C.: image processing. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tiwari, A. A Study of Icephobic Coatings, Part 1. Available online: https://www.pcimag.com/articles/106963-a-study-of-

icephobic-coatings-part-1 (accessed on 27 August 2023).
2. Villeneuve, E.; Brassard, J.D.; Volat, C. Effect of Various Surface Coatings on De-Icing/Anti-Icing Fluids Aerodynamic and

Endurance Time Performances. Aerospace 2019, 6, 114. [CrossRef]
3. Grishaev, V.G.; Borodulin, I.S.; Usachev, I.A.; Amirfazli, A.; Drachev, V.P.; Rudenko, N.I.; Gattarov, R.K.; Bakulin, I.K.; Makarov,

M.V.; Akhatov, I.S. Anti-Icing Fluids Interaction with Surfaces: Ice Protection and Wettability Change. Int. Commun. Heat Mass
Transf. 2021, 129, 105698. [CrossRef]

4. Laforte, C.; Blackburn, C.; Perron, J. A Review of Icephobic Coating Performances over the Last Decade; SAE Technical Papers; SAE
International: Warrendale, PA, USA, 2015; Volume 2015.

5. Mazzola, L. Aeronautical Livery Coating with Icephobic Property. Surf. Eng. 2016, 32, 733–744. [CrossRef]
6. Guo, Z.; Liu, W.; Su, B.-L. Superhydrophobic Surfaces: From Natural to Biomimetic to Functional. J. Colloid Interface Sci. 2011, 353,

335–355. [CrossRef] [PubMed]
7. Elzaabalawy, A.; Meguid, S.A. Advances in the Development of Superhydrophobic and Icephobic Surfaces. Int. J. Mech. Mater.

Des. 2022, 18, 509–547. [CrossRef] [PubMed]
8. Ma, L.; Zhang, Z.; Gao, L.; Liu, Y.; Hu, H. Bio-Inspired Icephobic Coatings for Aircraft Icing Mitigation: A Critical Review. Rev.

Adhes. Adhes. 2020, 8, 168–198. [CrossRef]
9. Gao, L.; Liu, Y.; Ma, L.; Hu, H. A Hybrid Strategy Combining Minimized Leading-Edge Electric-Heating and Superhydro-/Ice-

Phobic Surface Coating for Wind Turbine Icing Mitigation. Renew. Energy 2019, 140, 943–956. [CrossRef]
10. Coclite, A.M.; Chen, L.; Zang, D.; Antonini, C.; Li, Z.; Wang, X.; Bai, H.; Cao, M. Advances in Bioinspired Superhydrophobic

Surfaces Made from Silicones: Fabrication and Application. Polymers 2023, 15, 543. [CrossRef]
11. Momen, G.; Jafari, R.; Farzaneh, M. Ice Repellency Behaviour of Superhydrophobic Surfaces: Effects of Atmospheric Icing

Conditions and Surface Roughness. Appl. Surf. Sci. 2015, 349, 211–218. [CrossRef]
12. Susoff, M.; Siegmann, K.; Pfaffenroth, C.; Hirayama, M. Evaluation of Icephobic Coatings—Screening of Different Coatings and

Influence of Roughness. Appl. Surf. Sci. 2013, 282, 870–879. [CrossRef]
13. Ng, Y.H.; Tay, S.W.; Hong, L. Ice-Phobic Polyurethane Composite Coating Characterized by Surface Micro Silicone Loops with

Crumpling Edges. Prog. Org. Coat. 2022, 172, 107058. [CrossRef]
14. Wu, X.; Silberschmidt, V.V.; Hu, Z.T.; Chen, Z. When Superhydrophobic Coatings Are Icephobic: Role of Surface Topology. Surf.

Coat. Technol. 2019, 358, 207–214. [CrossRef]
15. Bakhshandeh, E.; Sobhani, S.; Jafari, R.; Momen, G. New Insights into Tailoring Physicochemical Properties for Optimizing the

Anti-Icing Behavior of Polyurethane Coatings. J. Appl. Polym. Sci. 2023, 140, e54610. [CrossRef]
16. Ng, Y.H.; Tay, S.W.; Hong, L. Formation of Icephobic Surface with Micron-Scaled Hydrophobic Heterogeneity on Polyurethane

Aerospace Coating. ACS Appl. Mater. Interfaces 2018, 10, 37517–37528. [CrossRef]
17. Upadhyay, V.; Galhenage, T.; Battocchi, D.; Webster, D. Amphiphilic Icephobic Coatings. Prog. Org. Coat. 2017, 112, 191–199.

[CrossRef]
18. Martinelli, E.; Suffredini, M.; Galli, G.; Glisenti, A.; Pettitt, M.E.; Callow, M.E.; Callow, J.A.; Williams, D.; Lyall, G. Amphiphilic

Block Copolymer/Poly(Dimethylsiloxane) (PDMS) Blends and Nanocomposites for Improved Fouling-Release. Biofouling 2011,
27, 529–541. [CrossRef]

19. Fortin, G. Considerations on the Use of Hydrophobic, Superhydrophobic or Icephobic Coatings as a Part of the Aircraft Ice Protection System;
SAE Technical Papers; SAG: Warrendale, PA, USA, 2013; Volume 7. [CrossRef]

20. Consortium ICEAGE Project. PROJECT FINAL REPORT Grant Agreement Number: CS-GA-2014-632630 Project Acronym: ICEAGE
Project Title: Ice Phobic Coating Associated to Low Power Electromechanical De-Icers; Cordis: Luxembourg, 2015.

21. Huang, X.; Tepylo, N.; Pommier-Budinger, V.; Budinger, M.; Bonaccurso, E.; Villedieu, P.; Bennani, L. A Survey of Icephobic
Coatings and Their Potential Use in a Hybrid Coating/Active Ice Protection System for Aerospace Applications. Prog. Aerosp. Sci.
2019, 105, 74–97. [CrossRef]

22. Chen, X.; Hu, L.; Du, Y. Anti-Icing and Anti-Frost Properties of Structured Superhydrophobic Coatings Based on Aluminum
Honeycombs. Mater. Chem. Phys. 2022, 291, 126683. [CrossRef]

23. Yu, T.; Lu, S.; Xu, W.; Boukherroub, R. Preparation of Superhydrophobic/Superoleophilic Copper Coated Titanium Mesh with
Excellent Ice-Phobic and Water-Oil Separation Performance. Appl. Surf. Sci. 2019, 476, 353–362. [CrossRef]

24. Cheng, H.; Yang, G.; Li, D.; Li, M.; Cao, Y.; Fu, Q.; Sun, Y. Ultralow Icing Adhesion of a Superhydrophobic Coating Based on the
Synergistic Effect of Soft and Stiff Particles. Langmuir 2021, 37, 12016–12026. [CrossRef]

57



Appl. Sci. 2023, 13, 11684

25. Piscitelli, F. Superhydrophobic Coatings for Aeronautical Applications. In Proceedings of the 2020 IEEE International Workshop
on Metrology for AeroSpace, MetroAeroSpace 2020-Proceedings, Pisa, Italy, 22–24 June 2020; pp. 282–287. [CrossRef]

26. Piscitelli, F.; Chiariello, A.; Dabkowski, D.; Corraro, G.; Marra, F.; Di Palma, L. Superhydrophobic Coatings as Anti-Icing Systems
for Small Aircraft. Aerospace 2020, 7, 2. [CrossRef]

27. Piscitelli, F.; Tescione, F.; Mazzola, L.; Bruno, G.; Lavorgna, M. On a Simplified Method to Produce Hydrophobic Coatings for
Aeronautical Applications. Appl. Surf. Sci. 2019, 472, 71–81. [CrossRef]

28. Liu, J.; Wang, J.; Mazzola, L.; Memon, H.; Barman, T.; Turnbull, B.; Mingione, G.; Choi, K.S.; Hou, X. Development and Evaluation
of Poly(Dimethylsiloxane) Based Composite Coatings for Icephobic Applications. Surf. Coat. Technol. 2018, 349, 980–985.
[CrossRef]

29. Antonini, C.; Innocenti, M.; Horn, T.; Marengo, M.; Amirfazli, a. Understanding the Effect of Superhydrophobic Coatings on
Energy Reduction in Anti-Icing Systems. Cold Reg. Sci. Technol. 2011, 67, 58–67. [CrossRef]

30. Tarquini, S.; Antonini, C.; Amirfazli, A.; Marengo, M.; Palacios, J. Investigation of Ice Shedding Properties of Superhydrophobic
Coatings on Helicopter Blades. Cold Reg. Sci. Technol. 2014, 100, 50–58. [CrossRef]

31. Fortin, G.; Adomou, M.; Perron, J. Experimental Study of Hybrid Anti-Icing Systems Combining Thermoelectric and Hydrophobic
Coatings; SAE Technical Papers; SAE: Warrendale, PA, USA, 2011. [CrossRef]

32. Piscitelli, F. Characterization in Relevant Icing Conditions of Two Superhydrophobic Coatings. Appl. Sci. 2022, 12, 3705. [CrossRef]
33. Piscitelli, F. Substrate Superhydrophobic and Icephobic Coating, Method for Obtaining It and Substrate Thus Coated. International

Patent Application N PCT/IB2022/062672, 22 December 2022.
34. Morita, K.; Kimura, S.; Sakaue, H. Hybrid System Combining Ice-Phobic Coating and Electrothermal Heating for Wing Ice

Protection. Aerospace 2020, 7, 102. [CrossRef]
35. Brown, S.; Lengaigne, J.; Sharifi, N.; Pugh, M.; Moreau, C.; Dolatabadi, A.; Martinu, L.; Klemberg-Sapieha, J.E. Durability of

Superhydrophobic Duplex Coating Systems for Aerospace Applications. Surf. Coat. Technol. 2020, 401, 126249. [CrossRef]
36. Belaud, C.; Vercillo, V.; Kolb, M.; Bonaccurso, E. Development of Nanostructured Icephobic Aluminium Oxide Surfaces for

Aeronautic Applications. Surf. Coat. Technol. 2021, 405, 126652. [CrossRef]
37. Mora, J.; García, P.; Muelas, R.; Agüero, A. Hard Quasicrystalline Coatings Deposited by Hvof Thermal Spray to Reduce Ice

Accretion in Aero-Structures Components. Coatings 2020, 10, 290. [CrossRef]
38. Rivero, P.J.; Rodriguez, R.J.; Larumbe, S.; Monteserín, M.; Martín, F.; García, A.; Acosta, C.; Clemente, M.J.; García, P.; Mora, J.;

et al. Evaluation of Functionalized Coatings for the Prevention of Ice Accretion by Using Icing Wind Tunnel Tests. Coatings 2020,
10, 636. [CrossRef]

39. Veronesi, F.; Boveri, G.; Mora, J.; Corozzi, A.; Raimondo, M. Icephobic Properties of Anti-Wetting Coatings for Aeronautical
Applications. Surf. Coat. Technol. 2021, 421, 127363. [CrossRef]

40. Vicente, A.; Rivero, P.J.; García, P.; Mora, J.; Carreño, F.; Palacio, J.F.; Rodríguez, R. Icephobic and Anticorrosion Coatings
Deposited by Electrospinning on Aluminum Alloys for Aerospace Applications. Polymers 2021, 13, 4164. [CrossRef] [PubMed]

41. Zhang, Z.; Lusi, A.; Hu, H.; Bai, X.; Hu, H. An Experimental Study on the Detrimental Effects of Deicing Fluids on the Performance
of Icephobic Coatings for Aircraft Icing Mitigation. Aerosp. Sci. Technol. 2021, 119, 107090. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

58



Citation: Ziętkowska, K.;
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Abstract: Recently, the photovoltaic technology has become very popular as a means to produce
renewable energy. One of the problems that are still unsolved in this area of the industry is that
photovoltaic panels are subject to a significant loss of efficiency due to the accumulation of dust and
dirt. In addition, during the winter season, the accumulation of snow and ice also reduces or stops the
energy production. The current methods of dealing with this problem are inefficient and pollute the
environment. One way with high potential to prevent the build-up of dirt and ice is to use transparent
coatings with self-cleaning and icephobic properties. In this work, the chemical modification of
an epoxy–silicone hybrid resin using dually functionalized polysiloxanes was carried out. The
icephobic properties (ice adhesion and freezing delay time of water droplets), hydrophobic properties
(water contact angle, contact angle hysteresis, and roll-off angle), average surface roughness, and
optical properties were characterized. It can be concluded that the performed chemical modification
resulted in a significant improvement of the icephobic properties of the investigated coatings: ice
adhesion decreased by 69%, and the freezing delay time increased by 17 times compared to those
of the unmodified sample. The polysiloxanes also caused a significant reduction in the contact
angle hysteresis and roll-off angle. The chemical modifications did not negatively affect the optical
properties of the coatings, which is a key requirement for photovoltaic applications.

Keywords: icephobicity; hydrophobicity; ice adhesion; freezing delay time; polysiloxanes;
transparent coatings; photovoltaics

1. Introduction

Over the past few years, the world of science and industry has focused a great deal of
attention on coatings as structural and functional materials. Transparent coatings are of
particular interest because of their multitude of applications. These coatings can be used
on windows, car windows, aircraft subcomponents, skyscraper roofs, glass facades, and
photovoltaic modules [1–3].

The photovoltaic technology is one of the most popular and growing means for the
production of renewable energy. The technology converts sunlight directly into electricity.
Photovoltaics finds a variety of applications such as in solar farms [4], systems to supply
power in space [5], remote locations [6], buildings [7], etc. In 2020, there was a record
increase of 23% in power generation from solar photovoltaic compared to 2019, translating
into a 156 TWh increase in power generation [8,9].
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As the market grows, there are new requirements for photovoltaic installations to
be increasingly efficient and reliable. However, the performance of photovoltaic panels
is directly affected by external atmospheric factors such as dust, pollution, UV radiation,
snow, ice, and frost. The accumulation of pollutants on the surface of photovoltaic modules
in the form of dust or sediment can reduce their efficiency and power output by up to
several percent points. It is estimated that the decrease in output for contaminants with
a thickness of 1 µm can be about 10% and for dust with a thickness of 3 µm can be up to
25% [10]. In addition, during winter and in cold regions, snow and ice are other obstacles
to maintaining the high efficiency of photovoltaic power generation. The accumulation of
snow or frost on installations usually results in a complete halt of power production [11].
The current methods of removing snow from PV installations include manual methods
causing energy consumption and the use of polluting de-icing chemicals. However, the
chemicals contribute to environmental pollution, and the manual labor includes risk factors
of personal injury and the risk of damaging the PV module surfaces with sundry tools [12].

In recent years, a proposed strategy with great potential to deal with surface icing is
the use of passive icephobic coatings. In the literature, studies of icephobicity focus on the
low ice adhesion strength, the longest possible freezing time for water droplets, and the
prevention of ice accumulation. In addition to the aforementioned icephobicity, coatings
for photovoltaic panels should also exhibit self-cleaning properties (high value of the water
contact angle and low value of the roll-off angle) and durability of their properties over
time, while maintaining the required optical properties (transmittance and reflectance) [13].
The reasons limiting the use of durable, transparent coatings with self-cleaning and ice-
phobic properties in industrial practice are their high manufacturing cost, difficulties in
production scalability, and susceptibility to various types of degradation such as thermal
and UV damage [14,15]. None of the solutions currently known from the literature is fully
effective in preventing the fouling and icing of photovoltaic panels over the long term.

Epoxy resins and their hybrids are among the most popular resins used. In the
available literature, only a few works about transparent coatings based on epoxy resins
that exhibit durable self-cleaning and icephobic properties can be found. In [16], an epoxy
surface water contact angle of 175◦ was obtained, but the authors did not perform optical
measurements of the investigated coatings. In 2017, Z. Yang et al. [17] presented very
promising results on transparent epoxy coatings with superhydrophobic and self-cleaning
properties. The work detailed the influence of various factors on the durability of the
water contact angle. Unfortunately, the effect of the applied coating modifications on the
optical and icephobic properties was not presented. Roppolo et al. [18] also presented
transparent epoxy coatings, which can be used as coatings on photovoltaic modules due to
the uncomplicated, low-cost, and easily scalable manufacturing method. The modification
of these coatings involved the addition of a mica-based mineral filler. In this work, no
studies were conducted to evaluate the anti-icing properties.

One of the main groups of materials used in the growing fields of icephobicity and
hydrophobicity is that of polysiloxanes and their derivatives. These materials have low
surface energy, high durability, and low elastic modulus [19]. All these properties pro-
vide polysiloxanes with a high potential as anti-icing hydrophobic materials. In many
works, coatings exhibiting a low surface energy are being studied for their anti-icing
properties [20–23]. In 2020, Kozera et al. [24] performed a modification of an unsaturated
polyester resin with double-organofunctionalized polysiloxanes. This modification resulted
in an increase in the water contact angle and a decrease in ice adhesion compared to the
unmodified matrix. According to literature reports, the adhesion of ice to surfaces based on
polysiloxanes can achieve a value even below 1 kPa [19]. Bessonov et al. [25] also proved
that polysiloxanes increase a surface hydrophobicity.

Transparent coatings intended for photovoltaic panel applications should meet several
requirements that mainly include icephobic properties, self-cleaning properties, and of
course, optical properties. To date, no solution in the literature simultaneously provides
all of these properties. The research presented in this work is a first step in the design
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of coatings for photovoltaic panel applications mainly focusing on obtaining ice-phobic
properties. In this work, the modification of a transparent silicone–epoxy resin with
original in-lab-synthesized chemical compounds from the group of doubly functionalized
polysiloxanes was carried out. The chemical modifiers used in this work contain alkyl and
oxirane groups in their structure to ensure compatibility with the selected polymer matrix
and icephobic properties. The use of polysiloxanes containing two types of functional
groups represents the novelty and uniqueness of this research. This work attempted
to test the effect of individual functional groups on the properties of the matrix. The
icephobic properties of the produced surfaces were characterized by determining two
parameters: ice adhesion and the freezing delay time of water droplets. The dualistic
approach in determining the anti-icing properties allowed for a more in-depth analysis
of this phenomenon. The hydrophobic properties of the surface were characterized by its
water contact angle measured at room temperature and at temperatures below 0 ◦C, contact
angle hysteresis, and roll-off angle. Roughness tests and optical measurements were also
included. The relationship between icephobic and hydrophobic properties is presented as
well.

2. Materials and Methods
2.1. Coatings

The coating material used in the present study was a silicon–epoxy hybrid resin,
SILIKOPON® ED, from Evonik (Essen, Germany). SILIKOPON® ED is characterized by
good chemical and excellent corrosion resistance. It is suitable for ultra-high solids coatings.
Applications include industrial and anti-corrosion coatings, uses in offshore/marine areas,
structural steel, rail cars, tank construction, concrete walls and floors, and commercial
transport coatings. This resin has a viscosity of 1500 mPas at 25 ◦C. SILIKOPON® ED cures
at ambient temperature in combination with amino silanes. The hardener used in this
paper was Q-sil AMEO (3-aminopropyltriethoxysilane) from Oqema (Mönchengladbach,
Germany). The mixing ratio SILIKOPON® ED/Q-sil AMEO was 4.5:1.

The substances used in the modifier synthesis were silicon compounds (trime-thylsiloxy-
terminated polymethylhydrosiloxanes (PMHS)) and olefins (hexene, octane, allyl-glycidyl
ether) purchased from Linegal Chemicals (Warsaw, Poland); a solvent (toluene) from
Avantor Performance Materials Poland S.A. (Gliwice, Poland); and chloroform-d, toluene-
d8, and a Karstedt catalyst from Sigma Aldrich Poland, (Poznan, Poland). In the process,
toluene was dried and purified with the MB SPS 800 Solvent Drying System and stored
under an argon atmosphere in Rotaflo Schlenk flasks.

2.2. Synthesis of the Chemical Modifiers

Mixtures of allyl glycidyl ether (AGE) (0.168 mol) and hexene (HEX) (0.336 mol) in a
molar ratio of 1:2 and of allyl glycidyl ether (0.168 mol) and octene (OCT) (0.336 mol) in
a molar ratio of 1:2 were added to a solution of trimethylsiloxy-terminated polymethyl-
hydrosiloxanes 992 (30 g, 0.504 mol) in toluene and allyl glycidyl ether (0.100 mol) and
hexene (0.403 mol) in a molar ratio of 1:4, and of allyl glycidyl ether (0.100 mol) and octene
(0.403 mol) in a molar ratio of 1:4. The mixture was constantly stirred and heated to 70 ◦C.
Then, the Karstedt’s catalyst solution (10−a eq Pt/mol SiH) was added. The reaction mix-
ture was heated in reflux and stirred until the full conversion of Si–H (controlled by FT-IR).
After confirming the complete conversion of the mixture, post-reaction evaporation was
performed on a slow-speed vacuum evaporator.

2.3. Analysis of the Chemical Modifiers

Using Bruker Ascend 400 and Ultra Shield 300 spectrometers (both from Bruker Polska,
Warszawa, Poland), the nuclear magnetic resonance (NMR) 1H, 13C, and 29Si spectra were
recorded (at 25 ◦C using CDCl3 as a solvent). Chemical shifts were reported in pm for 1H
and 13C concerning the residual solvent (CHCl3) peaks.
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Fourier transform-infrared (FT-IR) spectra were obtained using a Nicolet iS 50 Fourier
transform spectrophotometer (Thermo Fisher Scientific, Walsham, MA, USA) equipped
with a diamond ATR unit with a resolution of 0.09 cm−1.

2.4. Preparation of the Samples

Four types of in-house synthesized modifiers (MOD) were used. The chemical mod-
ifiers were added in the amounts of 2 wt.%. The composition of the prepared samples
and the number of modifiers used are shown in Table 1. The procedure for preparing the
mixtures was as follows. The chemical modifiers were added to the silicone–epoxy resin in
appropriate amounts and mixed using a magnetic stirrer. Furthermore, the hardener Q-sil
was added in a ratio of 1:4.5 to the resin.

Table 1. Compositions of the prepared epoxy–silicone samples and their modifiers.

Sample No. MOD Type PHS Olefin 1 Olefin 2 Molar Ratio

1 (REF) - - - - -
2 MOD 1/2 wt.% PHS992 AGE OCT 1:2
3 MOD 2/2 wt.% PHS992 AGE OCT 1:4
4 MOD 3/2 wt.% PHS992 AGE HEX 1:2
5 MOD 4/2 wt.% PHS992 AGE HEX 1:4

The coatings were manufactured using the spin coating method. The spin coater
SPIN150i from POLOS was used. The transparent coatings were applied on glass substrates
with the size of 30 mm × 30 mm. The glasses were rinsed with acetone before applying the
resin. The spin coating process was divided into four stages: dispensing, spreading, edge
bead removal (EBR), and drying. The parameters of each stage are shown in Table 2. The
applied polymer coatings were cured at room temperature for 24 h.

Table 2. The parameters of the spin coating steps.

Stage Spin Speed [rpm] Spin Accel. [rpm/s] Spin Time [s]

Dispense 100 1000 10
Spread 2000 1000 20

EBR 500 1000 10
Dry 4000 1000 40

2.5. Determination of the Optical Properties

The optical properties of samples were characterized using a Cary 7000 UV-Vis-NIR
Universal Measurement Spectrophotometer (Agilent Inc., Santa Clara, CA, USA). The
samples were measured at room temperature in the 350–2500 nm spectral range with an
increment of 4 nm. Transmittance and reflectance were measured using an integrating
sphere module. The absorptance was calculated assuming the sum of transmittance,
reflectance, and absorptance was 100%.

2.6. Determination of Roughness

The roughness tests were performed using a non-contact 3D surface profiler Slynx
Sensofar from Sensofar Metrology (Barcelona, Spain). The Ra parameter, i.e., the average
roughness of the surface profile was determined. The final values are the average of five
different measuring points on the surfaces.

2.7. Determination of Hydrophobicity

The wettability of the surfaces was determined by measuring the water contact angles
(WCA), the water contact angles at reduced temperatures, the contact angles hysteresis
(CAH), and the roll-off angles (RoA). The measurements were performed using an OCA15
goniometer from DataPhysics Instruments (Filderstadt, Germany) with software SCA20,
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equipped with a chamber designed for testing at reduced temperatures. The volume of
the water droplets for the WCA and CAH measurements was 5 µL, and that for the RoA
measurements was 10 µL. The contact angle hysteresis was determined using the needle-in
method. The WCA was measured at room temperature and at temperatures of 0 ◦C, −5 ◦C,
−10 ◦C, and −15 ◦C. The final WCA and RoA values are the average of five different
measuring points on the surfaces.

2.8. Determination of Freezing Delay Time (FDT)

The freezing delay time (FDT) of water droplets, which is one of the parameters
describing the icephobicity of a surface, was determined using an OCA15 goniometer
(DataPhysics Instruments, Germany) with software SCA20, equipped with a chamber
designed for testing at reduced temperatures. The test was conducted at −15 ◦C and lasted
a maximum of 4 h. The volume of the water droplets was 5 µL.

2.9. Determination of Ice Adhesion Strength (IA)

The ice adhesion (IA) was determined using the universal testing machine Zwick/Roel
Z050 (from Zwick Roell, Ulm, Germany). During the measurement, the shear strength
between the ice and the surface of the sample was determined. The tests of ice adhesion
were carried out at room temperature, at a relative humidity of 50%. A detailed description
of this method was presented in our earlier work [24].

3. Results
3.1. Characterization of the Polysiloxanes Derivatives

Functionalized polysiloxanes were obtained by hydrosilylation with hexene, octene,
and allyl glycidyl ether. The reactions were carried out in the presence of a platinum
Karstedt’s catalyst. To confirm the full conversion of the substrates, NMR and FT-IR
analyses were performed, and the disappearance of the characteristic signals at 2141 and
889 cm−1 was observed. This disappearance is caused by the stretching and bending of the
Si-H group, respectively. Based on the 1H NMR analysis, the conversion for all compounds
was >99%. The structure and purity of the modifiers were also confirmed by 1H NMR, 13C
NMR, and 29Si NMR analyses.

Figures 1–4 show the schemes of the product structures confirmed by NMR. The
following signals were assigned:

Appl. Sci. 2023, 13, 7730 5 of 16 
 

2.7. Determination of Hydrophobicity 
The wettability of the surfaces was determined by measuring the water contact angles 

(WCA), the water contact angles at reduced temperatures, the contact angles hysteresis 
(CAH), and the roll-off angles (RoA). The measurements were performed using an OCA15 
goniometer from DataPhysics Instruments (Filderstadt, Germany) with software SCA20, 
equipped with a chamber designed for testing at reduced temperatures. The volume of 
the water droplets for the WCA and CAH measurements was 5 µL, and that for the RoA 
measurements was 10 µL. The contact angle hysteresis was determined using the needle-
in method. The WCA was measured at room temperature and at temperatures of 0 °C, −5 
°C, −10 °C, and −15 °C. The final WCA and RoA values are the average of five different 
measuring points on the surfaces. 

2.8. Determination of Freezing Delay Time (FDT) 
The freezing delay time (FDT) of water droplets, which is one of the parameters de-

scribing the icephobicity of a surface, was determined using an OCA15 goniometer 
(DataPhysics Instruments, Germany) with software SCA20, equipped with a chamber de-
signed for testing at reduced temperatures. The test was conducted at −15 °C and lasted a 
maximum of 4 h. The volume of the water droplets was 5 µL. 

2.9. Determination of Ice Adhesion Strength (IA) 
The ice adhesion (IA) was determined using the universal testing machine 

Zwick/Roel Z050 (from Zwick Roell, Ulm, Germany). During the measurement, the shear 
strength between the ice and the surface of the sample was determined. The tests of ice 
adhesion were carried out at room temperature, at a relative humidity of 50%. A detailed 
description of this method was presented in our earlier work [24]. 

3. Results 
3.1. Characterization of the Polysiloxanes Derivatives 

Functionalized polysiloxanes were obtained by hydrosilylation with hexene, octene, 
and allyl glycidyl ether. The reactions were carried out in the presence of a platinum 
Karstedt’s catalyst. To confirm the full conversion of the substrates, NMR and FT-IR anal-
yses were performed, and the disappearance of the characteristic signals at 2141 and 889 
cm−1 was observed. This disappearance is caused by the stretching and bending of the Si-
H group, respectively. Based on the 1H NMR analysis, the conversion for all compounds 
was >99%. The structure and purity of the modifiers were also confirmed by 1H NMR, 13C 
NMR, and 29Si NMR analyses. 

Figures 1–4 show the schemes of the product structures confirmed by NMR. The fol-
lowing signals were assigned: 

 
Figure 1. The scheme of the structure of the MOD1 modifier (MOD1—poly((methyloctylsiloxane)-
co-(3-glycidoxypropyl)(methyl)siloxane), trimethoxysilyl-terminated). 
Figure 1. The scheme of the structure of the MOD1 modifier (MOD1—poly((methyloctylsiloxane)-co-
(3-glycidoxypropyl)(methyl)siloxane), trimethoxysilyl-terminated).

1H NMR (400 MHz, CDCl3): δ (ppm) = 3.70–3.67 (m, position 3), 3.47–3.41 (m, positions
3 and 4), 3.14 (m, position 2), 2.79–2.78 (m, position 1), 2.61–2.60 (m, position 1), 1.66–1.60
(m, position 5), 1.34–1.27 (m, octyl -CH2-), 0.90–0.88 (m, octyl -CH3), 0.53–0.50 (m, SiCH2-),
0.15–0.05 (SiMe, SiMe3)

13C NMR (101 MHz, CDCl3): δ (ppm) = 74.35, 72.16, 71.53, 69.71, 50.96, 44.43 (AGE),
33.65, 33.58, 32.13, 29.58, 29.51 (OCT), 23.38, 23.23 23.11, (AGE), 22.85, 17.83, 17.55, 14.24
(OCT), 13.66 (AGE), 2.00, 1.61, −0.18, −0.29, −0.54 (SiMe, SiMe3);

29Si NMR (79.5 MHz, CDCl3): δ (ppm) = −21.24–(−22.95) (SiMe, SiMe3).
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Figure 2. The scheme of the structure of the MOD2 modifier (MOD2—poly((methyloctylsiloxane)-co-
(3-glycidoxypropyl)(methyl)siloxane), trimethoxysilyl-terminated).

1H NMR (400 MHz, CDCl3): δ (ppm) = 3.68–3.65 (m, position 3), 3.48–3.38 (m, positions
3 and 4), 3.13 (m, position 2), 2.78–2.76 (m, position 1), 2.60–2.58 (m, position 1), 1.67–1.59
(m, position 5), 1.34–1.27 (m, octyl -CH2-), 0.90–0.86 (m, octyl -CH3), 0.51–0.48 (m, SiCH2-),
0.13–0.03 (SiMe, SiMe3)

13C NMR (101 MHz, CDCl3): δ (ppm) = 74.42, 72.17, 71.53, 50.96, 44.45 (AGE), 33.69,
33.52, 32.16, 29.56, 29.47 (OCT), 23.40, 23.26, 23.12, (AGE), 22.87, 17.86, 17.58, 14.25 (OCT),
13.68 (AGE), 2.01, 1.62, −0.16, −0.19, −0.27, −0.53 (SiMe, SiMe3);

29Si NMR (79.5 MHz, CDCl3): δ (ppm) = −21.30–(−22.96) (SiMe, SiMe3).
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Figure 3. The scheme of the structure of the MOD3 modifier (MOD3—poly((hexylmethylsiloxane)-
co-(3-glycidoxypropyl)(methyl)siloxane), trimethoxysilyl-terminated).

1H NMR (400 MHz, CDCl3): δ (ppm) = 3.68–3.65 (m, position 3), 3.47–3.34 (m, positions
3 and 4), 3.13–3.11 (m, position 2), 2.78–2.76 (m, position 1), 2.59–2.58 (m, position 1),
1.64–1.60 (m, position 5), 1.33–1.26 (m, hexyl -CH2-), 0.88–0.86 (m, hexyl -CH3), 0.51–0.48
(m, SiCH2-), 0.13–0.03 (s, SiMe, SiMe3)

13C NMR (101 MHz, CDCl3): δ (ppm) = 74.31, 71.53, 50.97, 44.44 (AGE), 33.65, 33.57,
32.12, 29.58, 29.51, (HEX) 23.37, 23.23, 23.18, 23.10 (AGE), 22.85, 17.82, 17.66, 17.55, 14.25
(HEX) 13.66, 13.44 (AGE), 2.01, 1.61, −0.19, −0.29, −0.46 (SiMe, SiMe3)

29Si NMR (79.5 MHz, CDCl3): δ (ppm) = −20.99–(−21.26) (SiMe, SiMe3).
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Figure 4. The scheme of the structure of the MOD4 modifier (MOD4—poly((hexylmethylsiloxane)-
co-(3-glycidoxypropyl)(methyl)siloxane), trimethoxysilyl-terminated).

1H NMR (400 MHz, CDCl3): δ (ppm) = 3.70–3.67 (m, position 3), 3.51–3.40 (m, positions
3 and 4), 3.15–3.13 (m, position 2), 2.80–2.78 (m, position 1), 2.62–2.60 (m, position 1),
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1.68–1.62 (m, position 5), 1.34–1.30 (m, hexyl -CH2-), 0.92–0.89 (m, hexyl -CH3), 0.54–0.51
(m, SiCH2-), 0.11–0.07 (s, SiMe, SiMe3);

13C NMR (101 MHz, CDCl3): δ (ppm) = 74.35 (position 4), 71.52 (position 3), 50.95
(position 2), 44.41 (position 1), 33.29, 33.22, 31.81, 23.18, 23.06, 22.79, 17.84, 17.77, 17.57,
14.25 (-CH2-), 1.97, 1.61, −0.20, −0.31, −0.47 (SiMe, SiMe3).

29Si NMR (79.5 MHz, CDCl3): δ (ppm) = −21.28–(−21.36) (SiMe, SiMe3).

3.2. Optical Properties

The measured optical properties of the fabricated coatings and neat glass are presented
in Figure 5. The transmittance of the MOD1, MOD2, MOD3, and MOD4 samples was
similar to the transmittance of glass in the tested range (Figure 5a). The differences in
values were about 2%. The reference sample had a lower transmittance than the other
samples. The reflectance of the measured samples was similar and ranged from 6% to 9%
over the tested range (Figure 5b). The reference sample had a broad absorptance band
of about 1000 nm. The other measured samples had an absorptance not greater than 4%
within the tested range (Figure 5c).
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3.3. Roughness of the Surface 
Table 3 presents the values of the Ra parameter, which indicates the average rough-

ness of the surface profile. The reference sample obtained a value of 2 ± 0.1 nm. Figure 6a 
shows a visualization of the surface of the reference sample acquired with the profilome-
ter. Analyzing the obtained results, it can be seen that the chemical modification with pol-
ysiloxanes increased the surface roughness of the silicone–epoxy samples. The range of 
the Ra values for the modified samples was from 5 nm to 21 nm. The highest increase in 
the Ra values was recorded for the MOD2-modified sample (Figure 6b). Furthermore, it 
can be seen that the polysiloxanes containing the OCT functional group displayed higher 
Ra parameter values compared to the polysiloxanes containing the HEX functional group. 
In addition, a higher amount of OCT/HEX functional groups also resulted in higher Ra 
parameter values compared to a lower amount of these groups. 
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Figure 5. Transmittance (a), reflectance (b), and absorptance (c) spectra of the samples and glass.

3.3. Roughness of the Surface

Table 3 presents the values of the Ra parameter, which indicates the average roughness
of the surface profile. The reference sample obtained a value of 2 ± 0.1 nm. Figure 6a shows
a visualization of the surface of the reference sample acquired with the profilometer. Ana-
lyzing the obtained results, it can be seen that the chemical modification with polysiloxanes
increased the surface roughness of the silicone–epoxy samples. The range of the Ra values
for the modified samples was from 5 nm to 21 nm. The highest increase in the Ra values
was recorded for the MOD2-modified sample (Figure 6b). Furthermore, it can be seen that
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the polysiloxanes containing the OCT functional group displayed higher Ra parameter
values compared to the polysiloxanes containing the HEX functional group. In addition, a
higher amount of OCT/HEX functional groups also resulted in higher Ra parameter values
compared to a lower amount of these groups.

Table 3. The hydrophobicity and roughness parameters of the silicone–epoxy coatings.

Sample
No.

MOD
Type

Core of
MOD Olefin 1 Olefin 2 Molar

Ratio Ra [nm] WCA [◦] CAH [◦] RoA [◦]

1 (REF) - - - - 2 ± 0.1 80 ± 1 22 ± 2 75 ± 8
2 MOD1 PWS992 AGE OCT 01:02 12 ± 1.1 84 ± 1 9 ± 1 50 ± 3
3 MOD2 PWS992 AGE OCT 01:04 21 + 1.9 89 ± 1 7 ± 2 55 ± 9
4 MOD3 PWS992 AGE HEX 01:02 5 + 0.5 88 ± 2 9 ± 1 35 ± 6
5 MOD4 PWS992 AGE HEX 01:04 7 + 0.4 90 ± 1 11 ± 2 32 ± 14
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Figure 6. The visualization of the surface of (a) the reference sample; (b) the MOD2–modified sam-
ple. 
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3.4. Hydrophobic Properties 
The surface hydrophobicity of the produced samples was determined by measuring 

three parameters: water contact angle (WCA), contact angle hysteresis (CAH), and roll-off 
angle (RoA). The values of these parameters are presented in Table 3. 

The reference sample, an unmodified epoxy–silicone resin, obtained a WCA of 80 ± 
1° and hence may be considered hydrophilic (WCA < 90°). Analyzing the WCA values of 
the coatings after the chemical modification, it can be concluded that the double function-
alization of polysiloxanes caused an increase in the WCA values. Nevertheless, the in-
crease was not significant. The range of the WCA values for the modified samples was 
from 84° to 90°. Taking into account the measurement uncertainty, it can be concluded 
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Figure 6. The visualization of the surface of (a) the reference sample; (b) the MOD2–modified sample.

66



Appl. Sci. 2023, 13, 7730

3.4. Hydrophobic Properties

The surface hydrophobicity of the produced samples was determined by measuring
three parameters: water contact angle (WCA), contact angle hysteresis (CAH), and roll-off
angle (RoA). The values of these parameters are presented in Table 3.

The reference sample, an unmodified epoxy–silicone resin, obtained a WCA of
80 ± 1◦ and hence may be considered hydrophilic (WCA < 90◦). Analyzing the WCA
values of the coatings after the chemical modification, it can be concluded that the double
functionalization of polysiloxanes caused an increase in the WCA values. Nevertheless, the
increase was not significant. The range of the WCA values for the modified samples was
from 84◦ to 90◦. Taking into account the measurement uncertainty, it can be concluded that
the samples modified with the MOD2, MOD3, and MOD4 additives presented surfaces at
the boundary between hydrophilicity and hydrophobicity, obtaining WCA values close to
90◦. The lowest increase in WCA compared to the reference sample was recorded for the
sample modified with MOD1. Figure 7 shows a picture of a water droplet applied on the
surface of a MOD4-modified sample, which achieved the highest WCA value.
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The unmodified sample achieved a CAH value of 22 ± 2◦. The chemical modifications
caused a significant decrease in this parameter. All modified samples obtained similar
results, and the CAH range was from 7◦ to 11◦. The lowest value was recorded for the
sample modified with MOD2 polysiloxane, for which CAH decreased by 59% compared to
that of the reference coating.

The RoA parameter also significantly decreased after modification with polysiloxanes.
The reference sample obtained an RoA of 75 ± 8◦, and the modified samples achieved
RoA values in the range from 32◦ to 55◦. The lowest RoA values were obtained for MOD3-
and MOD4-modified samples, with a reduction of about 55% compared to the RoA of the
reference sample.

In summary, double-functionalized polysiloxanes showed increased water contact an-
gle values (despite not crossing the boundary between hydrophobicity and hydrophilicity)
and a significant reduction in contact angle hysteresis and roll-off angle values for all types
of modifications.

Water Contact Angle at Temperatures Below 0 ◦C

Figure 8 shows the values of WCA measured at four temperatures below 0 ◦C to
determine how a temperature reduction affected the surface hydrophobicity.
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Analyzing the results, it can be seen that the reference sample as well as all modified
samples recorded a decrease in the WCA values at reduced temperatures compared to
the values determined at room temperature. In addition, for some of the modifications,
a relationship can be observed, i.e., the lower the test temperature, the lower the WCA
values. The highest reduction in WCA, i.e., a reduction in the hydrophobic properties of
the surface, was recorded for the sample modified with MOD3; at the temperatures of
−10 ◦C and −15 ◦C, the WCA value decreased by 27% compared to the WCA value at room
temperature. On the other hand, the highest hydrophobic stability at low temperatures
was shown by the sample modified with polysiloxane MOD1, obtaining only a decrease
in WCA equal to about 5% compared to the room temperature value. Moreover, for this
sample, no further decrease in WCA was observed with the decreasing temperature, the
WCA values determined at temperatures from 0 ◦C to −15 ◦C being either the same or close
to each other. The reference sample also experienced a low decrease in the WCA values at
reduced temperatures, as the reduction was equal to 8% compared to the WCA determined
at room temperature. Other samples modified with the MOD2 and MOD4 additives
showed a similar decrease in WCA of about 10% compared to the values determined at
room temperature. Fu et al. [26] also observed that the wettability changes with ambient
temperature and that the higher the WCA at ambient temperature, the higher the decrease
in the value of this parameter at reduced temperatures. In addition, He et al. [27] found
that for a modified superhydrophobic surface at −10 ◦C, the WCA value would decrease
by about 8◦ compared to the value at room temperature. Moreover, some reports proposed
that the surface free energy increases at low temperatures, which is related to the decrease
in WCA [28,29].

3.5. Icephobic Properties

Figure 9 presents the obtained values of ice adhesion and freezing delay time for the
investigated coatings. These two parameters allowed determining the anti-icing behavior
of the epoxy–silicone samples.
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3.5.1. Ice Adhesion Strength

The ice adhesion determines the force needed for ice to break away from the surface.
The lower the ice adhesion value, the more the surface is icephobic. The reference sample
without chemical modification achieved the IA value of 178 ± 33 kPa. The samples modified
with polysiloxanes obtained IA values in the range from 55 kPa to 118 kPa; so, all chemical
modifications caused a decrease in the value of this parameter. The MOD4 sample showed
the highest decrease, as the reduction in the IA values was as much as 69% compared to
the IA of the reference sample. The MOD3 sample also achieved a very large decrease
in IA values similar to the MOD4 sample, as the reduction was equal to 62% compared
to the IA of the unmodified coating. The other modified MOD1 and MOD2 samples also
recorded positive results, as the IA values for these samples were reduced by 34% and
35%, respectively, compared to the reference value. Another important aspect is that the
MOD3 and MOD4 samples recorded IA values below 100 kPa. It is considered that surfaces
exhibit low ice adhesion when the detachment force for ice is lower than 100 kPa. From
such surfaces, ice is detached under the influence of natural forces such as wind, gravity, or
ambient vibration [30]. The effectiveness of improving the anti-icing properties by using
the chemical modification of the polymer matrix with double-functionalized polysiloxanes
was proven in a work [31], achieving an IA reduction of 51% compared to the IA of the
unmodified epoxy resin.

3.5.2. Freezing Delay Time

The FDT recorded for the reference sample was 3 min. The other modified coatings
showed values for this parameter from 14 min to 50 min. Thus, it can be concluded that the
addition of functionalized polysiloxanes increased the FDT and consequently improved
the anti-icing properties of the surface of the epoxy–silicone coatings. The longest FDT was
recorded for the sample MOD4, which also obtained the lowest ice adhesion value. The
FDT for this sample increased 17 times compared to that of the unmodified sample; the FDT
for the MOD 4 sample was 50 min. The other samples also showed a significant increase
in the FDT, as the time values for these samples increased 5, 6, and 8 times. A previous
work [32] also observed an increase in the FDT after modification with polysiloxanes of a
polymer resin.

3.5.3. Summary of the Icephobic Properties

Comparing the results of the ice adhesion and the freezing delay time of water droplets,
a direct correlation between these parameters can be seen. The lower the ice adhesion value
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the sample showed, the higher the value of the freezing delay time. Among the samples
tested, the sample MOD4 showed the highest icephobic properties. This sample displayed
the lowest ice adhesion and the longest freezing delay time for water droplets.

4. Discussion
4.1. Influence of the Chemical Groups on Wettability and Icephobicity

Modifications with polysiloxanes functionalized with the AGE and HEX functional
groups yielded the best icephobic results (the lowest ice adhesion value and the highest
freezing delay time of water droplets). The modifications with polysiloxanes functionalized
with the AGE and OCT functional groups achieved inferior results compared to those
obtained using the AGE and HEX groups, but also achieved a significant improvement
in the anti-icing properties compared to the unmodified sample. In addition, the higher
content of the HEX functional group relative to the AGE functional group (i.e., 4:1) made
it possible to obtain a significantly higher freezing delay time of water droplets and a
slightly lower ice adhesion value compared to samples with a lower content of the HEX
functional group relative to the AGE group (i.e., 2:1). In the case of modifications with
polysiloxanes with the OCT functional group, the above relationship was not observed,
and the values of the parameters of the icephobic properties were similar to each other.
In summary, the polysiloxanes functionalized with the HEX functional group provided
better icephobic properties to the epoxy–silicone surface compared to the polysiloxanes
functionalized with the OCT functional group. In addition, the sample with the higher
content of HEX functional groups recorded the best icephobic properties.

Regarding the hydrophobic properties, it can be said that the polysiloxanes functional-
ized with the AGE and HEX functional groups were characterized by higher WCA values
and lower RoA values compared to analogous polysiloxanes functionalized with the AGE
and OCT functional groups. It should be added that the WCA values were not diametrically
different from each other, as the three modifications yielded very similar WCA values;
only the sample modified with polysiloxane functionalized with the AGE and OCT groups
in a ratio of 1:2 obtained a lower WCA value of 84◦. It should be added that this value
is not diametrically different from the other values of the modified samples, which also
did not cross the boundary between hydrophobicity and hydrophilicity. As for the RoA
values, the differences between the above polysiloxanes were significant. Comparing the
WCA and RoA values of samples modified with polysiloxanes functionalized with the
same functional groups but in different molar ratios, it can be concluded that they were
very close to each other. The CAH values of all modified samples were in a similar range.
In summary, the polysiloxanes functionalized with the HEX functional group provided
better hydrophobic properties to the epoxy–silicone surface compared to the polysiloxanes
functionalized with the OCT functional group.

Among the samples tested, the highest stability of the WCA values at reduced tem-
perature was recorded for the sample modified with polysiloxane functionalized with the
AGE and OCT groups in a ratio of 1:2, while the lowest stability was recorded for the
sample modified with polysiloxane functionalized with the AGE and HEX groups in a
ratio of 1:2. Polysiloxanes with higher ratios of the AGE functional group to the OCT/HEX
groups showed very similar relationships. Thus, it can be concluded that polysiloxanes
functionalized with the OCT functional group lead to a better stability of the WCA values of
silicone–epoxy surfaces compared to polysiloxanes functionalized with the HEX functional
group.

4.2. Relationship between Wettability and Icephobicity

In many reports in the literature, hydrophobic and icephobic properties are
related [33–37]. Figure 10 shows the relationship between ice adhesion and the hydropho-
bic parameters water contact angle and roll-off angle. The values of contact angle hysteresis
were similar for all chemical modifications; so, they will not be collated in the following
discussion.
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Analyzing the relationship between IA and WCA, it can be concluded that as the value
of WCA increased, the value of IA decreased. This was related to the change in surface free
energy. In previous works [26,38], it was proven that this relationship has a strong influence
on the icephobic properties. Only the MOD2-modified sample showed a deviation from
this relationship, but it also recorded a significant decrease in the IA values compared to
the reference sample. This sample obtained a very similar IA value as the MOD1-modified
sample, despite obtaining a higher WCA value. This was likely influenced by the surface
roughness. The MOD2-modified sample recorded twice the value of the Ra parameter,
which may have offset the effect of the increased water contact angle, i.e., reduced surface
energy. It was proven in many works that an increased roughness can significantly affect
ice adhesion through the formation of a mechanical connection between the emerging
ice and the rough substrate (ice anchoring) [37–39]. The second relationship between the
icephobic and hydrophobic parameters was that as the value of RoA decreased, the value
of IA also decreased.

The lowest possible values of IA and RoA and the highest value of WCA are key
features that coatings intended for photovoltaic panels, among others, must present. The
respective values of these parameters guarantee the surface’s icephobicity. In further
studies, the authors of this work will focus on surface texturization to obtain higher values
of the WCA and lower values of the RoA parameters to achieve self-cleaning properties for
the investigated coatings.

5. Conclusions

• The silicone–epoxy coatings produced in the entire tested spectral range showed
similar optical properties (T, R, A) to those of glass. They can be potentially used in
photovoltaic panels.

• The chemical modification with polysiloxanes resulted in an increase in surface rough-
ness compared to the unmodified coating.

• The chemical modification with polysiloxanes contributed to an increase in hydropho-
bicity, with most samples achieving WCA values close to 90◦.

• The use of polysiloxanes resulted in a significant reduction in the CAH and RoA values
compared to those of the unmodified coating.

• The WCA values at reduced temperatures decreased for all applied modifications
compared to the WCA values determined at room temperature. In addition, it was
observed that the lower the ambient temperature, the lower the WCA value.

• Double-functionalized polysiloxanes in the epoxy–silicone matrix led to a significant
improvement in the anti-icing properties, a reduction in ice adhesion, and an increased
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freezing delay time of water droplets in comparison to the unmodified silicone–epoxy
resin.

• The synergistic effect of the AGE and HEX functional groups at the polysiloxane core
yielded better icephobic and hydrophobic results compared to those obtained with the
AGE and OCT functional groups when using a silicone–epoxy matrix.

• Two relationships were observed for the modifications used. As the WCA values
increased and as the RoA values decreased, the IA values were reduced.
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Abstract: The hybrid Ice Protection System combining thermoelectric and superhydrophobic coating
is efficient and benefits from low-energy consumption. In order to explore the application details
of superhydrophobic coating, this paper investigated the sensitivities of the Ice Protection System
parameters including the range of the superhydrophobic coating, heating range and power to icing
environmental parameters. In this paper, an icing wind tunnel test was adopted to study the
performance of this Ice Protection System under different icing conditions, as well as the influence
of the superhydrophobic coating range, heating range and power variation on ice protection. The
results showed that the superhydrophobic coating is effective only when it covers the droplet
impingement area, with the heating power requirement emerging as a critical design consideration
that is extremely sensitive to environmental temperature changes. Additionally, median volumetric
diameter determines the protection area to be protected, while liquid water content variation has
little effect on the designed Ice Protection System in contrast.

Keywords: ice; ice protection system; superhydrophobic

1. Introduction

Icing on key parts of an aircraft, such as wings, tails and engines, poses a threat to
flight safety [1]. To tackle this issue, various ice protection systems have been developed
and widely used, including thermal, pneumatic, electro-mechanic and anti-/de-icing fluid
systems [2,3]. Although these ice protection systems have been effective, the increasing
emphasis on safety requirements and limited aircraft energy capacity have exposed the
conflict between the two. For instance, the hot-air ice protection system utilizes engine-
generated hot air that affects engine power. In adverse weather conditions, when the hot
air is insufficient, surface heating cannot ensure the complete evaporation of impinging
water droplets, and part of the supercooled water impinging on the surface will freeze and
form runback ice after flowing over the protected area [4]. That is the major cause of the
ATR72 accident in Roselawn in 1994 [5]. The thermoelectric ice protection system has been
widely used in helicopter blades, windshields, instruments, etc. However, with components
such as wings and tails, due to the limited power supply of the aircraft, it typically operates
periodically or continuously provides less heat only to maintain water on the surface in its
liquid state [6], resulting in weak ice protection. Pneumatic, electro-mechanic ice protection
system and anti-/de-icing fluid would negatively impact aerodynamic performance or add
extra weight.

With advances in material technology, researchers attempted to develop a kind of
icephobic coating that can passively reduce or delay ice formation without energy consump-
tion. However, almost all coatings could not achieve the desired goal [7–9]. Alternatively,
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hydrophobic or superhydrophobic coatings have been used to decrease the power required
for ice protection by facilitating droplet removal when subjected to shear flow. In 2007,
Kimura et al. [10] tested a mixture of acrylic urethane resin and polytetrafluoroethylene
named AIS, and the results showed less difference in performance when no heating was
performed. There was less ice on the AIS, but the test did not reflect whether it was due to
the icephobic or hydrophobic properties. In 2009, Cao et al. [11] examined the ice formation
process of supercooled water drops on surfaces with different hydrophobic characteris-
tics and confirmed that the hydrophobic property had a significant impact on icing. In
subsequent studies, Antonini et al. [12] investigated the reasons why superhydrophobic
coatings reduce energy consumption and determined that they reduced water droplet
aggregation on the surface and promote water droplets’ falling off the surface, resulting
in fewer droplets freezing. Mangini et al. [13], by comparing runback ice formed on a
hydrophilic surface and a superhydrophobic surface, believed that surface wetting state
played an important role in the icing process. Yin et al. [14] found that the decreasing
contact angle would lead to an increase in the angle needed for droplet inclined rolling. The
movement of water droplets on the surface deteriorates rapidly under the condition of high
relative humidity and low temperature. In 2011, Fortin et al. [15] combined thermoelectric
and hydrophobic coatings and evaluated the behavior of various hydrophobic coatings
under glaze and rime icing conditions. The energy savings achieved were about 33% for
glaze ice and about 13% for rime ice compared to ice protection systems used with no
coating [15]. In 2017, Pauw et al. [16] studied the behavior of superhydrophobic coating on
an airfoil model equipped with a thermal ice protection system and found no ice formation
when maintaining the superhydrophobic coating surface temperature above 4 ◦C, while
the ice protection system surface with no coating needs at least 70 ◦C in the same condition.
They inferred that there would be no ice formation if the impingement area was covered
with a superhydrophobic coating and the temperature was maintained above 6 ◦C.

The literature suggests two main perspectives: (1) Coatings with better superhy-
drophobic behavior, characterized by larger contact-angles and smaller roll-off-angles,
achieve superior anti-icing performance. To address this perspective, novel coatings must
be developed. (2) Combining thermoelectric and superhydrophobic coatings represents an
efficient and low-energy consumption method for preventing ice formation. This perspec-
tive requires research into the design methods for the combined use of these coatings, which
is a focus of this study. The literature has focused on the anti-icing mechanisms of superhy-
drophobic coatings, the reason why it reduces energy consumption, the effectiveness of
different superhydrophobic coatings and the reduction of energy consumption. However,
less attention has been paid to the engineering problems associated with the application of
superhydrophobic coatings, such as their layout and internal heating area. To address these
issues, similar to the design of thermoelectric and hot-air anti-icing systems, it is crucial to
investigate the effects of various parameters of the anti-icing system, including the heating
range and the layout of superhydrophobic coatings, under different icing conditions. This
research provides valuable insights into the design of anti-icing system parameters specific
to different icing conditions and offers actionable methods for the design and development
of anti-icing systems that combine thermoelectric and superhydrophobic coatings.

This study provides fundamental research data to guide the future design of the Ice
Protection System with a superhydrophobic coating (IPS). The data include the sensitivities
of IPS to icing environmental parameters, as well as protective effects at different IPS
parameters. The IPS parameters include the superhydrophobic coating range, heating
range and power. Moreover, the environment parameters include median volumetric
diameter (MVD), liquid water content (LWC) and environment temperature. These data
can help guide the design of this type of IPS in the future.
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2. Experimental Methodology
2.1. Experimental Setup

The tests were conducted in a FL-61 icing wind tunnel at the AVIC Aerodynamic
Research Institute. As shown in Figure 1, FL-61 facility is a closed loop circuit refrigerated
wind tunnel with a test section size of 0.6 m × 0.6 m × 2.7 m, driven by a 5200 kW main
compressor and a 2500 kW auxiliary compressor. This facility can simulate altitude effect
on ice accretion up to 7000 m. The maximum wind speed achievable in the test section is up
to 240 m/s. Refrigeration of the air flow is achieved via a heat exchanger located upstream
of the third corner, with the minimum temperature attainable being −40 ◦C. The system
accuracy is ±2 ◦C when the temperature falls below −30 ◦C and ±0.5 ◦C within the range
of −30 ◦C to 5 ◦C. The cloud uniformity in the test section is within ±20%. The tunnel is
equipped with both a thermoelectric de-icing supply and a hot-air de-icing system supply
making it capable of ice protection system tests.
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Figure 1. FL-61 icing wind tunnel.

This facility is calibrated annually and conforms to the SAE Aerospace Recommended
Practice 5905 document. An additional calibration of LWC’s spatial uniformity in the test
section was performed before this experiment. One typical cloud uniformity result was
shown in Figure 2.
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2.2. Test Model

The model used in this study was a 2 D NACA0012 airfoil model with a sweep angle
of 15◦, as shown in Figure 3a. The NACA0012 airfoil is frequently utilized in aerodynamics
research. Its upper and lower surfaces’ symmetrical characteristics facilitate comparative
analysis of these regions. Therefore, it sees widespread employment in the research shown
above. The model had a chord of 500 mm and a span of 600 mm, suspended in the
test section. This model size was selected based on the maximum allowable size within
the FL-61 icing wind tunnel. As shown in Figure 3b, five electric heating sheets were
installed chordwise within the leading edge of the model to simulate the thermoelectric
ice protection system, with each sheet’s heating power controlled separately via voltage
control. All sheets covered the whole spanwise area. White lines drawn in the leading
edge signified the position of the heating sheets. Additionally, lines were drawn in the
rear spaced 2 cm apart, serving as a visual measure of icing extent, as shown in Figure 3a.
The parameters of each sheet are shown in Table 1. Sheets A, B and C covered the droplet
impingement area analyzed using numerical simulation methods during the initial stage,
while sheets D and E were reserved for further heating purposes. The heating sheet
distribution, with a narrow sheet in the leading edge and large sheets in the rear, was
designed referencing aircraft ice protection system layout. In order to measure the model
surface temperature, 9 thermocouples were arranged in the leading edge of the middle
section spanwise of the model with the positions of each thermocouple detailed in Table 2.
Due to possible significant temperature variations near the stagnation point of the leading
edge, three thermocouples were arranged on sheet A. As the temperature gradient changed
continuously after the leading edge, two thermocouples were positioned approximately
1/3 and 2/3 along sheet B and C, respectively, with one additional thermocouple on each
of the sheets D and E. These thermocouples measured temperature fluctuations twice a
second, with an accuracy of approximately ±0.5 ◦C after calibration.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  5  of  16 
 

   
(a)  (b) 

Figure 3. Test model. (a) Test model (top view), (b) Heating sheets and thermocouples layout. 

Table 1. Heating sheets parameters. 

No.  Arc Length (mm)  Thermocouples Number 

A  12  4# 5# 6# 

B  35  2# 3# 

C  80  7# 8# 

D  20  1# 

E  20  9# 

Table 2. Thermocouples position. 

No.  1#  2#  3#  4#  5#  6#  7#  8#  9# 

Arc length from the 

leading edge (mm) 
51  31  21  3  0  3  36  61  101 

Superhydrophobic coatings (Figure 4) were fabricated with laser sources on alumi-

num (AI) alloy foils (from BondHus, 6061 AI) with a thickness of 300 µm. A fs laser having 

a wavelength of 1030 nm, a pulse length of 800 fs, average power up to 40 W and beam 

diameter of around 30 um was used as the laser source. SEM-image is shown in Figure 3b. 

Contact-angle 150.14° and roll-off-angle 6.63° were measured using a video-based optical 

contact-angle measurement device. 

   

(a)  (b) 

Figure 4. Superhydrophobic coating. (a) Coating appearance. (b) SEM-images of the coating. 

2.3. Test Conditions 

In this experiment, three typical temperatures were selected to simulate glaze ice (−7 

°C), mixed ice (−10 °C) and rime ice (−15 °C) at a speed of 90 m/s. The other icing cloud 

parameters selected were MVD 20, 30 and 40µm, combined with LWC 0.5, 1, 1.3 and 1.5 

g/m3. These parameters represent the typical icing conditions outlined in 14 CFR parts 25, 

Appendix C. Heating sheet area was designed using the numerical simulation method 

under the speed of 90 m/s, an angle of attack ranging from 0° to 4°, MVD 20 µm and a 

static temperature of −7 °C. Pre-tests were conducted indicating that a minimum power 

density of 5 kw/m2 was required to prevent ice forming on the leading edge with a coating. 

Figure 3. Test model. (a) Test model (top view), (b) Heating sheets and thermocouples layout.

Table 1. Heating sheets parameters.

No. Arc Length (mm) Thermocouples Number

A 12 4# 5# 6#
B 35 2# 3#
C 80 7# 8#
D 20 1#
E 20 9#

Table 2. Thermocouples position.

No. 1# 2# 3# 4# 5# 6# 7# 8# 9#

Arc length from the
leading edge (mm) 51 31 21 3 0 3 36 61 101

Superhydrophobic coatings (Figure 4) were fabricated with laser sources on aluminum
(AI) alloy foils (from BondHus, 6061 AI) with a thickness of 300 µm. A fs laser having
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a wavelength of 1030 nm, a pulse length of 800 fs, average power up to 40 W and beam
diameter of around 30 um was used as the laser source. SEM-image is shown in Figure 3b.
Contact-angle 150.14◦ and roll-off-angle 6.63◦ were measured using a video-based optical
contact-angle measurement device.
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2.3. Test Conditions

In this experiment, three typical temperatures were selected to simulate glaze ice
(−7 ◦C), mixed ice (−10 ◦C) and rime ice (−15 ◦C) at a speed of 90 m/s. The other icing
cloud parameters selected were MVD 20, 30 and 40 µm, combined with LWC 0.5, 1, 1.3 and
1.5 g/m3. These parameters represent the typical icing conditions outlined in 14 CFR parts
25, Appendix C (https://www.ecfr.gov/current/title-14/chapter-I/subchapter-C/part-
25/appendix-Appendix%20C%20to%20Part%2025 (accessed on 23 March 2023)). Heating
sheet area was designed using the numerical simulation method under the speed of 90 m/s,
an angle of attack ranging from 0◦ to 4◦, MVD 20 µm and a static temperature of −7 ◦C.
Pre-tests were conducted indicating that a minimum power density of 5 kW/m2 was
required to prevent ice forming on the leading edge with a coating.

The test was divided into two parts. The first part (shown in Table 3) explored the
sensitivities of a designed superhydrophobic coating range, heating range and power of
IPS to icing environmental parameters. The purpose was to evaluate the performance when
IPS encountered an icing environment beyond the system’s designated capabilities. Each
case maintained the same velocity of 90 m/s, angle of attack of 0◦ and a testing time of
180 s, while varying MVD, LWC and environmental temperature. Sheets A, B and C were
powered on and were covered with superhydrophobic coating, as a basic configuration.

Table 3. Test condition for part 1.

Case MVD
µm

LWC
g/m3

Temperature
◦C

Heating Power Density
kW/m2

1 20 1 −7 5
2 30 1 −7 5
3 40 1.3 −7 5
4 20 0.5 −7 5
5 20 1.5 −7 5
6 20 1.5 −10 5 & 7.5
7 20 1.5 −15 10 & 12

The second part studied the performance of various IPS parameters such as coating
ranges, heating ranges and powers dealing with a fixed icing environment parameter. The
purpose was to explore the potential for further power reduction through optimization.
Four types of IPS layout were examined (Figure 5). Type (1) represented the baseline
configuration with both the heating sheet range and superhydrophobic coating range
identical to the droplet impingement area. It was expected that supercooled droplets
impacting the coating would immediately fall off and there would be no runback water
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after the heating protection area. Type (2) decreased the range of heating area, expecting
an increase in heating power density but the reduced heating area would reduce the
total heating power consumption. Type (3) increased both the range of heating area
and superhydrophobic coating area equally, intending to reduce the total heating power
consumption with increased protection area but less power. Type (4) examined whether
the water would fall off after the heating protection area. The superhydrophobic coating
was positioned after the droplet impingement area with high heating power supplied to
ensure the water temperature on the coating remained above freezing point. Type (1)–(3)
targeted ways to reduce power consumption. As shown in Equation (1), type (2) decreased
heating area but increased heating power density slightly trying to minish heating power
compared with type (1). In contrast, type (3) decreased heating power density but increased
heating area slightly, trying to minish heating power compared with type (1). That is why
the reserved heating sheets D and E which expand the heating area were chosen with
artificially different sizes than sheets B or C. Type (4) was designed to determine where
droplets fell off, compared with Type (1).

Heating power = heating power density× heating area (1)

The tests were conducted at a velocity of 90 m/s, angle of attack of 0◦, MVD 20 µm,
LWC 1 g/m3 and a test duration of 180 s. The heating power, the range of heating area and
the range of superhydrophobic coating area represented with sheet A, B, C, D, E are shown
in Table 4.
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Table 4. Test condition for part 2.

Case/Type

Heating Power
W Heating Power Density

kW/m2 Coating Area
Sheet

A
Sheet

B
Sheet

C
Sheet

D
Sheet

E

8/type (2) 150 × × × × 21 A B C
9/type (3) Goes from high to low, details shown below A B C D E

10/type (4) 72 210 510 120 120 10 D E

2.4. Test Procedure and Temperature Processing Method

The test procedure followed the steps below: (1) the wind tunnel temperature was set
at target value; (2) the velocity was set to target value; (3) heating system was switched
on and allowed the model surface temperature to reach a steady state condition; (4) spray
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system was activated to generate liquid water cloud, and this time was set to 0; (5) test run
for 180 s, after which wind tunnel fan and spray systems were switched off; (6) pictures of
model were taken immediately. Throughout the test, temperatures of the model surface
were continuously monitored.

Take case 1 results as an example to explain the temperature data processing method.
Figure 6 indicates that time 0 s denotes step (4). Due to the cloud, the surface temperature
decreased to a lower value, reaching a steady state once again at approximately time
100 s. The final value of each thermocouple was calculated by averaging out the surface
temperatures collected between 120 and 170 s.
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3. Results and Discussion
3.1. Sensitivity to Icing Environment Parameters
3.1.1. MVD

The protection area of basic configuration was designed based on MVD 20 µm. Com-
paring cases 1~3, the IPS prevented ice from forming when MVD was 30 µm. When MVD
increased to 40 µm, ice appeared after the protection area but without rivulet characteris-
tics, shown in Figure 7. An additional ice formation test under the same icing condition
(Figure 8) showed that icing range exceeded the upper limit of the heating area (sheet
B in this test). Thus, it could be inferred that the ice formation was due to the droplet
impingement of MVD 40 µm that surpassed the protection range rather than runback water.
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The surface temperature decreased when MVD increased from 20 µm to 40 µm, as
shown in Figure 9. The lower surface temperature showed a linear decrease, while the
upper surface temperature exhibited multiple decreasing trends, with the lower surface
experiencing the most significant reduction. A maximum temperature decrease of 1.81 ◦C
(about 9.93%) was observed when MVD increased from 20 µm to 30 µm and 3.47 ◦C (about
19.03% compared to MVD 20 µm) when MVD increased from 20 µm to 40 µm.
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The test utilized a symmetrical NACA0012 airfoil tested at 0◦ angle of attack. The
difference in temperature between the upper and lower surfaces in this configuration
resulted from their dissimilar protection areas. As such, an asymmetrical distribution
of the protection areas of the upper and lower surfaces ultimately led to differences in
temperature variation as MVD increased.

According to the results of this test, MVD affects the droplet impingement limit and
becomes a factor to be considered in the design of IPS. An increase in MVD leads to an
increase in water collected on the surface, which necessitates a simultaneous enhancement
of the protection power required, as reflected in the decrease of surface temperature under
the condition of constant heating power in this test.

In order to demonstrate the efficiency and low-energy consumption of IPS with a
coating, a reference test of IPS without coatings was conducted under the same condition as
case 1. The heating power densities of 5 kW/m2 and 10 kW/m2 were provided to prevent
ice formation. As shown in Figure 10, runback ice formed after the heating area on the test
model without coatings even when the heating power density was 10 kW/m2 which was
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twice as the power provided in case 1. IPS with a coating prevented runback ice formation
and reduced power consumption by more than 50%.
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3.1.2. LWC

Through a comparative analysis of the test results for cases 1, 4 and 5, it was deter-
mined that a designed IPS prevented ice formation on the surface when LWC varied from
0.5 to 1.5 g/m3. As shown in Figure 11, the surface temperature decreased significantly
when LWC increased from 0.5 to 1 g/m3 but did not decrease further when LWC increased
further to 1.5 g/m3. The surface temperature of case 3, with LWC set to 1.3 g/m3, was lower
than that of case 5 with LWC set to 1.5 g/m3 but revealed a temperature decrease compared
to case 5. Since case 5 involved an increase in MVD to 40 µm, it could be reasoned that the
decrease in surface temperature resulted from the combined effects of LWC and MVD.
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Based on the results of the tests, it was inferred that more power was required for
heating with the increase of LWC, but once the LWC increased to a certain critical value,
the power required would plateau. However, when coupled with an increased MVD, an
expansion of droplet impingement area accompanied by more liquid water would lead to a
considerable increase in power requirement.

3.1.3. Environment Temperature

IPS heating power density of 5 kW/m2 was determined under an environment tem-
perature of −7 ◦C. When the temperature dropped down to −10 ◦C and −15 ◦C, the
power density 7.5 kW/m2 and 12 kW/m2, respectively, were required to protect the surface
from icing, as test results suggest in Table 5 and as shown in Figure 12. In comparison to
LWC and MVD, IPS was more sensitive to environment temperature. Therefore, when
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environment temperature drops, IPS must immediately provide more heating power for
ice protection.

Table 5. Heating power details in different environment temperatures.

Case\Temp (◦C)

Heating Power
W Heating Power Density

kW/m2 Valid or Invalid
Sheet

A
Sheet

B
Sheet

C
Sheet

D
Sheet

E

Case 1\−7 ◦C 36 105 255 × × 5 Valid
Case 6\−10 ◦C 36 105 255 × × 5 Invalid
Case 6\−10 ◦C 54 158 383 × × 7.5 Valid
Case 7\−15 ◦C 72 210 510 × × 10 Invalid
Case 7\−15 ◦C 87 252 612 × × 12 Valid
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In this test, when the temperature dropped from −7 ◦C down to −10 ◦C and −15 ◦C,
the needed IPS heating power density went from 5 kW/m2 to 7.5 kW/m2 and 12 kW/m2.
Based on the results, the required heating power density was fitted linearly with the
environment temperatures:

q = −0.877(T− 273.15)− 1.193 (2)

where T is environment temperature, with units in Kelvin (K), and q is heating power
density, with units in kW/m2.

It is noteworthy that the thermocouples used for surface temperature measurement
were positioned inside the model, rather than on the superhydrophobic coating surface.
As a result, the surface temperature of the coating, which is crucial in IPS evaluation,
would be lower than the measured temperature due to the heat transfer properties of
superhydrophobic coatings. In the test, as shown in Figure 13, a heating power density of
10 kW/m2 at environment temperature−15 ◦C (case 7) maintained an internal temperature
virtually identical to that provided by a heating power density of 7.5 kW/m2 at environment
temperature of−10 ◦C (case 6) but could not prevent ice formation. It could be inferred that
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the coating surface temperature dropped below the freezing point. Therefore, it is necessary
to study the heat transfer qualities between the airfoil skin and superhydrophobic coating
in the future.
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Figure 13. Comparison of surface temperature with different environment temperatures and heating
power densities.

3.2. IPS Parameters Effect
3.2.1. Heating Range and Powers

Case 8 entailed the activation of only sheet A with a considerable increase in power
of 150 W to simulate Type (2) previously defined. Results (Figure 14) showed that this
design could not prevent ice formation even near the stagnation point. The high power
applied to sheet A led to a leading edge surface temperature approximately equal to that
of Type (1) in case 1, as shown in Figure 15, but with a temperature fall rapidly after the
heating area. It could be inferred that the temperature of the superhydrophobic surface here
should have fallen below the freezing point. As a result, it is not advisable to reduce the
heating area range since this could adversely impact efficient heat distribution in addition
to the superhydrophobic coating’s poor heat transfer. The surface temperature on the
superhydrophobic surface must be kept above the freezing point.
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Figure 15. Comparison of surface temperature with sheet A on and sheets A/B/C all on.

3.2.2. Coating Range

Type (3) layout was tested in case 9, where all the heating sheets A/B/C/D/E were
turned on and covered with superhydrophobic coatings. Each heating sheet was provided
with the same power density which decreased gradually during the test until ice formation
occurred. Heating power details are shown in Table 6. On the first attempt, a power
density of 5 kW/m2 was chosen based on the minimum power density obtained from the
pre-tests described above. This was evidently sufficient to prevent ice formation due to the
additional sheets D and E. However, when the provided power density fell to 4 kW/m2, ice
appeared on the leading edge, as shown in Figure 16. The ice protection results are shown
in Table 6. At a power density of 4.5 kW/m2, the total power of sheets A/B/C/D/E was
466 W, whereas the total power at a power density of 5 kW/m2 with sheets A/B/C on was
396 W. Increased coating range led to a decrease in heating power density but not in the
total power.

Table 6. Heating power details in case 9.

Heating Power
W Total Power

W
Heating Power Density

kW/m2 Valid or Invalid
Sheet

A
Sheet

B
Sheet

C
Sheet

D
Sheet

E

1st try 36 105 255 60 60 516 5 Valid
2nd try 33 95 230 54 54 466 4.5 Valid
3rd try 29 84 204 48 48 413 4 Invalid
Case 1

(reference) 36 105 255 × × 396 5 Valid

It can be seen from this part of the study that increasing the range of superhydrophobic
coating and heating, while decreasing the heating power density of heating sheets, cannot
lead to a reduction in total heating power consumption. Efficient distribution of heating
power remains the key consideration in IPS design, even with a superhydrophobic coating.
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Figure 16. Ice formation on the leading edge at a power density of 4 kW/m2.

3.2.3. Water Fall-off Position

Type (4) layout was tested in case 10. Sheets A/B/C/D/E were provided a high
heating power density of 10 kW/m2 to ensure that the water on the protection surface
remained in its liquid state. Only sheets D and E were covered with superhydrophobic
coating to investigate whether it led to runback water falling off beyond the droplet
impingement limit. Aluminum plates covered the sheets A/B/C region to prevent steps
between the two regions. Results in Figure 17 showed no ice formation on the heating
protected surface, but runback ice formed thereafter. It indicates that the water collected
on the sheets A/B/C region did not completely fall off the surface while passing through
the sheets D/E region. In case 1, when superhydrophobic coatings covered the sheets
A/B/C region, no runback ice formed, indicating that all liquid water fell off within the
impingement area. It could be inferred from the comparison of the two test results that
it was the droplet impingement area covered with the superhydrophobic coating that
effectively impacted droplets falling off.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  14  of  16 
 

 

Figure 16. Ice formation on the leading edge at a power density of 4 KW/m2. 

It can be seen from this part of the study that increasing the range of superhydropho-

bic coating and heating, while decreasing  the heating power density of heating sheets, 

cannot lead to a reduction in total heating power consumption. Efficient distribution of 

heating power remains the key consideration in IPS design, even with a superhydropho-

bic coating. 

3.2.3. Water Fall-off Position 

Type (4) layout was tested in case 10. Sheets A/B/C/D/E were provided a high heating 

power density of 10 KW/m2 to ensure that the water on the protection surface remained 

in its liquid state. Only sheets D and E were covered with superhydrophobic coating to 

investigate whether it led to runback water falling off beyond the droplet impingement 

limit. Aluminum plates covered the sheets A/B/C region to prevent steps between the two 

regions. Results in Figure 17 showed no ice formation on the heating protected surface, 

but runback ice formed thereafter. It indicates that the water collected on the sheets A/B/C 

region did not completely fall off the surface while passing through the sheets D/E region. 

In case 1, when superhydrophobic coatings covered the sheets A/B/C region, no runback 

ice formed, indicating that all liquid water fell off within the impingement area. It could 

be inferred from the comparison of the two test results that it was the droplet impinge-

ment area covered with the superhydrophobic coating that effectively impacted droplets 

falling off. 

 

Figure 17. Runback ice forms after droplet impingement limit. 

4. Conclusions 

This paper investigated the sensitivity of the superhydrophobic coating range, heat-

ing range and power to icing environmental parameters. Based on the results of the tests, 

the following conclusions were derived: 

1. IPS with a  coating prevented  runback  ice  formation and  reduced  the power  con-

sumption by more than 50% compared to IPS with no coatings. 

2. IPS is highly sensitive to environment temperature. A designed IPS might not work 

well when environment temperature is beyond the design point. 

Figure 17. Runback ice forms after droplet impingement limit.

4. Conclusions

This paper investigated the sensitivity of the superhydrophobic coating range, heating
range and power to icing environmental parameters. Based on the results of the tests, the
following conclusions were derived:

1. IPS with a coating prevented runback ice formation and reduced the power consump-
tion by more than 50% compared to IPS with no coatings.

2. IPS is highly sensitive to environment temperature. A designed IPS might not work
well when environment temperature is beyond the design point.

3. IPS is sensitive to MVD which determines the area that needs to be protected and is
less sensitive to LWC. Nonetheless, increased MVD and LWC at the same time may
demand enhancing the IPS’s heating power.

4. The droplet impingement area is where the superhydrophobic coating works. The
coating cannot promote all the water falling off when situated outside the impinge-
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ment area. Therefore, the superhydrophobic coating needs to cover the droplet
impingement area only.

5. Sufficient heating power is required to keep the surface temperature of the superhy-
drophobic coating above the freezing point. Effective heat distribution on the surface
is critical to IPS design.

In general, when applying the new IPS method that combines thermoelectric and
superhydrophobic coatings to an aircraft, the design of its protection range requires no
additional consideration compared to conventional designs. In terms of energy consump-
tion, it is necessary to ensure that the surface temperature is above 0 ◦C or slightly higher
for optimal anti-icing performance. However, the addition of superhydrophobic coatings
may result in a decrease in the heat transfer efficiency. Thus, the measured and adjustable
temperature inside the model needs to be a little higher than the temperature one wants
to achieve on the surface of the superhydrophobic coating. Detailed research on the heat
transfer process and temperature variations is likely to be necessary in the future.
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Abstract: Fabricating and developing superhydrophobic anti-icing surfaces have been a research
hotspot for eliminating undesired icing issues. Among various fabricating strategies, ultrafast laser
micro-nano fabrication is regarded as a greatly promising technique owing to its advantages of
high geometric accuracy, highly flexible microstructure or dimension availability, no contact, and
no material limitation. A number of diverse micro-nanostructured superhydrophobic surfaces have
been developed by ultrafast lasers and demonstrated extraordinary anti-icing properties. They are
collectively known as ultrafast laser-fabricated superhydrophobic anti-icing surfaces (ULSASs). In
this article, we reviewed the recent advances in ULSASs from micro-nano structure fabricating to
anti-icing performances and to potential applications. The surface wettability and mechanisms of
ultrafast laser micro-nano fabrication are first introduced, showing the strong ability of ultrafast laser
for fabricating superhydrophobic surfaces. Then the deepened understanding of the relationship be-
tween superhydrophobicity and icephobicity is discussed in detail, including Cassie–Baxter stability,
surface durability and environmental adaptability. Eventually, the passive anti-icing technique, the
passive/active combined anti-icing technique and their practical applications are presented together
with current challenges and future prospects.

Keywords: ultrafast laser; superhydrophobic; anti-icing

1. Introduction

Icing phenomena have brought tremendous troubles in many fields such as telecom-
munication, transportation, energy, etc. [1–4]. Especially in aviation applications, the
formed and accumulated ice on airplanes greatly damages aerodynamic properties [5–7]. It
has been shown that mm-thick ice on airfoils will result in about 30% loss of lift force per
unit area, eventually causing catastrophic accidents [8,9]. In recent years, many crashes re-
lated to icing have taken place. To eliminate ice formation and build-up, some conventional
anti/deicing technologies such as electrothermal, pneumatic, and ultrasonic deicing have
been developed and widely used [10–12]. This notwithstanding, such active deicing strate-
gies tend to be extremely wasteful of energy, are of low-efficiency, and not environmentally
friendly [13]. These drawbacks overwhelmingly restrict their applications in situations
such as for diminutive airplanes from drones to warcraft and some industrial applications
from pipelines to power lines [14,15]. Therefore, novel anti/deicing technologies are in
urgent need of researching and developing to meet the application demands.

Inspired by the water repellency of the lotus in nature, superhydrophobic surfaces (SHSs)
have been one of the most promising candidates for achieving passive anti/deicing [16,17].
With extremely high contact angles of >150◦ and low sliding angles of <10◦, SHSs can
significantly reduce the solid-liquid contact area to repel external water droplets in time
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and thus keep surfaces dry [18–20]. The unique properties have attracted a flurry of
researchers and engineers to pay great attention to moving SHSs toward anti-icing applica-
tions [21–24]. Figure 1 shows the increasing number of published articles on the topic of
“anti-icing” and “superhydrophobic anti-icing” in recent years. Among these, papers about
superhydrophobic anti-icing account for about one-quarter of all publications, showing
their dominant role. However, with the deepening of research, it is found that superhy-
drophobic surfaces cannot always eliminate icing issues and have greater ice adhesion
strengths than smooth pristine surfaces in some cases [25,26]. With regard to mechanisms,
superhydrophobicity is mainly attributed to a large number of trapped air pockets among
micro-nanostructures, where a triple-phase solid-liquid-gas interface will be constructed.
However, the air pockets are very fragile. Once they are broken, greater ice adhesion will
be generated owing to the mechanical locking between ice and micro-nanostructures. In
this case, the micro-nanostructures also provide more ice nucleation sites to promote the
icing process [27–29]. These negative results have given rise to a number of debates on
whether SHSs are advantageous for anti-icing applications. Kreder et al. compared different
types of anti-icing surfaces, including superhydrophobic surfaces, slippery surfaces, and
hydrated surfaces. They emphasized the decisive role of surface structures on anti-icing
properties [30]. To further understand the relationship between superhydrophobicity and
icephobicity and explore the optimized superhydrophobic anti-icing surfaces, fabricating
and easily controlling micro-nanostructures is of great significance.
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To date, many state-of-the-art strategies have been developed to fabricate micro-
nanostructures, including chemical etching, machining, 3D printing, sol–gel methods, laser
processing, and others [31–35]. Among these, ultrafast laser micro-nano fabricating, as
a novel top-down processing strategy, shows the superior advantages of nm-accuracy,
contact-free, and highly programmable processing without material dependence. This
method is not only easy for fabricating surface micro-nanostructures but also greatly
promising for practical applications [36–39] (Table 1). Meanwhile, compared to other con-
ventional lasers with continuous wave and short pulses, ultrafast lasers have an ultrashort
pulse width from several tens of femtoseconds to tens of picoseconds, which is equiva-
lent to or shorter than the heat conduction time of an electron lattice. Hence, a smaller
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heat-affected zone and higher processing quality could be realized [40,41]. Generally, the
surface structures formed by ultrafast laser irradiation can be divided into two types:
laser-ablated structures (arrayed microstructures) and laser-induced structures (random
and/or periodic nanostructures) [42,43]. The former’s geometry is mainly determined by
the ablation process with intense laser energy interaction with materials and can be closely
controlled by user-defined structure shapes. The most typical representative of the latter,
the laser-induced periodic surface structure (LIPPS), is formed by linearly polarized laser ra-
diation with fluences slightly above the ablation threshold [44]. By varying laser processing
conditions such as wavelength, pulse duration, power density, incidence angle, scanning
speed, and processing environments, the morphologies of LIPPS could also be closely
controlled. Adopting the above two structures, microscale and nanoscale structures on sur-
faces could be easily and tunably fabricated with ultrafast lasers. In the meantime, during
laser ablation, the plasma plume contains abundant energetic species, which reunite and
rapidly deposit on microstructures to form nanostructures, thus constituting the hierarchi-
cal micro-nanostructures [45–47]. The fabrication of various micro/nanostructures enabled
by ultrafast lasers has paved a solid pathway to preparing SHSs. Although most materials
such as metals and ceramics are intrinsically hydrophilic so that the superhydrophilic inter-
faces are produced after laser processing, the superhydrophobicity can be easily achieved by
surface chemical modification, including vapor deposition, solution immersing, spinning
coating, and so on [48–50]. Many reports and advances have been produced in fabricating
SHSs and controlling their superhydrophobic states by ultrafast lasers [51,52]. Compared
to the SHSs fabricated by other methods, laser-fabricated superhydrophobic surfaces have
shown tremendous advantages in durability, stability, and repeatability as well as high
tunability [53–56]. Many reviews have summarized laser-fabricated superhydrophobic
surfaces in various application scenarios [40,42,57]. Specifically, research articles about
ultrafast laser-fabricated superhydrophobic anti-icing surfaces (ULSASs) have sprung up in
recent years [58–61], as shown in Figure 2. However, to our best knowledge, related reviews
and perspectives are rarely reported. In response to the special issue “Superhydrophobic
and Icephobic Coatings”, it is of significance and value to summarize recent progress in
ULSASs and to propose current challenges and future prospects.

Table 1. Comparison of common micro-nanofabrication techniques in terms of fabrication rate,
accuracy, structural tunability, applicable materials, and large-scale fabricating.

Methods Accuracy Structural
Tunability Applicable Materials Large-Scale

Fabricating Refs.

Ultrafast laser processing nm
√

Any materials
√

[62–64]
Chemical treatment nm × Metals

√
[65–67]

Photolithography nm
√

Silicon × [68,69]
Template methods nm

√
Polymer, metal

√
[70–72]

Machining µm
√

Any materials
√

[73,74]
3D printing * µm

√
Polymer, metal, ceramics × [35,75]

Sol–gel methods nm × Polymer
√

[76,77]

* Here, we take two-photon lithography (TPL) as the representative of 3D printing.

In this review, we focus on ultrafast laser enabled superhydrophobic anti-icing perfor-
mances and draw examples from surface fabrication, anti-icing mechanisms, and advances
and applications, as shown in Figure 3. The fundamental wettability and ultrafast laser
micro-nano fabricating examples are discussed first, elucidating the structural diversity
and tunability of ultrafast laser fabricating. Adopting ultrafast laser-fabricated SHSs, some
novel and interesting phenomena involving icing and melting processes are discussed
with a deepened understanding of the relationship between superhydrophobicity and ice-
phobicity. We clarify that superhydrophobicity is one necessary but insufficient condition
of icephobicity and present three common failure factors of superhydrophobic anti-icing
surfaces, including Cassie–Baxter stability, surface durability, and environmental adaptivity.
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The next section introduces the recent progress of ULSASs in the three aspects of passive
anti-icing, passive/active combined anti-icing, and their practical outdoor applications in
detail. Combining the storylines from fabrication to mechanisms and then to applications,
we present current challenges in moving ULSASs toward practical applications. Finally, we
give a conclusion and provide prospects for the future development of ULSASs.
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Figure 2. Ultrafast laser-fabricated superhydrophobic anti-icing surfaces: fabrication, mechanism
understanding and surface development. Reproduced with permission from [78], copyright (2022)
Springer; reproduced with permission from [79], copyright (2022) Nature Publishing Group; re-
produced with permission from [80], copyright (2020) American Chemical Society; reproduced
with permission from [81], copyright (2023) American Chemical Society; reproduced with permis-
sion from [6], copyright (2023) American Chemical Society; reproduced with permission from [82],
copyright (2022) Elsevier.
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Figure 3. Flow chart describing the arrangement and order of each part in this review.

2. Ultrafast Laser-Fabricating Micro-Nanostructured Superhydrophobic Surfaces
2.1. Wettability and Superhydrophobicity

Surface wettability represents the ability of liquids to spread on surfaces. When the
spreading reaches the equilibrium, droplets statically rest on surfaces and form an angle,
namely, contact angle θ (CA). From thermodynamics, CA is the characterization of three-
phase interfacial free energies. Back in 1805, the relationship between them has been well
described by Young’s equation [83], as shown in Figure 4a:

cosθ = (γsv − γls)/γlv (1)

where γsv, γls and γlv denote the interface tensions of solid-vapor, liquid-solid, and liquid-
vapor, respectively. Although Young’s equation establishes the qualitative relationship
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between interfacial energies and wettability, it is not appropriate for describing rough
surfaces in the real world. Wenzel et al. introduced the roughness factor r and took
the apparent contact angle θ∗ to characterize surface wettability [84], as shown in the
following equation:

cosθ∗ = r·(γsv − γls)/γlv = r·cosθ (2)

where the roughness factor r is the ratio of the actual solid-liquid contact area to the
nominal contact area. However, the model is limited to the occasion that liquids completely
penetrate micro-nano valleys and cannot explain some common wetting phenomena in
nature such as the rolling droplets on lotuses. Cassie and Baxter further introduced the
contact fractions of liquid-solid fls and liquid-vapor flv to describe the mixed triple-phase
interfaces [85]. Considering fls + flv = 1, the Cassie–Baxter equation is expressed by:

cosθ∗ = fls·cosθ − 1 + fls (3)

Generally, droplets on superhydrophobic surfaces show a large CA and low adhesion
strength. Contact angle hysteresis is one of the most common evaluation standards of
droplet adhesion. The maximum and minimum static CAs are defined as the advancing
angle θadv and receding angle θrec, respectively. The difference between θadv and θrec is
the contact angle hysteresis (CAH), as shown in Figure 4a. Smaller CAHs mean smaller
adhesion forces exist between interfaces so that droplets can move on surfaces more easily.
In this case, surfaces have better liquid-repellency [86,87]. In nature, superhydrophobic
phenomena exist widely. For example, luxuriant micropapillae covered by low-surface-
energy epicuticular wax endow lotuses with excellent superhydrophobic and anti-fouling
properties [88] (Figure 4(d1,d2)), and needle-shaped micro-nano setae combined with wax
make water striders walk on rivers freely [89] (Figure 4(e1,e2)). Meanwhile, diverse micro-
nanostructure arrangements also bring about many unique superhydrophobic properties,
such as the high droplet adhesion on rose petals enabled by single-tier microstructures
(Figure 4(f1,f2)) [90], directional adhesion on rice leaves [88] and butterflies enabled by
directional microgrooves [91] (Figure 4(g1,g2,h1,h2)), and the anti-fogging properties on
mosquito eyes enabled by elaborate nanonipples [92] (Figure 4(i1,i2)).

2.2. Ultrafast Laser Micro-Nano Fabricating

As discussed above, ultrafast lasers have many incomparable advantages in micro-
nanofabrication. These advantages are not only ascribed to the convenience and pro-
grammability of processing methods but also attributed to the complicated light-matter
interactions [39,93]. Generally, ultrafast lasers are defined as lasers with ultrashort pulse
duration from several tens of femtoseconds to tens of picoseconds [94]. Figure 5a shows the
timescales and intensity of the main phenomena during and after irradiating a solid with
a femtosecond laser. The light-matter interacting processes could be divided mainly into
three types: electronic excitation, nonequilibrium phase transformation, and morphology
formation [95], as illustrated in Figure 5a. Overall, in most cases, electronic excitation occurs
during the laser pulse (fs—ps), and nonequilibrium phase transformations take place on
the picosecond timescale (about ps—100 ps). The timescale of morphology formation
reaches up to nanoseconds (about ns—100 ns). There also exist some differences when
processing different materials. For semiconductors or dielectrics, the irradiated laser on
the one hand can prompt the generation of high-concentration free electrons across the
bandgap, which might further induce non-thermal melting. Meanwhile, on the other hand,
the laser also provides the excited electrons with more energy, triggering the switching to
the plasma state or producing a coulomb explosion. When reaching the electron lattice
equilibration, rapid heating at a rate of >1014 K/s occurs to further lead to homogeneous
melting or the formation of a supercritical fluid [96]. Many new surface morphologies or
metastable phases are produced in extreme environments. After the temperature decreases
below material melting points, the melts start to solidify or resolidify to form surface
micro-nanostructures. For metals, laser-induced electron heating dominates, resulting in
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localized high-temperature melting. However, the high thermal conductivities of metals
can additionally result in a high supercooling state, where some unexpected structures or
defects will be constructed, such as some amorphous structures or nanocrystals [97,98].
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(d–i) Creatures with superhydrophobicity: (d1,d2) lotus leaves (reproduced with permission from [88].
Copyright (2007) Elsevier); (e1,e2) water striders (reproduced with permission from [89]. Copyright
(2007) American Chemical Society); (f1,f2) rose petals (reproduced with permission from [90]. Copy-
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Copyright (2007) Elsevier); (h1,h2) butterflies (reproduced with permission from [91]. Copyright
(2018) American Chemical Society); (i1,i2) mosquito eyes (reproduced with permission from [92].
Copyright (2007) John Wiley and Sons).

Following the interaction mechanisms between ultrafast lasers and matter, numerous
diverse micro-nanostructures can be easily fabricated and can be further tuned by varying
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laser processing parameters or adjusting processing environments. Some common laser
parameters include laser wavelengths, pulse duration, pulse repetition frequency, pulse
input number, laser fluence, and so on [39,99]. Here, we take two important parameters
(laser pulse duration and pulse input number) as examples to introduce their effects on
micro-nanostructures. Generally, different laser pulse durations result in different heat
affected zones, eventually affecting the processing quality. As shown in Figure 5b, with
the shortening of pulse duration from −10−9 to 10−15, the processing quality gradually
improves as a result of the smaller heat-affected zone [94]. This phenomenon is mainly
attributed to the pulse durations of ultrafast laser (picosecond and femtosecond laser) being
shorter than the electron-lattice relaxation time (~10−12 s). Hence, less heat is transferred,
causing a smaller thermal effect. For the pulse input number, the micro-nanostructure
sizes and morphologies are directly influenced. Figure 5c exhibits the evolution of micro-
nanostructures with the pulse input number. It is found that the particles can be flexibly
controlled not only in the wide range of nanoscale, sub-microscale, fine-microscale, mi-
croscale, and coarse-microscale but also with various structural sizes, including heights
and intervals [100].
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with permission from [101] (copyright (2021) Elsevier) and [102] (copyright (2019) Elsevier). (c) Evo-
lution of micro-nanostructure sizes with the laser pulse input number (reproduced with permission
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Besides the fundamental laser parameters, processing environments also play a signifi-
cant role in structural morphologies and chemical elements. For example, we once adopted
a femtosecond laser to process Ag samples in air and Argon atmosphere [103]. It was found
that more nanoparticle clusters and less oxide were generated in Argon. In the meantime,
by ablating NiFe in the NH3 atmosphere, we also fabricated more abundant nanoclusters
than in the air [104]. These discoveries confirm that the processing atmosphere has a great
influence on micro-nanostructure morphologies.

Based on diverse processing parameters and environments, ultrafast laser-fabricated
micro-nanostructures could be easily tuned to further realize the fine control for super-
hydrophobic states. Long et al. achieved the superhydrophobic state tunability from
the Wenzel state to the CB state by simply changing the laser scanning speeds on the
copper material [51]. The superhydrophobic state evolution was ascribed to the changes
in microstructure sizes and nanostructure amounts, where lower scanning speeds could
induce deeper microstructures and more abundant nanostructures to contribute to the CB
state. Yin et al. discovered the controllable wettability on Polyimide film via femtosecond
laser thermal accumulation engineering [105]. By regulating local thermal accumulation
effects, different micro-nanostructures were induced, realizing the wettability changes from
superhydrophobicity (~3.6◦) to superhydrophobicity (~151.6◦). Zheng et al. adopted a
femtosecond laser to fabricate a temperature-response ceramic surface with switchable
wettability [106]. Superhydrophobic and superhydrophilic interfaces were reversibly and
repeatedly transited after alternate heating treatments. It was confirmed that laser-induced
micro-nanostructures contributed to the removal and re-absorption of organic compounds,
thus resulting in the wettability transition.

3. Anti-Icing Mechanisms of SHSs

Adopting diverse and tunable micro-nanostructures fabricated by ultrafast lasers, a
large number of applications have been explored [48,107,108]. Among that, ULSASs have
been extensively researched in recent years. Many new phenomena have been discovered
to deepen the understanding of superhydrophobic anti-icing properties. In this section,
we combine recent reports and our understanding to explain the relationship between
superhydrophobicity and icephobicity and give the analysis of common failure factors of
superhydrophobic anti-icing surfaces.

3.1. Relationship between Superhydrophobicity and Icephobicity

In terms of the interfacial states between droplets and micro-nanostructures, droplets
on superhydrophobic surfaces mainly exhibit two states: Cassie-Baxter (CB) and Wenzel.
Although droplets in both states have CAs exceeding 150◦, their icephobicity performs
differently [5]. Icephobicity works only when droplets are supported by air pockets to
retain the CB state. However, once air pockets are broken, droplets will rapidly penetrate
into the valleys and be stuck by surrounding micro-nanostructures. In this case, the SHSs
not only lose their icephobicity but also bring about more icing danger such as easy-icing
and ice difficult-removal [109]. Chen et al. reported that the Wenzel ice on SHSs even
showed over four times higher ice adhesion strengths than on hydrophilic surfaces [25].
Hence, superhydrophobicity is not equal to icephobicity but is one necessary but not
insufficient condition.

To ensure the icephobicity of superhydrophobic surfaces, droplets should retain the CB
state but not the Wenzel state. Nonetheless, much research indicates droplets tend to pas-
sively transit from the CB state to the Wenzel state under external disturbances [79,110,111],
such as freezing, vibration, external pressure, and so on. Affected by the energy barrier
between the Wenzel state and the CB state, the spontaneously reversible transition was
once regarded as impossible. Many experts have systematically investigated the icing
and melting processes on different micro-nanostructured superhydrophobic surfaces [79].
Although some found ultralow ice adhesion strengths for mL-scale ice columns, the transi-
tion from the CB state to the Wenzel state still inevitably occurred when the droplet size
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diminished to the µL-scale. Figure 6 shows the icing and melting processes of droplets on
laser-fabricated superhydrophobic surfaces. Compared to other SHSs, it was discovered
that droplets on laser-fabricated SHSs possessed a significantly delayed icing ability, which
contributed to more bubbles dissolving in supercooled droplets and further dissolving out
in ice droplets. During melting processes, these bubbles could spontaneously and rapidly
impact downwards under the Marangoni effect, leading to the recovery of the CB state.
The dewetting transitions were closely related to surface structures, which further affected
the superhydrophobicity, the delayed icing time, and the liquid retraction resistance forces.
Although it was confirmed that laser-induced micro-nanostructures could well ensure the
robustness of dewetting transitions, the room-temperature superhydrophobicity was still
overwhelmingly different from the low-temperature icephobicity owing to complex inter-
facial interactions at low temperatures [112]. To ensure the anti-icing properties of SHSs,
extraordinary superhydrophobicity is undoubtedly one of the most significant conditions,
but there are still many other factors that need to be guaranteed. As follows, three main
failure factors of superhydrophobic anti-icing surfaces are discussed.
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Figure 6. Icing and melting processes on the superhydrophobic surfaces fabricated by ultrafast laser
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3.2. Failure Factors of Superhydrophobic Anti-Icing Surfaces
3.2.1. Cassie–Baxter Stability

The CB stability represents the ability of SHSs to withstand the impalement of air
pockets by droplets [113,114]. In room-temperature environments, the CB stability is
evaluated by the Laplace pressure of droplets, namely, P = 2γ/Rd, where γ is the liquid
surface tension and Rd is the radius of droplets. Higher CB stability means that SHSs can
withstand higher Laplace pressure to retain the CB state of droplets. The critical Laplace
pressure PC is generally determined by two criteria [80,115]: (i) the critical Laplace pressure
for the CA at the moment of droplet transiting from the superhydrophobic state to the
hydrophobic state (PCCA); and (ii) the critical Laplace pressure for the contact diameter at
the moment of the triple-phase line stops retracting (PCCD). In terms of the two criteria, PC
is expressed by: {

PC = PCCA, i f PCCA < PCCD
PC = PCCA, i f PCCA > PCCD

(4)
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Many researches have confirmed that some finely designed ultrafast laser-fabricated
SHSs show superior CB stability at room temperature owing to highly controllable and
robust micro-nanostructures [115–117]. It is widely accepted that SHSs with higher PC
could show better anti-icing properties. Pan et al. combined ultrafast laser ablation and
chemical oxidation to fabricate two types of three-tier micro-nanostructures: the microcone-
microflower-nanosheet (MNSF) and the microcone-microflower-nanograss (MNGF) [80].
The two surfaces showed ultrahigh room-temperature CB stability with the highest critical
Laplace pressure of ~1450 Pa among all the published reports (Figure 7a,b). However,
although the two surfaces showed similar CB stability at room temperature, there still
existed significant differences in their anti-icing properties. For example, the ice adhesion
strength on MNGF was only 1.7 kPa while that on the MNSF reached 16.9 kPa (Figure 7c).
The results indicated that room-temperature PC was not appropriate for evaluating the low-
temperature Cassie–Baxter stability. Focusing on this problem, related calculation models
based on icing phenomena were recently established to evaluate the low-temperature
CB stability of SHSs with air pocket pressure (Figure 8a,b) [118]. It was found that both
microstructure morphologies and temperatures had a great influence on the air pocket
pressure. Among these, the open-cell microstructures had higher air pocket pressure at
low temperatures than the semi-open or closed microstructures, thus showing higher CB
stability. As demonstrated in Figure 8c,d, the anti-icing properties corresponded well to
the air pocket stability induced by microstructures, where the SHSs with more open-cell
structures showed better and robust anti-icing properties. Hence, to avoid the failure of
superhydrophobic anti-icing surfaces, open-cell structures should be adopted to maintain
the low-temperature CB stability.
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Figure 7. Morphologies (a), CB stability (b) and ice adhesion strengths (c) of laser-fabricated superhy-
drophobic surfaces. MNGF denotes the surface with microcone-microflower-nanosheet structures
while MNSF denotes the surface with microcone-microflower-nanograss structures. The SEM im-
ages in (a) are from the MNGF surfaces. (Reproduced with permission from [80]. Copyright (2020)
American Chemical Society.)
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Figure 8. Effect of air pocket stability at low temperatures on anti-icing performances. (a) Schematics
displaying the triple-phase interface changes during icing processes. (b) Phase diagram of air
pocket pressure at different temperatures and on the surfaces with different closed/open area ratios.
(c) Comparison of ice adhesion strengths on different surfaces with different structural types and
contact angles. (d) Comparison of ice adhesion strengths on the surfaces with different structural
types. (Reproduced with permission from [118]. Copyright (2023) Royal Society of Chemistry.)

3.2.2. Surface Durability

Surface durability plays a key role in long-term practical applications. Among these,
micro-nanostructures and low-surface-energy coatings are two crucial factors. For micro-
nanostructures, it is well-known that the structures on SHSs are generally fragile and can
be abrased easily when subjected to external shear forces [119]. To improve structural
durability, much research has conducted [120,121]. In the best-known study, Wang et al.
used armor-like microstructures combined with nanoparticles to realize ultrahigh super-
hydrophobic durability [87]. However, based on the above analysis, the introduction of
armor-like microstructures would result in a decrease in air pocket pressure at low tem-
peratures, eventually causing the failure of anti-icing properties. Hence, the closed-cell
structures are not icephobic-durable (Figure 9a). Both room-temperature durability and
icephobic durability need to be met for long-term anti-icing applications. Designing the
micro-nanostructures to make this comprise is of significance.
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Figure 9. Two key factors influencing surface durability. (a) Surface structure types (Reproduced
with permission from [118]. Copyright (2023) Royal Society of Chemistry.) (b) Low-surface-energy
coatings (Reproduced with permission from [122]. Copyright (1999) American Chemical Society.)

For low-surface-energy coatings, durability is related only to intrinsically hydrophilic
materials, such as metals, ceramics, etc. The most common coating substance is fluo-
rosilanes, which can be facilely coated on micro-nanostructures by the methods of vapor
deposition or solution immersing [123]. Although excellent superhydrophobicity could
be achieved with the methods, the durability of such coatings is usually poor owing to
the single molecular layer thickness of the coated fluorosilanes by bonding with hydroxyl
groups [82]. Nishino et al. measured the surface roughness of the coating on glass [122],
where n-Perfluroeicosane (C20F42, one of the low-surface-energy substances) was vapor
deposited. They found that the vapor-deposited layer was single crystal-like with a max-
imum roughness of only 8 Å (Figure 9b). Under external abrasion, the coatings can be
easily peeled off to expose the inner hydrophilic sites, eventually leading to the failure of
anti-icing properties. Therefore, research on chemical synthesis and coating materials still
needs to be made in developing novel durable low-surface-energy coatings.

3.2.3. Environmental Adaptivity

Numerous complex and unexpected disturbances exist in practical application envi-
ronments, including high-speed droplet impact, dust accretion, strong wind, etc. [124]. In
this case, superhydrophobic anti-icing surfaces fail more easily compared to static labora-
tory environments. We take the common dynamic impact as an example to elucidate the
influences of environments on anti-icing properties. Figure 10a,b show the comparison
of four typical dynamic tests: water jet impacting, solid particle impacting, supercooled
droplet impinging, and icing wind tunnel tests [81]. It can be observed that there are
tremendous differences for different test conditions. For icing wind tunnel tests (a widely
adopted method to simulate real aviation environments), the droplet sizes and impacting
velocities are generally in the range of ~20–100 µm and ~10–100 m/s. The dynamic pres-
sures in icing wind tunnel tests reach up to over 1 Mpa, which is more than an order of
magnitude higher than those in other tests. Under continuous, high-speed, high-pressure
and tiny droplet impact, superhydrophobic anti-icing surfaces tend to fail extremely easily.
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Figure 10c shows the icing processes of the superhydrophobic anti-icing surfaces fabricated
by the DLIP. The surfaces, which could easily repel supercooled droplets (−5 ◦C; diameter:
~2 mm; impact speed: 3.4 m/s) at the substate temperature of −25 ◦C, not only failed in
0.5 min in the icing wind tunnel tests but also even resulted in more ice accretion than pris-
tine smooth surfaces. We ascribed the phenomenon to the preferentially bottom freezing
when supercooled tiny droplets contacted surfaces. Within several milliseconds, the ice
embryo nucleated and generated a strong adhesion to the substrate instead of rebounding
(Figure 10d). Meanwhile, subsequent high-pressure droplets continuously impacted the
surfaces to further increase the ice adhesion and lead to ice accretion.

1 
 

 

Figure 10. Influence of environmental disturbances on anti-icing performances. (a) Summarization of
the relationships between the size of the droplets/particles and the impacting velocity from the four
dynamic experiments: water-jet impacting, solid-particle impacting, supercooled-droplet imping-
ing, and icing wind tunnel tests. (b) Dynamic impact pressure when the droplets/particles contact
the target surfaces. (c) Image sequences of the icing processes on SHSs in icing wind tunnel tests.
(d) Schematic diagrams showing the physical processes at dynamic impacting (Reproduced with per-
mission from [81]. Copyright (2023) American Chemical Society.) (e) Comparison of structural sizes
with droplet sizes. (f) Interfacial shear stress versus freezing fraction (Reproduced with permission
from [125]. Copyright (2020) John Wiley and Sons.)

To ensure that superhydrophobic anti-icing surfaces have qualified environmental
adaptivity, Vercillo et al. explored the design rules of ULSASs by testing various micro-
nanostructures in icing wind tunnel conditions [125]. Two dominant but opposite factors
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were summarized: stress concentrations and surface contact area. They found that although
micro-nanostructures with small sizes had a smaller solid-liquid contact area, the structures
also induced lower stress concentration. For those with larger sizes, higher stress concen-
tration but a larger contact area was produced. It was concluded that the laser-fabricated
structures should be with a spatial period of one order of magnitude smaller than the
mean volume diameter (MVD) and with abundant nanostructures (Figure 10e). They also
confirmed that the ice types, i.e., freezing fraction, had a strong influence on anti-icing
properties, where droplets could freeze faster at higher freezing fractions and were also
more difficult to remove (Figure 10f).

4. Advances and Challenges of ULSASs

Based on the above understanding, we summarize recent advances of ULSASs and
proposed corresponding challenges in this section. Two typical types of SHS anti-icing
technologies are discussed, including passive superhydrophobic anti-icing surfaces and
passive/active combined superhydrophobic anti-icing surfaces. For ease of understanding,
the challenges are presented by following their respective progress. Finally, current attempts
and explores of ULSASs in their practical applications are introduced and discussed.

4.1. Passive Superhydrophobic Anti-Icing Surfaces
4.1.1. Delayed Icing/Frosting

Five stages are divided into the whole icing processes: supercooling, nucleating,
recalescing, freezing, and solid cooling [79,126]. The delayed icing time generally denotes
the duration time of the first three stages, which start in the original cooling from room
temperatures and end in the occurrence of recalescence. Among these stages, avoiding ice
embryo nucleation is the key to delaying icing [127].

Nucleation processes are divided into two types: homogeneous nucleation and hetero-
geneous nucleation [128]. The former generally takes place in environments without any
disturbance and is completed by structure fluctuation and energy fluctuation. However, in
practical environments, heterogeneous nucleation generally takes the dominant [129]. The
nucleation rate of liquids can be expressed by:

R(T) = Rbulk(T)V + Rlv(T)Slv + Rls(T)Sls (5)

where R(T), Rbulk(T), Rlv(T) and Rls(T) are the nucleation rates of the total, the bulk,
the liquid-vapor interface, and the liquid-solid interface, respectively; Slv and Sls are the
contact areas of the liquid-vapor interface and the liquid-solid interface, respectively; V
is the liquid volume, and T is the surface temperature. Compared to Rls(T), the value of
Rlv(T) is very small. Hence the total nucleation rate R(T) is mainly dependent of Rls(T)
and Sls [5]. Among them, Rls(T) is determined by the heterogeneous nucleation energy
barrier, which is expressed by:

∆Ghet =
16πγ3

lv

3∆G2
V
· (2 + cosθ)(1− cosθ)2

4
(6)

where ∆Ghet is the energy barrier of heterogeneous nucleation; γlv is the liquid-vapor
interface energy; ∆GV is the Gibbs free energy per unit volume; and θ is the contact angle
of the ice embryo on a surface. The value of ∆Ghet is proportional to the contact angles,
where higher contact angles could induce a higher heterogeneous nucleation energy barrier,
further slowing down the nucleation rate. However, as discussed above, superhydrophobic
delayed icing properties work only when the CB state is retained. Once droplets transit
to the Wenzel state, the significantly increased solid-liquid contact area will greatly ac-
celerate the icing proceedings. Hence, maintaining the CB stability at low temperatures
is of great importance. Many researches reveal that it is mainly affected by surface wet-
tability and micro-nanostructure morphologies [11,30]. Undoubtedly, wettability is the
key factor that influences delayed icing properties. However, the above analysis confirms
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that the micro-nanostructure topologies play a more important role in low-temperature
air pocket stability [118]. To explore the optimal ULSASs, numerous state-of-the-art micro-
nanostructures have been developed. Pan et al. combined femtosecond laser ablation and
chemical etching to fabricate the triple-scale micro-nanostructures on copper and aluminum
alloy materials [130], where the open microcone arrays were covered by densely distributed
submicroflowers and nanograss (Figure 11a). It was found that the triple-scale micro-
nanostructures showed a significantly longer delayed icing time of 52 min 39 s, longer than
on smooth surfaces (8 min 15 s) and double-scale structured SHSs (34 min 38 s). Ge et al.
fabricated a hybrid micro-nanostructure with square pillars integrated Siberian–Cocklebur-
like microstructures on PTFE by controlling femtosecond laser parameters [131], as shown
in Figure 11b. They found that the surfaces not only had excellent superhydrophobicity but
also exhibited significantly enhanced delayed icing time. Xing et al. adopted a picosecond
laser to fabricate the cauliflower-like protrusions with nanostructures on the open micro-
gratings [132], as shown in Figure 11c. They revealed that the laser-processed multi-tier
micro-nanostructures moderated the heat loss to delay the icing process. Summarizing
recently reported data on ULSASs [61,129,131,133–136], Figure 12 shows the delayed icing
times versus different droplet volumes and materials. Compared to organic and inorganic
ULSASs, most metallic surfaces have better delayed icing properties. This is attributed to
the differences of the formed micro-nanostructures on different materials owing to different
light-matter interaction mechanisms (discussed in Section 2.2). Some chemical component
changes during ablating also account for the differences.
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Figure 11. Delayed icing properties of ULSASs. (a) Image sequence of icing processes on the pristine
copper surface, the double-scale structured ULSAS, and triple-scale structured ULSASs (reproduced
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with permission from [130]. Copyright (2021) Chinese Laser Press). (b) SEM images of the hy-
brid micro-nanostructure with square pillars integrated Siberian–Cocklebur-like microstructures
(reproduced with permission from [131]. Copyright (2020) Elsevier). (c) Schematics showing the
cauliflower-like protrusions with nanostructures on the micro-gratings (reproduced with permission
from [132]. Copyright (2020) Elsevier).
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In contrast to droplet freezing, frosting is a more complicated process, involving more
phase transformations [137–139]. Generally, two types of frosting modes are included:
desublimation frosting and condensation frosting [140]. Desublimation frosting involves
the gas-solid phase change and occurs mostly when the surface temperature is lower than
the triple point of water. In condensation frosting, vapor first condenses onto surfaces,
and then condensates freeze to form frosts when surface temperatures decrease below
the icing point [4]. On hydrophobic surfaces, the required supersaturation degree for
desublimation frosting is an order of magnitude larger than on hydrophilic surfaces [137].
Therefore, in practical applications, the delayed frosting on SHSs generally represents
the delayed condensation frosting. Numerous studies have been made on understanding
the mechanisms of condensation frosting on SHSs and developing related anti-frosting
surfaces [24,68,141,142]. The most remarkable is the discovery of droplet jumping on SHSs
induced by the decreased Laplace pressure and droplet coalescence [21,24]. Taking ad-
vantage of the spontaneous droplet jumping, condensates could be swept off the surfaces
in time before freezing. However, some remaining droplets can still freeze to inevitably
form frosts. To diminish the frosting ratio, two strategies have been mainly developed:
(i) designing and optimizing micro-nanostructures to inhibit the growth of frost layers;
(ii) designing the chemical components of surfaces to enhance droplet jumping. For UL-
SASs, the first strategy is adopted more frequently. By adjusting the microstructure sizes
and morphologies, the frost growing extent and spreading directions could be well con-
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trolled. Many experts have investigated frosting behaviors on ULSASs. He et al. adjusted
laser fluence and pulse repetition frequency to fabricate different micro-nanostructures
and investigated the relationship between surface morphologies and anti-frosting proper-
ties [143]. They found the smaller tip area and the larger nanostructures were preferred for
delaying frosting. Long et al. fabricated 3D conical microtextures covered with nanowires
on copper materials [144]. In condensation environments, the fine structures could con-
tribute to the departure of condensate droplets, thus realizing the dropwise condensation
and delaying frosting. Although much effort has been expended on developing diverse
laser-induced micro-nanostructures for anti-frosting, which type of structures performed
better was still unclear. In 2023, we classified all micro-nanostructures into two types: open-
cell and closed-cell structures [118]. By comparing the condensation frosting processes
on the two structures, it was found that more small condensate droplets emerged on the
closed-cell structures since the microframes provided more nucleation sites (Figure 13). The
delayed frosting time decreased as the area ratio of closed structures increased, indicating
open structures performed better than closed structures. This conclusion could greatly
guide the structural design of ULSASs for better anti-frosting properties.
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Figure 13. Delayed frosting phenomena on the ULSASs with different microstructures. (a,b) The
frosting processes on the closed-cell microstructures and open-cell microstructures. (c) Schematics
describing the differences of condensates nucleating and growing on different microstructures.
(d) The densities and diameters of condensate droplets on the ULSASs with different microstructures.
(e) Delayed frosting times versus different microstructures. (reproduced with permission from [118].
Copyright (2023) Royal Society of Chemistry).

Although much progress has been made in delaying icing/frosting of ULSASs, the
icing/frosting cannot still be completely avoided. Especially in some extremely low-
temperature and high-humidity environments, numerous droplets initiate and adhere to
the micro-nano valleys, and then rapidly freeze [145,146]. How to inhibit the icing/frosting
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on ULSASs in extremely freezing environments is a great challenge, which needs to be
further explored in structures, chemistry, and other areas.

4.1.2. Ultralow Ice Adhesion Strengths

Besides delaying ice embryo nucleation, lowering ice adhesion strengths is also one of
the most important properties of ULSASs [147]. In some severe icing environments (e.g., ice
wind tunnel conditions), freezing processes inevitably occur on SHSs [81]. How to lower
ice adhesion strengths is the key for avoiding ice accretion.

Centrifuge adhesion tests and push-off adhesion tests are the two most common meth-
ods [148,149]. The former determines the adhesion strengths by measuring the maximum
shear forces or pulling forces at the moment of ice shedding during the centrifugal rotating
while the latter records the maximum shear forces of the ice column detachment by the
horizontal pushing. Although the reported ice adhesion strengths in literature cannot be
compared accurately owing to the differences in test methods, it is widely regarded that
the surfaces with ice adhesion strengths below 100 kPa are icephobic surfaces, and the
ice adhesion strength of 20 kPa is the benchmark for passive anti-icing surfaces, where
ice could be removed by wind blow or slight vibration [30,150]. To date, many ULSASs
have been designed and fabricated with ultralow ice adhesion strengths [37,125,151–153].
Milles et al. tested the ice adhesion strengths of different ULSASs under various icing
conditions and found that the cross-like DLIP pattern with the size of 2.6 µm showed the
lowest ice adhesion strengths of 6~10 kPa [154]. As shown in Figure 14a, the accumulated
ice layer on laser-structured surfaces could be easily removed by vibration. Considering
that the solidification of environmental-related mixed liquids always took place in practical
applications, we adopted a femtosecond laser to fabricate the superomniphobic surface
showing excellent repellent ability for multiple liquids from deionized water to mixed
solutions and then to organic liquids [78]. Figure 14b shows the ice adhesion strengths of
different liquids on the designed surfaces. It was found that our fabricated surfaces had
ultralow ice adhesion strengths for various liquids. Even after multiple deicing cycles, the
ice adhesion strengths could be maintained below 20 kPa. However, some challenges still
exist [11,30], such as poor icephobic durability (discussed in the next section), the poor
environmental adaptivity, and the difficulty of large-scale fabrication. These issues greatly
limit ULSASs for practical applications.
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Figure 14. Low ice adhesion on the ULSASs. (a) Images of the ice easy-removal of ULSAS with
vibration. Ice was formed and accumulated in the icing wind tunnel condition (reproduced with
permission from [154]. Copyright (2021) MDPI). (b) Low ice adhesion of ULSASs for different liquids
(reproduced with permission from [78]. Copyright (2022) Springer).

4.1.3. Durable Icephobicity

Icephobic durability directly determines the lifespan of ULSASs in practical applica-
tions. Based on the discussion in Section 3.2.2, to enhance the icephobic durability, both the
micro-nanostructure durability and the coating durability need to be enhanced.

On SHSs, microstructures work as the robust skeleton while nanostructures endow
surfaces with better superhydrophobicity [155]. Although the closed microstructures could
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greatly enhance the room-temperature superhydrophobic durability, the open microstruc-
tures exhibit higher icephobic durability at low temperatures [118]. Hence, maintaining
the open structures and further introducing more durable nanostructures become a good
strategy for improving the micro-nanostructure durability. Chen et al. utilized ultrafast
laser ablation and chemical oxidation to fabricate the micro-nano-nanowire triple-scale
structures, where the Cu(OH)2 nanowires with an average length of 6–8 µm and a width
of 50 nm in situ grew on the microcones (Figure 15a). After continuous deicing tests,
it was found that the surface icephobicity was progressively enhanced with an increase
in deicing cycles, showing a unique property that the surfaces could become more and
more icephobic after wear. The phenomenon was mainly ascribed to the side nanowires
and the flat microcones constructing the moderate top roughness after the top nanowires
were damaged, which decreased the ice-solid contact area and further led to the lower ice
adhesion strengths. The lowest ice adhesion strength on the prepared surfaces reached
12.2 kPa and could maintain 17.3 kPa even after 60 deicing cycles. To date, it is the lowest
ice adhesion strength after so many deicing cycles among all reported ULSASs [156].
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Figure 15. Enhanced icephobic durability. (a) Enhanced micro-nanostructure durability by fabricating
the micro-nano-nanowire triple-scale structures (reproduced with permission from [156]. Copyright
(2022) American Chemical Society). (b) Enhanced low-surface-energy coating durability by using the
method of PDMS spin coating (reproduced with permission from [82]. Copyright (2022) Elsevier).
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To provide more durable low-surface-energy coatings, many durable coating materials
have been developed and tested [157–159]. Among these, PDMS materials show great
application potential owing to strong bonding strength and an easy preparation process.
Many durable superhydrophobic surfaces have been fabricated by the PDMS spin coating
method instead of the vapor deposition of fluorosilanes [157,160,161]. Based on these prop-
erties, Chen et al. fabricated a cauliflower-like micro-nanostructure combined with PDMS
coatings by taking advantage of ultrafast laser ablation and wet chemical reactions [82]. As
shown in Figure 15b, the prepared surfaces exhibited excellent superhydrophobicity and
highly effective photothermal properties. Adopting FIB and EDS techniques to analyze the
cross-sectional elements, it was found that the PDMS solutions could cover and bond the
cauliflower-like structures well, forming an integrated structure. The infiltrated depth of
PDMS in micro-nanostructures could reach the µm-scale, which meant that the low-surface-
energy coating could still be preserved to maintain the qualified superhydrophobicity after
structure damage. With the robust coatings and abundant micro-nanostructures, surface
icephobicity could be well maintained after 25 abrasion cycles or 1.5-hour water impact or
500 tape peeling cycles.

Overall, the improvement of micro-nanostructures and low-surface-energy coatings
contributes well to the enhancement of icephobic durability. However, most of the re-
ported surfaces are far away from real industrial applications. Further developing durable
icephobic surfaces to meet various demands is still needed.

4.2. Passive/Active Combined Superhydrophobic Anti-Icing Surfaces

In some severe application scenarios, the single passive anti-icing of SHSs is still
limited to eliminating ice formation and accretion. Combining with other active anti-icing
technologies to achieve passive/active combined anti-icing could overcome the disadvan-
tages [162–165]. Among various hybrid anti-icing methods, electrothermal/superhydrophobic
and photothermal/superhydrophobic anti-icing surfaces have been developed most widely.
Here we introduce the main advances in the two methods.

4.2.1. Electrothermal/Superhydrophobic Anti-Icing Surfaces

In terms of different heating methods, electrothermal/superhydrophobic anti-icing
surfaces are divided into two main types [166,167]: one is achieved by directly installing
heating elements under SHSs; the other is enabled by electricity power input to transform
from electricity to heat. The former has no requirement for the electrical conductivity of
SHSs while the latter requires surfaces with good conductivity and electro-to-heat con-
version performances. Alamri et al. used an ultrafast laser to fabricate the hierarchical
micro-nanostructures on the NACA 0012 airfoil [151]. After chemical treatment, the sur-
faces showed strong water repellence with a contact angle of 163◦ ± 6◦ and a roll-off
angle of 8◦ ± 6◦. Combining the SHSs and their bottom-heating elements (Figure 16a), the
electrothermal/superhydrophobic deicing tests were conducted in the icing wind tunnel en-
vironment (TAS (true air speed) = 65 m s−1; SAT (static air temperature) = −10 ◦C/−20 ◦C;
LWC (liquid water content) = 0.2 g m−3 and AoA (angle of attack) = 3◦). Figure 16b shows
the plot of the required deicing time as a function of heating power density. The power
density and time of deicing on the reference surfaces were significantly higher than on the
laser-fabricated SHSs. For the SATs of −10 ◦C and −20 ◦C, the deicing power densities
on the reference surfaces reached up to ~2.1 and ~2.5 W cm−2, respectively, while those
on the SHSs decreased to ~0.5 and ~1.1 W cm−2, respectively. Sun et al. also compared
the electrothermal/superhydrophobic deicing properties of pristine surfaces and laser-
fabricated SHSs in the icing wind tunnel conditions (TAS = 0~200 m/s; SAT = −35 ◦C;
LWC = 0.2~3.9 g m−3) [168]. They found that although external heating could avoid icing
on the heating zone of the pristine surface, the runback ice would be accreted more severely
at the tailing edge of airfoils. In contrast to the icing phenomena on pristine surfaces, the
liquid water could quickly roll away from the laser-fabricated SHSs to prevent the runback
icing (Figure 16c).
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For the second electrothermal deicing technology, some new phases with electrother-
mal properties are usually added to substrates to reinforce the thermal conductivity and
electro-to-heat conversion ability. The common electrothermal materials include carbon-
based materials (e.g., graphene, carbon nanotube, etc.), Ag-based materials, and some
conducting polymers [169]. Xue et al. mixed multi-walled carbon nanotubes (MWCNT)
and N-methylpyrrolidone solutions to prepare the MWCNT/PEI nanocomposite film [170].
An ultrafast laser was adopted to fabricate the micro-nanostructures, realizing the superhy-
drophobicity with a contact angle of 156.6◦. Under 12 V, the three-dimensional conductive
network constructed by MWCNT could rapidly rise the temperature to 109 ◦C within 370 s.
With excellent electrothermal and superhydrophobic properties, ice on the surfaces could
completely melt in 170 s (Figure 16d).
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Figure 16. Electrothermal/superhydrophobic combined anti-icing surfaces. (a) Schematics showing
the NACA0012 support and the heating element. (b) Comparison of the deicing time and deicing
power on pristine surfaces and ULSASs (reproduced with permission from [151]. Copyright (2020)
John Wiley and Sons). (c) Image sequences of electrothermal deicing on different surfaces in the
icing wind tunnel conditions (reproduced with permission from [168]. Copyright (2021) Elsevier).
(d) Schematic showing the electrothermal mechanisms when the current is directly applied on
materials, and the thermographic image sequences of electrothermal deicing processes on ULSASs
(reproduced with permission from [170]. Copyright (2023) Elsevier).
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4.2.2. Photothermal/Superhydrophobic Anti-Icing Surfaces

In contrast to electrothermal deicing methods, the photothermal/superhydrophobic
anti-icing technology mainly utilizes solar energy in nature to convert into heat, eventually
realizing passive/active combined deicing [171]. It is an environmentally friendly deicing
technique without consuming any fossil fuel. Based on the photothermal conversion
principles, photothermal SHSs can also be divided into two types: (i) the SHSs with
structural light traps [82,172]; and (ii) the SHSs with the new phases that own the high
solar-to-heat conversion efficiency [163,173,174]. Adopting various micro-nanostructures
and the generated new matters enabled by ultrafast lasers, the two types of methods have
been widely explored. Zhao et al. were inspired by moth eyes to fabricate the biomimetic
micro-nanostructures with a femtosecond laser [175], as shown in Figure 17a. The surfaces
were composed of micro-mountain arrays with micro-nanoparticles, which constructed
a well-structured light trap. Under one-sun illumination, the surface temperature can
rise rapidly and exceed 80 ◦C in 300 s. Even a large ice cube could melt and shed off the
surfaces within 240 s under sunlight. Zhang et al. considered that the adhered condensates
in extremely high-humidity conditions could hinder the photothermal properties and
induce condensation freezing. Hence, they fabricated hierarchically structured materials by
ultrafast pulsed laser deposition (PLD) technology (Figure 17b) [176]. The generated iron
oxide during laser irradiation was deposited densely on substrates, not only constructing
the strong light traps but also further contributing to the photothermal conversion by the
thermoplasmonic effect of iron oxide nanoparticles. In the extreme environment with a
temperature of −50 ◦C and a supersaturation degree of ~260, the photothermal anti-icing
properties of the surfaces could be well maintained and the equilibrium temperature could
exceed 0 ◦C under one-sun illumination owing to their superior condensate self-removing
and high photothermal conversion capability.
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Figure 17. Photothermal/superhydrophobic anti-icing surfaces. (a) Highly effective photother-
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(reproduced with permission from [175]. Copyright (2021) Elsevier B.V.). (b) Solar anti-icing sur-
faces with enhanced condensate self-jumping in extremely low-temperature and high-humidity
environments (reproduced with permission from [176]. Copyright (2021) PNAS).

Compared to the single passive superhydrophobic anti-icing method, the passive/active
combined anti-icing methods could better withstand complicated and volatile environ-
ments. However, how to realize low-cost large-scale fabrication is still a key problem for
practical applications [11,13]. Meanwhile, different application scenarios also propose more
requirements, such as the specific surface roughness and the bonding between surfaces and
heating elements in the aviation field.

4.3. Exploiting Superhydrophobic Anti-Icing Surfaces in Real Applications

Based on the excellent anti-icing properties of ULSASs, many outdoor tests have been
conducted to exploit their feasibility for practical applications. Vercillo et al. installed a
laser-fabricated superhydrophobic Ti64 metal sheet on an A350 port-side slat for a real
flight test [177]. The total flight duration was 171.2 h, traveling mostly across Europe and
experiencing two long flights to New Zealand and the Philippines. By measuring the
contact angle changes and roughness, they found that surface superhydrophobicity was
mostly lost after the flight. The degrading of superhydrophobicity was mainly ascribed to
the failure of the low-surface-energy coating under long-time UV exposure. Boinovich et al.
conducted outdoor tests with laser-fabricated SHSs [178]. The test went from September
2016 to the end of March 2019 in Moscow, where regular snowfalls, sleet, and freezing rain
accompanied by high humidity and frequent air temperature changes occurred frequently.
They found that the bare aluminum surfaces had significant pitting corrosion in outdoor
conditions, which greatly increased the snow/ice adhesion. For the SHSs, their icephobicity
could be well maintained after continuous long-time rain and could effectively keep snow
from accumulating when the wind speed exceeded 3–5 m/s, as shown in Figure 18. Even at
a lower wind speed, the buildup of snow cups could still induce the spontaneous shedding
of snow by their gravity. Although the practical test results also revealed some problems
and limitations of ULSASs, these attempts and advances provided tremendous reference
values for guiding ULSASs designs and accelerating their applications.
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5. Conclusions

Ultrafast lasers, as powerful and promising manufacturing tools, have colossal value
in accelerating the development and applications of superhydrophobic anti-icing surfaces.
To eliminate the undesired ice, much attention has been paid to ultrafast laser-fabricated
superhydrophobic anti-icing surfaces (ULSASs), and related research has been comprehen-
sively conducted in recent years. Here, we summarized the recent development of ULSASs,
mainly including three aspects: fabricating, mechanisms, and advances and challenges.
With respect to fabricating, we introduced fundamental wettability. Combining exquisite
micro-nanostructures and low-surface-energy matters, biomimetic superhydrophobicity
can be endowed on various substrate materials. Next, the advantages and mechanisms
of ultrafast laser micro-nano fabricating were explained. Compared to other micro-nano
fabricating strategies, the ultrafast laser-fabricating method possesses the significant ad-
vantages of being highly programmable, having the nm-accuracy, being contact-free, and
with non-limitation for materials. Based on the light-matter interaction, many unique
micro-nanostructures have been widely developed, providing more opportunities and
possibilities for exploring the superhydrophobic anti-icing mechanisms and applications.
In mechanisms, we introduced some recent discoveries and thus extended understanding
of anti-icing on the laser-fabricated micro-nanostructures, and further elucidated the rela-
tionship between superhydrophobicity and icephobicity that superhydrophobicity is one
necessary but not insufficient condition of icephobicity. Meanwhile, three common failure
mechanisms of ULSASs were analyzed, including Cassie–Baxter stability, surface durability,
and environmental adaptivity. Essentially, structures and coatings were two crucial factors
to avoid the failure of ULSASs. In advances and challenges, we summarized the recent
progress and the respective challenges of ULSASs in passive anti-icing, passive/active com-
bined anti-icing, and some practical outdoor applications. The passive anti-icing of ULSASs
mainly lies in delaying icing time, decreasing ice adhesion strengths, and achieving durable
anti-icing, while the passive/active combined anti-icing technologies were introduced with
the electrothermal- or photothermal-assisted methods. However, in contrast to lab-scale
freezing environments, the practical application environments were more complicated and
volatile, which brings tremendous challenges for the performances of ULSASs (icephobicity,
durability, stability, etc.) and their engineering feasibility (large-scale fabrication, surface
installation, device matching, etc.). As for the future development of ULSASs, the following
opportunities are envisioned:

• Further investigations and deepened understanding of icing-related phenomena on
superhydrophobic surfaces need to be explored.

• More design and optimization of structures and chemical coatings are demanded for
developing more durable ULSASs.

• More novel ultrafast laser-fabrication technologies and more advanced ultrafast laser
instruments are expected to meet the strictly industrial application requirements.
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Abstract: Novel polymeric coatings, namely slippery polyurethane (SPU) coatings, with high surface
hydrophobicity and superior erosion resistance against high speed solid particles and water droplets
were successfully developed to protect the leading edge of fast moving aerodynamic structures, such
as aircraft wings and rotor blades, against ice accretion. The coatings comprise newly synthesized
surface-modifying polymers (SMPs) bearing fluorinated and polydimethylsiloxane branches at a
loading level of 1–5 wt.%, based on the total resin solid, which showed good compatibility with
the erosion-resistant polyurethane matrix (PU-R) and rendered effective surface hydrophobicity
and slipperiness to the coatings, as evidenced by the high water contact angles of 100–115◦. The
coatings can be easily be sprayed or solution cast and cured at ambient temperature to provide
highly durable thin coating films. X-ray photoelectron spectroscopy (XPS) investigation showed
concentration of fluorine on the surface. The presence of 1–5 wt.% of SMPs in the polyurethane
matrix slightly reduced the tensile modulus but had no significant impact on the tensile strength.
All coating films exhibited good thermal stability with no material softening or degradation after
heating at 121 ◦C for 24 h. DSC heating scans revealed no thermal transitions in the temperature
range of −80 ◦C to 200 ◦C. Ice adhesion strength (IAS) tests using a static push rig in a cold room of
−14 ◦C showed IAS as low as 220 kPa for the SPU coatings, which is much lower than that of PU-R
(i.e., about 620 kPa). Sand erosion tests using 50 µm angular alumina particles at an impinging speed
of 150 m/s and an impinging angle of 30◦ revealed very low erosion rates of ca. 100 µg/g sand for
the coatings. Water droplet erosion tests at 175 m/s using 463 µm droplets with 42,000 impingements
every minute showed no significant coating removal after 20 min of testing. The combination of the
high surface hydrophobicity, low ice adhesion strength and superior erosion resistance makes the
SPU coatings attractive for ice protection of aircraft structures, where the coatings’ erosion durability
is of paramount importance.

Keywords: icing protection; hydrophobic coating; surface modifying polymer; ice adhesion strength;
erosion resistance

1. Introduction

Aircraft icing by super-cooled water droplets poses a major hazard for aviation [1].
For aircraft flying in cold regions, ice may form and accrete quickly on certain surfaces,
particularly on the leading edge of a wing, the tail and the engine intakes, causing increased
drag and weight and decreased thrust and lift, all of which are detrimental to aircraft
performance. To mitigate the risks associated with icing, in addition to navigating away
from the hazardous regions or grounding the aircraft [2,3], which is not always possible
due to difficulties in accurately forecasting the hazardous freezing layers, commercial jets
are commonly equipped with active anti-icing technologies, such as passing hot bleeding
air from engine compressors through icing prone areas, forcing freezing point depressant
fluid out of porous panels, and using electro-thermal ice protection systems or pneumatic
de-ice boots [4]. However, despite the effectiveness of these systems, they are not applicable

122



Appl. Sci. 2022, 12, 9589

to most small and light aircraft, such as helicopters, remotely piloted aircraft systems
(RPAS) and next generation air taxis, due to system complexity, added weight and power
requirement. As a result, intensive efforts have been made around the world to develop
prospective icing protective measures, especially passive icephobic coatings that can mini-
mize in-flight icing and ice adhesion and/or facilitate ice removal with minimal externally
applied forces.

In the pursuit of effective icephobic coatings for aircraft ice protection, various coating
designs have been explored, including superhydrophobicity, lubricant or freezing point
depressant infusion, hydrated surfaces and low shear modulus coatings [5,6]. However,
although numerous coatings have been developed to show substantially reduced ice adhe-
sion strength (IAS), they all suffer critical shortcomings that limit their practical application.
For example, superhydrophobic coatings are known to have low work of adhesion to
liquid water; many studies [7,8] have shown that a superhydrophobic surface could delay
water freezing, reduce IAS and facilitate thermal de-icing. However, their downsides
are significant, including low resistance to condensation and frosting, poor mechanical
integrity and difficulty in quality control and repair [9–11]. For lubricant- or freezing
point depressant-infused surfaces, a very low IAS of <50 kPa has been achieved [12–14].
Nevertheless, such coatings have not shown the high mechanical robustness and fluids
resistance required for aircraft applications. More importantly, the infused lubricant or
freezing point depressant is susceptible to depletion due to the high-speed impact of water
droplets as well as due to repeated icing/de-icing cycles [15]. The hydratable coatings
take advantage of the strong coating–water interactions that keep a portion of water non-
freezing at sub-zero temperatures, thereby providing a water-lubricated slippery surface
layer to depress ice formation and accretion [16–19]. However, the water up-take may swell
and plasticize the coating, leading to reduced mechanical strength. Low shear modulus
coatings (e.g., soft silicone elastomers) have recently drawn great attention due to their
ability to afford extremely low IAS of less than 5 kPa [20–22]. Such low IAS values are
highly attractive, but the high softness typically relates to high dust pick-up, deformation
under air pressure and low erosion resistance against high-speed solid particles and rain
droplets, making it difficult to use these types of materials for aircraft icing protection.

For a protective coating to be used on an aircraft, in addition to high icephobicity,
it must meet comprehensive property requirements, such as workability, heat and low
temperature resistance, weatherability, erosion durability and reparability. Among these,
erosion resistance is the most important, since the coating applied to the leading edge of a
wing or helicopter rotor blades, where icing tends to occur and cause the most negative
impact on aircraft operation, may experience excessive wear due to the high-speed (e.g.,
100–300 m/s) impact of sand, airborne dust, rain droplets and hail. To mitigate erosion
damage, shield materials such as metal strips or caps made of nickel, titanium and stainless
steel, as well as polymeric erosion protective tapes, are typically applied to the leading
edges. Although studies have been carried out to understand the environment and surface
properties in relation to IAS, and ceramic erosion-resistant coatings have been investigated
for icing protection [23,24], the effectiveness of metals and ceramic coatings is limited due
to their low ice adhesion reduction factor (e.g., <2) and poor applicability on large curved
surfaces. In addition, erosion resistant polymeric coatings with reduced ice adhesion
strength remain unknown.

Thus, it is the objective of this study to develop highly robust icephobic polymer
coatings suitable for aircraft ice protection at leading edges, which have not only high
icephobicity and superior erosion resistance, but also excellent thermal and mechanical
properties, along with easy applicability on large curved surfaces. To this end, surface mod-
ification of a highly erosion resistant coating, namely PU-R, was carried out by introducing
new surface-modifying polymers (SMPs) into the coating formulation, thereby producing
novel slippery polyurethane (SPU) coatings with high surface hydrophobicity. The PU-R is
a high solid, 2-part, solvent-borne aliphatic polyurethane coating developed at the National
Research Council Canada. The coating demonstrated superior erosion resistance against
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both high-speed solid particles and rain droplets, outperforming commercial aircraft top-
coat and erosion protective tapes [25]. It is expected that the resulting SPU coatings could
retain the exceptional erosion resistance of PU-R while exhibiting improved icephobicity
to mitigate the hazards caused by icing on the leading edge surfaces of aircraft wings and
helicopter rotor blades.

2. Materials and Methods
2.1. Materials

Desmodur® Z4470 BA (Z4470, NCO% = 11.9%, functionality ~3.5, Covestro,
Leverkusen, Germany), anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich,
St. Louis, MO, USA), 1H,1H,2H,2H-perfluoro-1-octanol (PFOA, Career Henan Chemi-
cals, Zhengzhou, China), Terathane® PTMEG-650 (average Mw of 650 g/mol, Invista,
Wichita, KS, USA), MCR-C18 (monocarbinol terminated polydimethylsiloxane, average
Mw of 5000 g/mol, Gelest Inc., Bucks County, PA, USA) and dibutyltin dilaurate (DBTDL,
Sigma-Aldrich) were used in the as-received conditions. Fiberglass plates (FR-4, 2 × 2 × 1/4

in) were purchased from Curbell plastics. Aeordur HS 2118 CF primer (Akzo Nobel, Ams-
terdam, The Netherland) was purchased from Hypercoat-Downing Ltd., Mississauga, ON,
Canada, X-9032/G401 Nix Stix® release agent was acquired from Stoner Molding Solutions.
The matrix coating, namely PU-R, is a 2-part solvent-borne polyurethane elastomer coating
developed at the National Research Council Canada for erosion protection of helicopter
rotor blades against high-speed solid particles and rain droplets. Its formulation will be
published elsewhere.

2.2. Methods

For property studies, coating and free-standing thin film samples were prepared by
casting the coating solutions onto a fiberglass substrate (FR-4, 2 × 2 × 1/4 in) and into
an aluminum mold (4.5 × 4.5 in) pre-treated with X-9032/G401 Nix Stix® release agent,
respectively, followed by drying and curing at ambient conditions. Through controlling the
amount of coating solutions cast, all the coatings on FR-4 and free-standing thin films have
comparable thicknesses of ca. 0.35 mm.

Differential scanning calorimetry (DSC) was performed on DSC Q2000 (TA Instru-
ments, New Castle, DE, USA) in nitrogen at specific heating and cooling profiles. FT-IR
spectroscopy was recorded on Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with Smart iTR™ attenuated total reflectance (ATR) sampling accessory. Test
samples were measured in the form of thin films that were pressed against a diamond
plate with single bounce mode. The complex viscosity (η) of the coatings were mea-
sured by a DHR-2 rheometer (TA Instrument Co.) at 25 ◦C using a cone-plate geometry
(40 mm, 0.9786◦). The strain was set to be 5.85% and the angular frequency was set to be
10 rad/s. The X-ray photoelectron spectroscopy (XPS) data were collected using a Kratos
AXIS Ultra DLD spectrometer with a monochromated Al K-alpha beam (1486.6 eV) under
high vacuum (5 × 10−9 Torr). The binding energy scale was charge corrected by shifting the
main peak of the C 1s spectrum to 284.8 eV. The electron collection lens aperture was set to
sample a 700 µm × 300 µm spot, the largest possible, and at least two spots were measured
for each sample to ensure the compositional information was representative of the average
for the surface. The charge neutralizer was used in all measurements because the samples
are non-conductive. The data were analyzed using CasaXPS (version 2.3.17PR1.1).

Tensile properties of thin films were measured on Instron model 5565 tensile tester
equipped with pneumatic grips according to standard ASTM D412. Dumbbell-shaped film
coupons were die cut using a DIN-53504-S3A type cutting die (ODC tooling & molds). All
samples were conditioned at 23 ± 2 ◦C and 50 ± 5%RH for at least 24 h before testing.
Due to the fact that slippage at the grip areas occurred during testing, benchmarks of
10 ± 1 mm distance (LO) in the middle of the dumbbell-shaped samples were drawn and
followed during testing to obtain true elongation at break. The rate of grip separation was
500 mm/min. After rupture, the distance (LF) between the benchmarks was measured

124



Appl. Sci. 2022, 12, 9589

within ca. 1 min for the calculation of tensile set. The Shore A hardness of the thin films
was measured using a Rex DD-4 digital durometer with an OS-1 operating stand.

Solid particle erosion tests were performed according to ASTM Standard G76-04 using
angular alumina particles of ca. 50 µm (AccuBRADE 50, part No.: AP106, S.S. White
Technologies, Petersburg, FL, USA) as the erodent. During testing, the alumina particles
were fed into a compressed air carrier stream from a pressurized vibrator-controlled hopper,
which was allowed to pass through a silicon carbide nozzle with an inner diameter of
1.14 mm and directed towards the test sample at a preset impingement angle of 30◦ with
respect to the test sample surface. The impingement speed of the ejected alumina particles
was 150 m/s, which was controlled through adjusting the pressure of compressed air.
The particle flux was regulated at 3–5 g/min by changing the vibrating amplitude of the
hopper. The stand-off distance was maintained constant at 50 ± 1 mm. After each 4 min
of testing, the test sample was removed from the erosion rig and measured for its weight
using an analytical balance with an accuracy of ± 0.01 mg. At the same time, the weight of
the consumed erodent was measured. Then the sample was returned to the test rig and
erosion testing was resumed. The erosion rates were calculated by dividing the mass loss
of the coatings with the mass of solid particles consumed. The maximum particle loads
were estimated by dividing the amount of sand required to fail the coating sample (e.g.,
penetration) with the eroded area (i.e., approximately a circle of ca. 10 mm diameter).

The water droplet erosion (WDE) resistance of the coated samples were evaluated
according to ASTM Standard G73 using a testing rig that was equipped with a working
chamber, a vacuum system, a compressed air driven turbine and a water droplet generating
system. During testing, two test coated coupons having mass differences of less than
0.1 g were mounted on the opposite ends of a rotating disc, with one as the comparative
control and the other as the test sample. The disc was rotated at a specific speed while water
droplets were formed in the test chamber on a path of the test coupons. A 30–50 mbar
vacuum was maintained during the test to avoid temperature rise caused by friction
between the rotating disc and air. In this study, the disc was rotated at a rate of 7000 rpm,
corresponding to a water droplet impingement velocity of 175 m/s. The impingement
angle was 90o. The average size of water droplets produced using a 400 µm shower head
was about 463 µm. The test coupon underwent about 42,000 individual water droplet
impingements during each minute of testing. For the test coupon preparation, AA2024
specimens (0.32” × 0.97” × 0.12”) were first treated using Akzo Nobel’s Metaflex® SP 1050
pretreatment, followed by priming using Aerodur HS 2118 primer (ca. 30 µm thick). The
coatings of this study were applied by dispensing ca. 0.10 g of the coating solutions on
the primed surface, followed by drying and curing at ambient conditions for 7 days. The
coating layers had an average thickness of ca. 0.35 mm.

Static and dynamic water contact angles (CAs) were measured on an Automated
Goniometer (Model 290, Ramé-hart Instrument Co., Succasunna, NJ, USA). For static
contact angles, a water droplet of 4 µL was dispensed on the coating surface using an
automated dispenser. The contact angles were analyzed by the Dropimage Advanced
software. The measurement of dynamic contact angles, i.e., the advancing and receding
angles, was performed using the volume addition and subtraction method, with each
volume step being 2 µL and a delay time of 0.5 s. The maximum contact angle during
volume addition was taken as the advancing angle, while the contact angle where the drop
edges started to slide during volume subtraction was recorded as the receding angle.

Ice adhesion of the coatings was examined using the push-rig schematically shown
in Figure 1 [26]. The set-up comprises a “pusher” shaft connected to a load cell, which, in
turn, is connected to a threaded rod that provides lateral movement of the assembly into
the test sample. The threaded rod was manually turned to drive the pusher against the ice
block enclosed by a PTFE lined aluminum mold. Output from the load cell was recorded
and the maximum force required to detach the ice block from the coating surface is used to
calculate IAS. The aluminum mold has a dimension of 3” × 3” × 5/16”, the PTFE has a
thickness of 3/8” and the cavity for ice block preparation is 1” × 1” × 5/16”. To prepare
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the test sample, the PTFE lined aluminum mold was clamped tightly to the coating surface,
with a rubber cushion (1/16” thick) sandwiched between the two. De-ionized water was
filled into the cavity and the assembly was then kept in a cold room at −14 ◦C to freeze the
water overnight. Figure 1 also shows the PTFE-lined aluminum mold and the preparation
of the ice cube on the coating surface. Both the test sample preparation and the push rig
test were performed in a cold room that was kept constantly at −14 ◦C.
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Figure 1. Schematic drawings of the push rig for ice adhesion test (left) and a picture of test specimens
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2.3. Preparation of Surface-Modifying Polymers (SMPs) and Durable Hydrophobic Polyurethane
(SPU) Coatings

Synthesis of SMP-1: 1H,1H,2H,2H-perfluoro-1-octanol (PFOA, 6.5 g) and dibutyltin
dilaurate (DBTDL, 0.3 g) were added to a solution of Desmodur® Z4470 BA (10.0 g) in
25 mL of anhydrous N,N-dimethylformamide (DMF). The mixture was heated to 60 ◦C and
stirred under nitrogen for 2 h before Terathane® PTMEG-650 (3.7 g) in 10 mL of anhydrous
DMF was added, dropwise. The resulting reaction mixture was stirred at 60 ◦C for another
3 h. After cooling to room temperature, the viscous reaction solution was precipitated in
300 mL of de-ionized water/methanol (4/1, v/v). The sticky solid formed was washed
twice with warm de-ionized water (300 mL) and once with methanol (200 mL), then dried
at 75 ◦C in a convection oven for 72 h to yield 16.0 g of a clear rubbery product (yield 80%).

Synthesis of SMP-2: PFOA (6.2 g), MCR-C18 (4.1 g) and DBTDL (0.5 g) were added to
a solution of Desmodur® Z4470BA (10.0 g) in 30 mL of anhydrous DMF. The mixture was
heated to 60 ◦C and stirred under nitrogen for 4 h before Terathane® PTMEG-650 (3.7 g) in
10 mL of anhydrous DMF was added. The reaction mixture was stirred at 60 ◦C for another
3 h. After cooling to room temperature, the viscous reaction solution was precipitated in
300 mL of de-ionized water/methanol (4/1, v/v) and the resulting sticky solid was washed
twice with warm de-ionized water (300 mL) and once with methanol (200 mL), then dried
at 80 ◦C in a convection oven for 72 h to yield 21.6 g of an opaque gel product (yield 90%).

Synthesis of SMP-3: PFOA (5.9 g), MCR-C18 (8.1 g) and DBTDL (0.5 g) were added to
a solution of Desmodur® Z4470BA (10.0 g) in 30 mL of anhydrous DMF. The mixture was
heated to 60 ◦C and stirred under nitrogen for 4 h before Terathane® PTMEG-650 (3.7 g) in
10 mL of anhydrous DMF was added. The reaction mixture was stirred at 60 ◦C for another
3 h. After cooling to room temperature, the viscous reaction solution was precipitated in
300 mL of de-ionized water/methanol (4/1, v/v) and the resulting sticky solid was washed
twice with warm de-ionized water (300 mL) and once with methanol (200 mL), then dried
at 80 ◦C in a convection oven for 72 h to yield 23.8 g of an opaque gel product (yield 86%).

Preparation of SPU coating and thin film samples: SPU coating solutions were pre-
pared by formulating the SMPs (i.e., SMP-1 to SMP-3) into the erosion-resistant polyurethane
coating PU-R at levels of 1.0, 3.0 and 5.0 wt.%, respectively, based on the total resin solid.
The coating solutions (ca. 1.50 g) were cast on fiberglass substrates (FR-4, 2 × 2 × 1/4 in),
followed by drying and curing at ambient conditions for 7 days to produce coatings with a
dry film thickness of ca. 0.35 mm. The coating samples for water droplet erosion tests were
prepared by casting ca. 0.10 g of coating solution on aluminum specimen (Al 2024 alloy,
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0.31 × 0.85 × 0.12 in), pre-coated with a chromate-free Aeordur HS 2118 CF primer (ca.
40 µm thick). The coatings were dried and cured at ambient conditions for 7 days before
testing. For thin film samples, ca. 7.62 g of coating solutions were cast into an aluminum
mold (4.5 × 4.5 in) pre-treated with X-9032/G401 Nix Stix® release agent. The coating
solutions were allowed to flow and level naturally. After drying and curing at room tem-
perature for 1 day, the resulting thin films (ca. 0.35 mm thick) were removed from the mold
and allowed to further cure at ambient conditions for 6 more days before testing.

3. Results and Discussion
3.1. Synthesis of SMPs and SPU Coatings

To mitigate icing and ice accretion on the leading edge surfaces of aircraft wings and
helicopter rotor blades without sacrificing erosion durability against high-speed solid parti-
cles and rain droplets, it would be straightforward and ideal to modify the existing erosion
resistant coatings to render the surface with icephobicity. To this end, effort was first made
by introducing various commercial surface modifying agents such as polyether-modified
polydimethylsiloxane (e.g., BYK-306, BYK), fluorinated copolymers (e.g., CapstoneTM
FS-83, Chemours), hydrophobic fumed silica (e.g., Aerosil® R 812, Evonik), PTFE micro-
powders (e.g., Zonyl® MP 1100, Chemours) and PEGylated polydimethylsiloxane (e.g.,
DBE-224, Gelest) into the erosion resistant PU-R coating at different levels in hoping to
achieve hydrophobic and slippery surfaces that can delay ice formation or reduce ice
adhesion strength. Unfortunately, limited success was achieved. None of these additives
led to coatings with high surface hydrophobicity. Furthermore, foam stabilization and
phase separation were observed when some of the additives (e.g., FS-83 and DBE-224) were
incorporated at high amounts (e.g., >1 wt.%, based on total resin solid). Thus, to achieve
durable icephobic coatings for leading edge icing protection, new surface-modifying poly-
mers (SMP-1 to SMP-3) were designed and synthesized in this study, which bear low
surface tension fluorinated and polydimethylsiloxane (PDMS) branches, and have good
compatibility with the polyurethane matrix, to enable high PU-R surface hydrophobicity.

Scheme 1 shows the synthetic scheme of the SMPs, where the multifunctional poly-
isocyanate Z4470 BA (f ≈ 3.5) first reacts with the mono hydroxyl compounds (i.e., PFOA
and MCR-C18) to produce a reaction mixture, followed by polymerizing with the diol
PTMEG-650. The intermediate reaction mixture consists of a distribution of reaction prod-
ucts of Z4470 with the mono hydroxyl compound (e.g., unreacted, mono-, di-, tri- and
fully reacted Z4470), depending on the molar ratio of Z4470/(PFOA+MCR-C18). Structure-
wise, it is preferred to have a minimum amount of unreacted and fully reacted Z4470 in
the intermediate reaction mixture. The former has high functionality and tends to lead
to crosslinking when polymerizing with PTMEG-650, while the latter may contribute to
incompatibility of SMP with matrix PU-R due to poor inter-chain interactions. At the
same time, the di-reacted Z4470 product that has a remaining isocyanate functionality of
about 2 should be maximized so as to produce high molecular weight SMPs with branched
structures. For the reaction system of this study, it was experimentally found that a suitable
molar ratio of Z4470/(PFOA+MCR-R18) was about 1/2.2, where highly branched polymers
could be obtained from the subsequent polymerization reaction with PTMEG-650 without
crosslinking.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 14 
 

branched polymers could be obtained from the subsequent polymerization reaction with 
PTMEG−650 without crosslinking. 

 
Scheme 1. Synthetic scheme of the surface-modifying polymers. 

Table 1 summarizes the syntheses of the SMPs using different combinations of PFOA 
and MCR−C18 as the mono hydroxyl compounds for the purpose of examining the effects 
of fluorinated branches and silicone branches of the SMPs on coating properties. The re-
action of N4470 with PFOA and MCR−C18 at 60 °C in the presence of DBTDL as a catalyst 
gave clear solutions, although MCR−C18 was initially immiscible with the reaction mix-
ture. The addition of PTMEG−650 quickly increased the solution viscosity, suggesting the 
build-up of molecular weight. FTIR investigations showed the disappearance of the char-
acteristic NCO absorption at around 2265 cm−1 in about 2 h of reaction time, indicating the 
completeness of the reactions. SMP−1 was obtained as a clear rubbery gel, while SMP−2 
and SMP−3 were white soft gels. The white color of SMP−2 and MSP−3 may be attributed 
to the phase separation of PDMS segments within the SMPs. Theoretical calculations 
based on the stoichiometry ratios gave a residual hydroxyl content in SMPs in the range 
of 0.029–0.040 mmol/g, which is small and not expected to affect the stoichiometry of 
PU−R coating formulation. 

Table 1. Syntheses of SMPs. 

SMPs 
Molar Equivalence PFOA 

(wt.%) 
MCR−C18 

(wt.%) 
Residual OH 

(mmol/g) Z4470 PFOA MCR−C18 PTMEG−650 
SMP−1 1 2.2 − 0.7 31.8% 0.0% 0.040 
SMP−2 1 2.1 0.1 0.7 25.7% 16.8% 0.034 
SMP−3 1 2.0 0.2 0.7 21.1% 29.0% 0.029 

3.2. Coating Formulation and Preparation 
To prepare coatings with high surface hydrophobicity and excellent erosion durabil-

ity, the SMPs were formulated into the 2-part solvent-borne PU−R coatings at loading 
levels of ca. 1 wt.%, 3 wt.% and 5 wt.%, respectively, based on the total resin solid (Table 
2). All the coating solutions (i.e., PU−R, SPU−1 to SPU−3) are clear, homogenous and free 
of bubbles. They have comparable solid contents of ca. 58 wt.% and complex viscosities of 
ca. 200–230 cp. Pot life was about 4 h, when the viscosity increased by 50%. The coatings 
can be easily applied using a low volume medium pressure (LVMP) spray gun or by so-
lution casting. The tack-free times, when the coating surfaces became non-sticking to a 
touching spatula, were about 4 h. Although the FTIR spectra of the thin film samples in-
dicated that curing was complete after 2 days (Figure 2A), as evidenced by the disappear-
ance of characteristic NCO absorption peak at around 2240 cm−1, all coating and thin film 
samples were allowed to cure at ambient conditions (e.g., 21 ± 2 °C, 20–80% relative hu-
midity) for 7 days before property testing. Tough and elastomeric SPU dry films with a 
Shore A hardness of about 70 were obtained after the curing. Both PU−R and SPU coatings 
showed good adhesion to FR−4. No coating removal could be made without damaging 
the fiberglass substrate. 

Scheme 1. Synthetic scheme of the surface-modifying polymers.

127



Appl. Sci. 2022, 12, 9589

Table 1 summarizes the syntheses of the SMPs using different combinations of PFOA
and MCR-C18 as the mono hydroxyl compounds for the purpose of examining the effects
of fluorinated branches and silicone branches of the SMPs on coating properties. The
reaction of N4470 with PFOA and MCR-C18 at 60 ◦C in the presence of DBTDL as a
catalyst gave clear solutions, although MCR-C18 was initially immiscible with the reaction
mixture. The addition of PTMEG-650 quickly increased the solution viscosity, suggesting
the build-up of molecular weight. FTIR investigations showed the disappearance of the
characteristic NCO absorption at around 2265 cm−1 in about 2 h of reaction time, indicating
the completeness of the reactions. SMP-1 was obtained as a clear rubbery gel, while SMP-2
and SMP-3 were white soft gels. The white color of SMP-2 and MSP-3 may be attributed
to the phase separation of PDMS segments within the SMPs. Theoretical calculations
based on the stoichiometry ratios gave a residual hydroxyl content in SMPs in the range of
0.029–0.040 mmol/g, which is small and not expected to affect the stoichiometry of PU-R
coating formulation.

Table 1. Syntheses of SMPs.

SMPs
Molar Equivalence

PFOA (wt.%) MCR-C18
(wt.%)

Residual OH
(mmol/g)Z4470 PFOA MCR-C18 PTMEG-650

SMP-1 1 2.2 - 0.7 31.8% 0.0% 0.040
SMP-2 1 2.1 0.1 0.7 25.7% 16.8% 0.034
SMP-3 1 2.0 0.2 0.7 21.1% 29.0% 0.029

3.2. Coating Formulation and Preparation

To prepare coatings with high surface hydrophobicity and excellent erosion durability,
the SMPs were formulated into the 2-part solvent-borne PU-R coatings at loading levels
of ca. 1 wt.%, 3 wt.% and 5 wt.%, respectively, based on the total resin solid (Table 2).
All the coating solutions (i.e., PU-R, SPU-1 to SPU-3) are clear, homogenous and free of
bubbles. They have comparable solid contents of ca. 58 wt.% and complex viscosities of ca.
200–230 cp. Pot life was about 4 h, when the viscosity increased by 50%. The coatings can
be easily applied using a low volume medium pressure (LVMP) spray gun or by solution
casting. The tack-free times, when the coating surfaces became non-sticking to a touching
spatula, were about 4 h. Although the FTIR spectra of the thin film samples indicated
that curing was complete after 2 days (Figure 2A), as evidenced by the disappearance of
characteristic NCO absorption peak at around 2240 cm−1, all coating and thin film samples
were allowed to cure at ambient conditions (e.g., 21 ± 2 ◦C, 20–80% relative humidity)
for 7 days before property testing. Tough and elastomeric SPU dry films with a Shore A
hardness of about 70 were obtained after the curing. Both PU-R and SPU coatings showed
good adhesion to FR-4. No coating removal could be made without damaging the fiberglass
substrate.

For property studies, coating and free-standing thin film samples were prepared by
casting the coating solutions onto a fiberglass substrate (FR-4, 2 × 2 × 1/4 in) and into
an aluminum mold (4.5 × 4.5 in) pre-treated with X-9032/G401 Nix Stix® release agent,
respectively, followed by drying and curing at ambient conditions.
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Table 2. Preparation and water contact angle measurements of SPU coatings.

Coatings SMPs wt.% of
SMPs θ, Water θadv, Water θrec, Water

PU-R - 0 69.0 77.4 20.4

SPU-1_1%
SMP-1

1.0% 103.7 108.0 80.2
SPU-1_3% 3.0% 109.7 115.5 82.1
SPU-1_5% 5.0% 109.6 114.0 82.0

SPU-2_1%
SMP-2

1.0% 100.0 101.2 78.3
SPU-2_3% 3.0% 109.0 114.0 80.5
SPU-2_5% 5.0% 109.3 115.9 79.4

SPU-3_1%
SMP-3

1.0% 96.9 100.7 69.4
SPU-3_3% 3.0% 109.5 114.8 78.8
SPU-3_5% 5.0% 112.0 117.5 81.5
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3.3. Properties of SPU Coatings

Table 2, above, displays the static and dynamic water contact angles of the coatings,
measured using a goniometer equipped with an automated dispenser. As expected, the un-
modified matrix PU-R is hydrophilic and has a static water contact angle (θ) of 69◦, whereas
all SPU coatings comprising the SMPs are hydrophobic, with θ being larger than 97◦. Water
beaded up quickly and slid easily on the coating surfaces. Different SMPs showed no
substantial differences in producing hydrophobic surfaces. However, SPU-2 and SPU-3 did
give a more slippery feel than SPU-1 when rubbing fingers on the coating, probably due to
the presence of PDMS on the surface. No smudge was observed after the finger rubbing,
and the surface hydrophobicity could be easily restored for oil-contaminated surfaces by
washing with detergent. A dependence of the water contact angle on the SMP content
was revealed, as evidenced by the increase in θ when the SMP loading was increased from
1 wt.% to 3 wt.%, based on the total resin solid. Further increasing the SMP loadings to
5 wt.% did not lead to additional increase of θ. The hydrophilicity of PU-R was more clearly
seen from its small receding angle (θrec) of ca. 20◦ and large contact angle hysteresis (CAH)
of ca. 57◦. In contrast, all SPU coatings exhibited high θrec of ca. 80◦ and small CAH in
the range of 22–36◦. Based on the relationship between water wettability and ice adhesion
proposed by Muller et al. [27], as illustrated by Equation (1), where τice is the ice adhesion
strength, the matrix PU-R is expected to have an IAS of ca. 650 kPa, while the SPU coatings
should have reduced IAS of ca. 400 kPa.

τice = (340 ± 40 kPa)(1 + cosθrec), (1)

To understand the surface elemental compositions, XPS was recorded for PU-R and
the SPU coatings. As shown in Table 3, all the SMP-containing SPU coatings showed a high
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fluorine content in the range of 13–29 at.%, indicating the enrichment of SMPs on coating
surfaces. In contrast, the PU-R showed no fluorine on the surface. Figure 2B compares
the surface fluorine contents of the SPU coatings. It can be seen that SPU-1 coatings
have the highest fluorine contents, compared to SPU-2 and SPU-3, due to the high PFOA
content in SMP-1. SPU-3 coatings, which are based on SMP-3, showed the lowest surface
fluorine contents. For SPU-1 and SPU-2, the fluorine content seems to reach a plateau
at a SMP loading of 3 wt.%, which agrees with the water contact angle measurement,
where an increase of static water contact angle occurred from SPU-1_1% and SPU-2_1%
to SPU-1_3% and SPU-2_3%, respectively, and leveled off thereafter. The SPU-3 coatings
showed a monotonous increase of fluorine content with the SMP-3 loadings. For SPU-2
and SPU-3 coatings, it was expected that the silicone branches would behave similarly to
the fluorinated chains in terms of surface enrichment. However, due to unknown reasons,
XPS analysis of the Si content did not show a clear trend of increasing Si with the increasing
MCR-C18 content of SMP. The detection of Si for PU-R and SPU-1 coatings, where no
MCR-C18 was used, may be attributed to the presence of a silicone-containing surface
additive, namely BYK-306 (BYK Additives and Instruments), in the PU-R formulation at a
loading level of ca. 0.3 wt.%, based on total coating formulation. The decreasing Si content
from PU-R to SPU-1 and to SPU-2 may be attributed to the strong tendency of SMP-1
to migrate to the surface during the drying and curing processes, which suppressed the
enrichment of BYK-306 at the surface.

Table 3. XPS analysis of PU-R and SPU coatings.

Coatings
Elemental Content (at.%)

C 1s N 1s O 1s F 1s Si 2p

PU-R 69.38 2.79 20.79 0 7.04
SPU-1_1% 59.11 4.31 13.14 20.08 3.37
SPU-1_3% 56.66 4.96 9.56 27.96 0.87
SPU-1_5% 56.16 4.87 9.18 28.95 0.85
SPU-2_1% 58.56 4.00 14.28 18.21 4.95
SPU-2_3% 56.83 4.73 9.41 27.95 1.08
SPU-2_5% 56.31 4.49 11.02 25.16 3.03
SPU-3_1% 58.76 3.39 16.91 13.05 7.89
SPU-3_3% 56.05 3.64 14.05 19.07 7.19
SPU-3_5% 56.00 4.24 11.92 23.36 4.48

All SPU coatings exhibited good thermal stability with no material softening or degra-
dation after heating at 121 ◦C for 24 h. Figure 3 shows the representative second DSC
heating scans of the coatings recorded in nitrogen at a heating rate of 20 ◦C/min, which
revealed no thermal transitions in the temperature range of −80 ◦C to 200 ◦C. These coating
samples were pre-treated by heating to 200 ◦C at 20 ◦C/min, cooling to −50 ◦C at a rate of
10 ◦C/min, and stabilized at −80 ◦C before the second heating. Neither the first heating
nor the cooling scans showed discernible glass or melting transitions, indicating thermoset
properties for the coatings and high heat resistance.

Table 4 summarizes the tensile properties of the thin film samples, measured according
to ASTM Standard D412 at a grip separation rate of 500 mm/min. It can be seen that all
coating films exhibited high tensile strength (e.g., 19–27 MPa), high elongation at break
(e.g., 640–730%) and low tensile set (e.g., 20–35%). In comparison with the matrix PU-R, the
incorporation of SMP-1 did not substantially affect the tensile strength (SPU-1 in Figure 4A),
but a slight decrease in modulus, as indicated by stress at 500% strain, was observed
(Figure 4B). For SPU-2 and SPU-3, marginally decreased tensile strength and modulus
were noticed with the increasing amount of SMP-2 and SMP-3, respectively. Elongation at
break increased from 640% for PU-R to 680–730% for SPUs, depending on the SMP content,
but no sizable changes in tensile set were observed. The small tensile sets (i.e., 20–35%)
recorded within 1 min of sample failure indicate high resilience of the coating films.
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Figure 5A presents the IAS of the SPU coatings measured at −14 ◦C. All the detachment
occurred at the ice-coating interface due to adhesion failure, no breakage of ice block was
observed. The matrix PU-R showed an IAS of about 622 kPa and the SPU coatings showed
IAS in the range of 220–480 kPa. No substantial differences in IAS were discovered between
the SPU coatings, regardless of the different SMPs and varying SMP loadings, except for
SPU-3, which exhibited some lower IAS (e.g., ca. 250 kPa) at SMP-3 loadings of ≥3 wt.%.
However, as expected, all these IAS values are in the range of hydrophobic fluorinated
polymers (e.g., 150–350 kPa for PTFE [28]) and silicones (200–400 kPa [20]) and agree well
with the predicted values according to Equation (1) by Muller et al. [27]. Figure 5B displays
the IAS test results for coating samples that were subjected to repeated icing/ice removal
cycles. As it can be seen, the IAS of matrix PU-R fluctuated in the range of 606–715 kPa
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while the IAS of SPU-3_3% varied in the range of 220–370 kPa, which are in the error
range based on Equation (1). The fact that no substantial increase in IAS was observed for
SPU-3_3% indicates a good stability against multiple icing/ice removal cycles.
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(A) and ice adhesion strength of PU-R and SPU-3_3% coatings that were subjected to repeated
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Although hydrophobic PTFE and commercial silicones showed reduced ice adhesion
strength, they were found to have neither good erosion durability against high-speed
particles nor good applicability for aircraft leading edge protection applications. To address
these shortcomings, the erosion durability of the SPU coatings against both solid particles
and water droplets were evaluated according to ASTM Standards G76 and G73, respectively.

Figure 6 shows the solid particle erosion rates and maximum particle loads of the
matrix PU-R and representative SPU coatings (i.e., SPU-1_3% and SPU-2_3%), by blasting
the coatings with angular alumina particles of 50 µm at an impinging velocity of 150 m/s
and an impinging angle of 30◦. Figure 6 compares the erosion rates and maximum particle
loads between the coatings. It can be seen that both SPU-1_3% and SPU-2_3% exhibited
low erosion rates of about 130–140 µg/g sand and high particle loads of 66–73 g/cm2.
In comparison with the matrix PU-R, only a slight increase in erosion rate was observed
for the SPU coatings due to the incorporation of SMPs; the maximum particle loads
remained substantially unchanged. As comparative references, commercial aircraft exterior
coatings such as Alumigrip 4200 polyurethane topcoat (Akzo Nobel) and Aeroglaze® 1433
polyurethane midcoat (Socomore) were subjected to the same erosion test and failed, with
extensive coating removal and substrate exposure at particle loads of <20 g/cm2.
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The water droplet erosion (WDE) resistance of the SPU coatings was evaluated using
a water spin rig test facility, at an impact velocity of 175 m/s and an impingement angle of
90◦. The coating configuration is Metaflex® SP 1050 pretreatment/Aerodur HS 2118 primer
(ca. 30 µm)/PU-R or SPU (ca. 0.35 mm). Figure 7 presents the pictures of the coatings
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after certain periods of WDE testing. In comparison with commercial Alumigrip 4200
polyurethane topcoat, where total material removal was observed at the impact area (a line
of ca. 2 mm wide) at 2.5 min of testing, the PU-R an SPU coatings showed only minimal
material loss at the edges even after 20 min of testing, indicating excellent water droplet
erosion resistance of the coatings. The introduction of SMPs did not substantially affect the
water droplet erosion resistance of PU-R.
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Figure 7. Water droplet erosion resistance of SPU coatings. Test conditions: 463 µm water droplets,
impact velocity of 175 m/s, impact angle of 90◦, impact frequency of 42,000 droplets per minute.

4. Conclusions

Novel surface-modifying polymers (SMPs) were designed, synthesized and formu-
lated into the erosion resistant polyurethane coating PU-R to produce highly hydrophobic
SPU coatings with superior erosion durability. The SPU coatings had high solid contents of
ca. 58 wt.% (based on total resin solid) and could be easily applied by spraying or solution
casting. Drying and curing of the coatings at ambient conditions produced elastomeric
coatings with high water contact angles (100–115◦), high mechanical strength (19–27 MPa),
high elongation at break (640–730%) and low tensile set (20–35%). Reduced ice adhesion
strength in the range of 220–400 kPa was measured for the SPU coatings using a static push
rig test at −14 ◦C. Repeated icing/ice removal cycles led to no substantial increase in the ice
adhesion strength. The ASTM G76 and G73 standard tests demonstrated excellent erosion
resistance against both high-speed solid particles and water droplets for the SPU coatings.
Thus, the combination of high erosion durability, high mechanical strength, high surface
hydrophobicity and reduced ice adhesion strength makes the SPU coatings attractive for ice
protection of leading edge surfaces of fast moving aerodynamic structures, such as aircraft
wings and helicopter rotor blades.
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Featured Application: Use of hydrophobic coatings as passive inflight icing safety device.

Abstract: Current technology has produced a wide range of advanced micro-structured surfaces,
designed for achieving the best wettability and adhesion performances for each specific application.
In the context of in-flight icing simulations, this opens new challenges since the current most popular
and successful ice accretion prediction tools neglect the details of the droplet behavior opting for a
continuous film model. Here, a phenomenological model, following, in a Lagrangian approach, the
evolution of the single droplets from the impinging to the onset of rivulets, is developed to simulate
the performances of super-hydrophobic surfaces in icing application. Possible rebound and droplet
spread on the impact, coalescence, single ice bead formation and droplet to rivulet transition are
taken into account. The first validation shows how the models are able to predict the anti-icing
capability of a super-hydrophobic surface coupled with a heating system.

Keywords: droplets; super hydrophobic; phenomenological model; icing; rivulets

1. Introduction

Most of the numerical models adopted in in-flight icing simulations are essentially
based on the Messinger model [1] and its extension to three-dimensional arbitrary sur-
faces [2], combined with the prediction of impinging mass flow following either a La-
grangian or Eulerian [3] droplet flow field analysis. The runback water layer is implicitly
assumed to behave as a continuous film whose velocity is mainly defined by the shear
stress. In the most sophisticated form, this approach allows for full integration into a
three-dimensional computational fluid dynamics (CFD) model, and offered efficient and
accurate results in a number of highly complex applications, up to the analysis of a whole
aircraft. However, it inherently skips most of the micro-scale effects related to the wettabil-
ity and adhesion properties of the substrate, as well as the details of the transitions between
moving droplets, rivulets, and full film flow regimes; actually, the smaller scale of these
phenomena would require unpractically refined grids. An exception is given by roughness
models developed on the basis of a droplet distribution analysis [4].

On the other hand, the advances in the development of micro- and nano-structured
surfaces provide a number of highly specialized surfaces, designed either for hydropho-
bicity or low ice adhesion properties, that are promising as passive anti-icing tools [5–8].
Although ice phobicity and hydrophobicity are not synonyms, and their correlation is a
matter of basic research [9,10], it is clear that some typical features of super-hydrophobic
surfaces, such as the higher probability of impinging droplet rebound or the reduction of
liquid–solid contact (and heat transfer) areas will help with an anti-icing strategy. Labora-
tory tests can define such micro-scale properties, usually via the analysis of a single droplet,
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but the actual performance under real-world in-flight icing conditions is highly dependent
on their interaction with the outer, macroscale flow field.

Thus, a kind of bridge is required to transfer the relevant micro-scale information to the
macroscale analysis around a whole airfoil or a whole airplane. In particular, considering a
super-hydrophobic surface, we have a few mechanisms that affect the ice accretion process.
First, above a threshold impinging velocity (i.e., Weber number) and low wettability, im-
pinging droplets may rebound, effectively reducing the collection efficiency, or (at even
higher Weber) may break down into smaller droplets [11], affecting the local ice beads’ re-
lated roughness and coalescence processes [12,13]. For an extremely water repellent surface,
the rebound may occur at relatively low We [14,15], and it is worth noting that the physical
phenomena behind the rebound are quite complex and might be strongly affected by the
topological details of the surface roughness and its different scales [15,16]. Furthermore,
the jumping droplet may stick to the surface after a few rebounds at lower energies.

As a second relevant effect, low hysteresis greatly enhances the runback water drainage,
since most droplets are quickly removed, ideally preventing the formation of a continu-
ous film. A population of droplets, either still or moving, will obviously have different
active heat transfer surfaces with respect to a continuous film [17–19], as well as different
equivalent runback water velocities, thus strongly affecting both the ice accretion and the
evaporation process. In particular, solid–liquid and air–liquid heat transfer will occur
through the droplet base circle (wet area fraction) and spherical cap surfaces, respectively,
while the velocity will be defined by the balance of forces acting on the droplets.

However, if the liquid water content is high enough, the moving droplets may merge,
forming individual rivulets; the rivulets, then, may coalesce forming a continuous film [20].
Even these transitions are strongly affected by the wettability properties, which in turn
control the stability of the contact lines.

Here, a phenomenological approach is chosen in order to assess the performance of
super-hydrophobic coatings under icing conditions. The unsteady evolution of a popula-
tion of individual droplets is predicted as a function of flow conditions (median volume
diameter MVD, liquid water content LWC) and surface wetting properties (contact angles,
surface tension) on uniform or non-homogeneous surfaces. The simulations are performed
following a Lagrangian approach, where the individual impinging droplets behave accord-
ing to specified rules driving rebound, break-up, and shear-induced motion. The droplet
will grow or reduce due to coalescence, evaporation or freezing.

The main aim of the work is to provide a suitable framework for an efficient evaluation
of the cumulative effect of a large ensemble of droplets over a (relatively) large surface
characterized by variable wettability properties and local fluid dynamic related parameters
(shear stress, pressure gradients), validating the results on a typical icing example. In
such cases, the full numerical modeling of all of the smaller scale effects would become
prohibitive, while the phenomenological approach preserves the computational efficiency.

2. Phenomenological Model

The process of in-flight ice accretion includes several steps, each involving different
physical phenomena, different scales and different regimes. The starting point is a cloud of
supercooled droplets. These droplets, driven by the airflow field, impinge on the surface:
the first impact location is entirely defined by the macroscopic scale droplet and airflow
fields, and may be predicted via straight CFD modeling.

On the other hand, the post-impact evolution of the droplet is defined by the solid–
liquid interaction features at the microscale. In particular, following [11], at low velocity,
small droplet size, and high surface tension (i.e., low Weber number), the droplets stick
on the surface, after a brief unsteady spreading step, assuming a roughly spherical cap
shape defined by the liquid–solid contact angle. Above a threshold We number, they will
rebound, re-emerging from the surface with a lower kinetic energy. Following the first
rebound, the droplet will be driven again by the airflow drag forces, which may either
move it far away from the solid surface or push it to a secondary impingement, possibly
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ending as a sticking drop further downstream. Furthermore, we have the possibility of
rebounding droplets interactions with new incoming ones. As noted in the introduction,
the physical mechanisms inducing super-hydrophobicity are quite complex, and at extreme
low wettability rebound may occur even at the lowest We: thus, the proposed description
and modeling of the process does not pretend to be appropriate for any possible coating
design (which would be a task well beyond the scope of the present work), but aims to
offer a suitable tool for the analysis of the most common standard super-hydrophobic
isotropic surfaces.

The actual quantity of water on the surface, in the form of a collection of spherical
cap-shaped droplets, is thus a result of the initial collection efficiency, reduced by the
rebounding mass flow, plus the water mass recovered from the secondary rebound and
drop–drop collisions.

The droplet’s evolution on the surface is driven by aerodynamic drag, pressure gradi-
ent and surface tension, as well as by the growth via coalescence with new impinging drop
and mass losses via evaporation or freezing. Thus, they may remain as sticking droplets,
evolving into frozen beads, or they may run along the surface as individual droplets or
merge into rivulets and possibly a film.

In order to develop a complete phenomenological model, each of the above-mentioned
steps and mechanisms must be described and taken into account with reasonable accuracy.

2.1. Droplet Impact Modeling

The evaluation of impinging collection efficiency requires interaction with the macro-
scale flow. Here, the amount of water hitting the airfoil is evaluated in a standard way
via Lagrangian tracing of droplets within a flow field computed via CFD tools (SU2 open-
source code), assuming one-way coupling (droplets do not impact on the airflow field).
The impact dynamics are quite complex: a comprehensive analysis and comparison may
be found in [15]. Here, we follow the model of Attane et al. [13].

The droplet energy is the sum of kinetic EK and surface energy Eσ, which in turn is
the sum of the contributions from both solid–liquid Ssl and liquid–air Sla interfaces.

Eσ = Slaσ + Sslσ(1− cosθs) (1)

The droplet energy decreases in time due to the sum of internal viscous dissipation Eµ

and the capillary rim dissipation E∗µ [13]:

dEK
dt

+
dEσ

dt
+ Eµ + E∗µ = 0 (2)

The surface and kinetic energy terms, as well as the internal viscous dissipation
Eµ (which include dissipation within the droplets and friction losses at the liquid–solid
interface), are integrated approximating the droplet shape during the impact as a shallow
cylinder of radius r and height h, while assuming an axisymmetric velocity field in the
radial x and normal coordinate y:

ux =
2

.
r

rh
xy uy = −2

.
r

rh
y2 (3)

Figure 1 shows a sketch of the approximated geometries. In Equation (3),
.
r is the time

derivative of the base radius of the droplet, i.e., its spreading (or retracting) velocity. The
rim dissipation E∗µ is evaluated via the following correlation [13]:

E∗µ = 4.48π·µ·r
(

Re√
We

) 2
3 .
r2 (4)
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Figure 1. Droplet evolution sketch, following [13], and coordinate system. (a) impinging droplet,
(b) shallow cylinder approximating the droplet shape during the spreading and retreat phase.

The local droplet Weber and Reynolds numbers are defined as

We =
ρu2

0r0

σ
(5)

Re =
ρu0r0

µ
(6)

where r0 and u0 are the incoming droplet radius and velocity, while σ, µ and ρ represent
water surface tension, viscosity and density. Substituting in (1) we obtain an ordinary
differential equation that can be solved in time. As initial conditions, we assume that
both kinetic and surface energies are still equal to the incoming spherical droplet values:
such conditions enable the evaluation of both the initial drop diameter and its advancing
velocity. Figure 2 shows the time history of the droplet base radius r (normalized with the
incoming droplet radius r0): agreement with experimental data as in [13] is reasonably
good, in particular in terms of maximum spread, while the radius oscillation time scale is
over-predicted.
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Figure 2. Droplet base radius r evolution in time: symbol: experimental data, lines: computed values.
Left, θs = 87◦, Re = 588·We0.5; right, θs = 100◦, Re = 454·We0.5.

Time-dependent simulations at increasing We may be used to define a rebounding
condition, which occurs when the droplet returns to its initial impact shape with residual
kinetic energy. The identification of the transition to splashing is a complex problem.
Different regimes (aerodynamic or hydrodynamic dominated) lead to different functional
dependencies [15]. Here, for the sake of consistency, we follow the same approach used for
the rebound limit: a further increase in We leads to a second threshold, above which the
droplet radius oscillations appear overdamped and it no longer retracts down to the initial
shape. This second level is assumed as the onset of corona splashing.
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A computation campaign at different We and Re was performed, and from post-
processing of the result the following correlations are derived for the two limiting values:

Wec,r = a
(1− cos θs)

l

log(1 + Re)− bθm
s

(7)

Wec,s = c(1− cos θ)nRe2 (8)

With a = 2.85737, b = 10.0471, l = −2.32544, m = −1.01734, c = 7.13676 × 10−5,
n = 6.81775. Results are shown in Figure 3, where it is evident that for any Re the range
of We allowing for full rebound gets smaller and smaller at low contact angles. Results
from Equation (7) can be compared with a regime map obtained from numerical fully 3D,
level set approach-based results at Re = 800 [21]: at θs = 100 and 120 the transition from
adhesion and rebound is located at We ~ 2.0 and We ~ 0.6, respectively, while Equation (7)
offers We = 2.0 and We = 0.57. Note also that Equation (8), for a given contact angle, locates
the splashing at constant product of Wec,s·Re−2, which is consistent with the experimental
results in [22].
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2.2. Collection Efficiency

The actual water mass flowing on the wall surface will be the combined result of the
first impact, possible rebound, secondary impingement and, potentially, the interaction
between rebounding and incoming droplets. Several CFD tools may be used at this step:
here, we combine the SU2 open-source solver with an in-house Lagrangian droplet tracking
code. Eulerian modeling is in general more efficient, but it is trickier to take into account
the rebound and the secondary impacts on the walls and between droplets.

A population of incoming droplets is generated according to the LWD and airspeed,
and their individual behavior is followed. The threshold values from the previous para-
graph are used to determine whether the impinging droplet sticks on the surface or re-
bounds: in the latter case, the residual kinetic energy determines the speed at which the
bouncing droplet leaves the surface and, thus, the subsequent droplet trajectory and its
maximum height. The droplet re-emerging from the surface may be driven away from the
wall, or experience a secondary impact a bit downstream. Since at any impact we have
some dissipation, most droplets will then stick at a location a bit downstream of the first
one. In such a case, the final position is noted and collection efficiency is evaluated by
integrating over a reasonable time interval ∆t. If the incoming droplet volume is Vd, and ni
is the number of droplets that came to halt on a wall element of the CFD mesh of surface
∆S, during ∆t, the collection efficiency β is computed as:

β =
u0LWC·∆t·∆S

ni·ρVd
(9)
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The correlations defined in Equations (7) and (8) are extended to the case of droplets
impinging at a non-zero incidence by using the normal component of the incoming velocity,
as suggested in [23].

2.3. Droplet Behavior and Runback Water Modeling

Modeling the runback water flow over a hydrophobic surface requires a simulation
of the evolution of the droplet population that takes properly into account the wetting
properties of the surface. These phenomena involve small-scale modeling, on the size of
the individual droplets, and the information required from the larger-scale flow field is
limited essentially to the amount of incoming water (i.e., the collection efficiency) and
its geometrical and dynamic characteristics (diameter, velocity components normal and
parallel to the wall), as well as the wall shear stress and pressure gradients. A possible
choice is to follow the evolution of each individual droplet after impinging via a Lagrangian
approach: since the number of involved droplets is very high, a full multiphase CFD
computation would quickly become unpractical. However, it is possible to simplify the
process with a phenomenological model that describes the main steps of the evolution,
namely impinging density, growth or reduction via coalescence and/or phase change and
aerodynamic drag-induced motion. These computations will be performed over a small
portion of the surface and are meant to provide, via integration, useful information in order
to offer corrections to the standard, continuous film models usually assumed for icing
simulation on regular surfaces.

We will assume that the droplets have a spherical cap shape, defined by their static
contact angle θs, while the hysteresis between advancing and receding contact angles will
be used in order to define the droplet’s force and energy balances. Additional elements that
need to be tracked are frozen beads and possibly rivulets. The former appears as spherical
segments, covering the base of the droplet and progressively growing until the liquid phase
disappears; the latter is modeled as an ensemble of interconnected droplets. The simulation
is carried out on a two-dimensional domain, which may be representative of an arbitrarily
shaped surface as long as we provide the proper distribution of shear stress, collection
efficiency and pressure gradients from the CFD solution of the macro-scale problem.

The main workflow of the procedure may be summarized in the following steps:

1. Generation of N impinging sites at random locations, depending on local collection
efficiency.

2. Coalescence check between new impinging droplets and existing ones.
3. Heat transfer balance for any single droplet.
4. Evaluation of freezing or evaporating mass flow.
5. Frozen mass will either contribute to the growth of an existing ice bead or create a

new one at the freezing bead location.
6. Droplet stretching limit check, detecting possible rivulet onset.
7. Droplet and rivulet movement check, including coalescences along the moving path.
8. Next time step.

The procedure described above was originally developed for a high-fidelity mod-
eling of icing roughness [4], and it has already been validated and applied to different
problems [18,19,24].

A population of incoming droplets is randomly generated at each time step. As an
example, on a rectangular domain Lx × Ly we define a maximum number of impinging
sites at any time step as

N0 =
u0LWC·∆t·Lx × Ly

ρVd
(10)

Then, given three random numbers αx, αy, αc; 0 < α < 1 the possible impinging sites
(x, y)i, i = 1, N0 are defined as

(
Lxαx, Lyαy

)
i, but they get activated only if (αc)i < β, thus

statistically complying with the computed collection efficiency.
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Once an initial distribution of the impinging droplets is given, we check if any coa-
lescence occurs. Coalescence takes place when the distance between the centers of two
droplets is less than the sum of their radii, and it results in a larger drop whose volume is
equal to the sum of the volumes of the parent droplets, located at the center of mass of the
two parent droplets. In the case of partially frozen beads, coalescence will involve only the
residual liquid volume, leaving the existing solid beads unchanged.

For hydrophilic substrates (θs < 90◦), coalescence will occur if the distance d between
the centers on the surface is lower than the sum of the base area radii:

d ≤ r1sinθs + r2sinθs (11)

while under hydrophobic conditions it will occur according to the geometrical consideration
in Figure 4, as √

d2 + (r1 − r2)
2cos2θs ≤ r1 + r2 (12)
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Droplets are subjected to external forces, namely gravity, aerodynamic drag and
pressure gradient if exposed to a fluid flow. Drag is evaluated via a drag coefficient
computed for spherical caps and from the local flow velocity. The local velocity, given the
small height of the droplets, is computed from the local shear stress, assuming a linear
profile normal distance from the wall. These forces deform the droplet shape, inducing
hysteresis due to the difference between the advancing θa and receding θr contact angles.
The actual contact angle will be a function of the azimuthal angle along the contact line,
as reported in [25,26]. The balance of drag, gravitational force projected along the surface,
and surface tension defines whether the droplet will stay still or will be shed away. Since
aerodynamic drag increases with r2, gravity contribution with r3, and surface tension only
with r, we can find a maximum radius allowing for immobile drops.

Then, the next step is the modeling of the moving droplet. A power balance between
aerodynamic force work, surface tension work, and viscous dissipation (sum of laminar
viscous dissipation within the droplet and wedge dissipation) is performed.

Then, the next step is the modeling of the moving droplet. Following [18,19], a power
balance between aerodynamic force work, gravity force work, surface tension work and
viscous dissipation (sum of laminar viscous dissipation within the droplet and wedge
dissipation) is performed,

ΦD + Φg −Φσ −Φµ = 0 (13)

ΦD = FD · ud =
1
2

ρacD|ua − ud|(ua − ud) · ud (14)

Φg = Fg·ud = ρlVdg·ud (15)

where ua is the local airflow velocity and cD is the drag coefficient, which can be estimated
as the one of a flow past a sphere, as done by [27]. The further condition that the droplet
moving direction agrees with the one of the resulting force Fg + FD is required in order to
close the problem. The derivation of surface tension work Φσ and viscous dissipation Φµ
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(given by the sum of laminar viscous dissipation within the droplet and wedge dissipation)
are given in [18,19]. The procedure is suited for both planar and curved surfaces, provided
that the substrate radius of curvature is larger than the droplet one.

2.4. Phase Change

At each time step, the energy balance of each individual droplet is performed in order
to define the freezing and evaporating mass flow rates [28]:

qs = qa + mevλev −m f λ f (16)

Here, qs is the heating flux from the solid wall, if present, and qa is the convective heat
transfer computed using the local heat transfer from the macroscale computation and the
actual droplet surface exposed to the air, while evaporating mass flow mev comes from a
heat and mass transfer analogy, m f is the freezing mass and λev, λ f the evaporation and
fusion of latent heat.

2.5. Rivulet Onset

At high wettability, or for high impinging mass flow, and low freezing rate, we can
have a runback water mass flow so high that the individual droplet regimes may give way
to the onset of rivulets. Here, a rivulet threshold is obtained via a force balance over half
of the droplet, as suggested in [20]. Essentially, we cut the droplet with a midspan plane,
normal to the drop velocity and to the substrate (Figure 5). If the resultant R of the forces
(due to drag, gravity, surface tension along the contact line, viscous force on the wet area)
over half of the droplet (assumed symmetric) is larger than the surface tension action Fσi
along the wet perimeter on the plane cut, we can assume that the droplet is starting to
stretch and is evolving into a rivulet.
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Figure 5. Sketch of the droplet stability balance.

Once the rivulet has started, it will move downstream driven by the sheart stress. At
high wettability, or for high impinging mass flow, and low freezing rate, we can have a high
runback water mass flow so high that the individual droplet regimes may give way to the
onset of the rivulet. Once the rivulet is generated, it is modeled as a series of interconnected
circles, in order to easily allow for coalescence check with the existing droplets according
to Equations (11) and (12). In Figure 6, the typical evolution is shown: to the left, a large
droplet is running from the bottom to the top until the growth due to the coalescence with
the other drops along its trajectory triggers the rivulet transition. From this point, the
rivulet height is fixed, and the possible increase in mass flow due to coalescences results
in its widening. Furthermore, we assume a triangular velocity profile normal to the wall
aligned with the shear as in the usual continuum model based on Messinger’s approach.
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Figure 6. Droplet−rivulet transition, droplet distribution at three different time steps. From left to
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3. Results

For a first assessment of the capability of the procedure outlined above, the experi-
mental setup of [29] was simulated. A small-scale NACA0012 profile is considered, with
a chord of 150 mm, partially heated and coated with combinations of hydrophobic and
hydrophilic sections.

In particular, we considered a case with a freestream velocity of 40 m/s, freestream
temperature of −5 ◦C, LWC = 1.0 g/m3, and droplet size of 30 µm. The airfoil is heated
for 5% of the chord length, with a heat flux of 33 W along the 400 mm spanwise length.
We compare two cases: in the first, the heated region is hydrophilic (θs = 65◦, θa = 105◦,
θr = 50◦) and the remaining area super-hydrophobic (θs = 157◦, θa = 159◦, θr = 154◦), in
the second case the whole surface is super-hydrophobic.

Figure 7 shows the collection efficiency, taking into account rebound and secondary
impacts for both cases. The effect is quite dramatic, with a nearly clean leading edge region,
although it is important to note that the very small thickness of the airfoil maximizes the
effect of rebound. The droplets with higher We will rebound around the leading edge, and
due to the small thickness of the airfoil, only a small fraction of them stops on the solid wall
after a few secondary impacts. However, these droplets landing somewhat downstream
with respect to their first impact are responsible for the recovery at x = 0.01, where the
collection efficiency is even higher than that in the hydrophilic region.
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The effect of the reduction in water gathering, combined with the improved drainage
of the smaller, low hysteresis droplets on the super-hydrophobic surface, leads to a better
performance of the fully hydrophobic airfoil. In particular, the droplet evolution was
computed on a small strip near the leading edge, as shown in Figure 8. Two snapshots
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of the droplet population are presented: red circles refer to liquid droplets and blue ones
to frozen beads. It is clear that we have better drainage in the hydrophobic setup, with
smaller and quicker droplets that evaporate or run downstream before any freezing. On
the other hand, the hydrophilic leading edge generates larger droplets and slower flow,
and thus we still have runback water beyond the heated strips, allowing for ice accretion as
observed in the experiment.
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Figure 8. Computed results: red, liquid droplets. Blue, frozen beads. Experimental data, recon-
structed from [29]: dark grey: iced area. Left, hydrophilic leading edge on an otherwise hydrophobic
coated airfoil. Right, fully hydrophobic coated airfoil.

Interactions between rebounding and incoming droplets are, on the contrary, nearly
negligible: Figure 9 shows the computed collision density, i.e., the number of collisions
between rebounding and incoming droplets per unit time and volume, around the airfoil
profile. The maximum value is attained in the region of the secondary peak in the collection
efficiency, at x ~ 10 mm, and is a bit less than 140 s−1·m−2, i.e., it is several orders of
magnitude lower than the number of the actual flying droplets at the same location.
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Figure 9. Collision density between rebounding and incoming droplets on NACA 0012 profile,
super-hydrophobic surface.

4. Conclusions

A comprehensive workflow, designed to simulate the effects of hydrophobic coatings
under icing conditions, was described. The aim was to offer the possibility to estimate the
impact of wettability properties in an efficient way, using a phenomenological model that
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takes advantage of several models either readily available in the literature or adapted for
the specific application.

A number of different effects, however, had to be taken into account, involving
different scales: droplet rebound, rivulet formation, and droplet–droplet interactions. The
first validation case offers only a threshold-like comparison, which allows verifying that
protection from ice formation is predicted. Thus, further detailed analysis and validation
of the individual mechanisms are still required: due to the complexity of the physical
phenomena and to the variability of the design of super super-hydrophobic coatings, the
models and phenomenological rules, in particular those related to the bouncing/splashing,
proposed in the present work, do not pretend to cover all of the possible regimes and
surfaces topology beyond those used in the validation cases. However, these first results
demonstrate that via the proposed computational framework it is actually possible to
predict the beneficial effect of properly designed coatings for ice mitigation purposes in a
real-world application.

Author Contributions: Writing—original draft, G.C.and N.S.; Writing—review & editing, M.P. and
P.G. All authors have read and agreed to the published version of the manuscript.

Funding: The present work was funded by the EU, within IMPACT project, call JTI-CS2-2019-CfP10-
LPA-01-80, Clean Sky 2 Joint Undertaking (JU) under grant agreement No. 885052.

Data Availability Statement: Validation data come from quoted open literature.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

h droplet height
Eσ surface energy
EK kinetic energy
Eµ viscous dissipation
E∗µ rim dissipation
FD drag force
Fg gravity force
Fσ rigidity force
g gravity acceleration
.

mev evaporating mass flow rate
.

m f freezing mass flow rate
N0 number of impinging sites
q heat flux
r droplet radius
Re droplet Reynolds number, ρur/µ
Sla liquid–air interface area
Ssl solid–liquid interface area
t time
ua air velocity
ud droplet velocity
Vd droplet volume
We droplet Weber number, ρu2r/σ
x, y Cartesian coordinates
β collection efficiency
θs static contact angle
λev evaporation latent heat
λ f fusion latent heat
µ dynamic viscosity
ρ Density
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σ surface tension
ΦD drag force work
Φg gravity force work
Φσ surface tension work
Φµ viscous dissipation
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Abstract: In this study, we assessed the effects of ice types, test parameters, and surface properties on
measurement data of the ice adhesion centrifuge test. This method is often used for the evaluation
of low ice adhesion surfaces, although no test standard has been defined yet. The aim of this paper
is to improve the understanding of the relevant test parameter and identify crucial criteria to be
considered in harmonization and standardization efforts. Results clearly indicate that the ice type
(static vs. impact ice) has the greatest impact on the test results, with static ice delivering higher
values in a broader data span. This is beneficial for material developers as it eases the evaluation
process, but it contradicts the technical efforts to design tests that are as close as possible to realistic
technical environments. Additionally, the selected ice type has a significant impact on the relevance
of the surface properties (roughness, wettability). Despite the complexity of interactions, a trend
was observed that the roughness is the determining surface parameter for high impact velocity ice
(95 m/s). In contrast, for tests with static ice, the wettability of the test surface is of higher relevance,
leading to the risk of overestimating the icephobic performance of structured surfaces. The results
of this paper contribute to the demanding future tasks of defining well-founded test standards and
support the development of icephobic surfaces.

Keywords: ice adhesion; centrifuge test; static ice; impact ice; wettability; roughness

1. Introduction

The measurement of ice adhesion to surfaces is highly relevant for developers of
icephobic materials that aim to reduce ice adhesion to an extent, at which only low energy
is required to remove this ice. These so-called low ice adhesion surfaces would benefit
many technical applications, such as in the energy and transport sector.

Many different test methods have been developed over the past few decades to
assess this functionality, addressing different complexity levels, ice types, and ice re-
moval techniques. An extensive review on these methods is given by Work and Lian,
with the aim to compare the different test designs with the needs for aircraft-relevant
icing conditions. It included the centrifuge test as one of the most prominent methods for
ice adhesion assessments, highlighting the benefit (throughput) but also the drawbacks
(e.g., missing strain rate control, edge effects, and vibration) [1]. Despite these drawbacks,
the centrifuge tests used for ice adhesion measurements appeared to be robust, easy to han-
dle, and relatively accessible test devices that deliver reproducible results in a reasonable
time [2–8]. They are generally used in a comparative manner, using reference or benchmark
surfaces (e.g., aluminum, steel, unmodified coatings) to identify improvements (reduced
ice adhesion) for the new developed materials. The tests support the iterative formula-
tion work on low ice adhesion surfaces and allow the selection of promising candidates.
As a tool for the initial assessments, they do not address the performance prediction in
the target technical environment. In this study, the centrifuge test is also used for the
assessment of relevant test parameters and influential surface properties.

Work and Lian used available test results from the literature to identify parameter
correlations [1]. The first trend they observed is that the ice adhesion strength increases
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with decreasing temperatures, regardless of the used test method. The second raised aspect
covers the effects of velocity (and resulting ice type). Derived from literature data, they
identified a decrease in the maximum observed adhesion values for impact ice (accreted
at different velocities) compared to static ice (formed by pouring water into a mold and
freezing it) [1]. Unfortunately, the data consistency was rather poor, and the comparability
of different test designs was limited. To account for this, in this study, we addressed the
effects of the velocity during the ice formation process in the ice adhesion centrifuge test.
The gained knowledge will contribute to an improved understanding of the influencing
test parameters, paving the way to harmonize test designs based on substantiated test data.

Besides the efforts on the development and definition of test designs for ice adhe-
sion, many research activities are dealing with the understanding of the required surface
characteristics to achieve low ice adhesion surfaces. Table 1 summarizes studies on the cor-
relations between surface properties and ice adhesion test results, derived from centrifuge
tests. The ice formation type is also indicated as one determining parameter of ice adhesion
test results.

Table 1. Summary of studies on the surface properties and their influence on ice adhesion strength,
assessed in centrifuge test designs.

Ice Formation Type Main Conclusions on Surface Property Dependencies Ref.

Impact ice 10 m/s Low ice adhesion was measured on superhydrophobic low contact angle
hysteresis coatings. [9]

Impact ice (rotor testing) Ice adhesion strength increases with increasing roughness. [7,10]

Impact ice 25 m/s Low contact angle hysteresis and low surface roughness enable low
ice adhesion. [4]

Static ice
Contact angle hysteresis is a crucial parameter for the determination of

icephobicity, whereas hydrophobicity (water contact angle) is not linked
to icephobicity

[11]

Impact ice (velocity not indicated) Increasing coating thickness (0.1 to 2 mm) of elastomeric materials leads to
decreasing ice adhesion strength. [12]

Impact ice 95 m/s
Optimum in surface free energy for the lowest ice adhesion values.
A further decrease in the surface free energy is accompanied with
increased roughness, leading to increased ice adhesion strength.

[13]

Impact ice 10 m/s
Decreasing receding contact angle data correlate with increasing ice

adhesion strength for superhydrophobic surfaces (assessed during the
degradation process).

[14]

Impact ice 25 m/s

Hydrophobicity is beneficial for low ice adhesion in many cases but has
a better relationship with contact angle hysteresis. Higher roughness can
increase ice adhesion but can also be beneficial (for slippery liquid-infused

porous surfaces: SLIPS approach).

[15]

Impact ice 95 m/s
Coating-specific correlations of ice adhesion strength vs. surface properties
during coating degradation. No general rules for correlating parameters

are identifiable.
[16]

Static ice

Ice adhesion strength decreased with surface roughness. For surfaces with
similar roughness, low surface free energy favored a reduction in ice
adhesion. Materials with different wettability showed a similar ice

adhesion strength.

[17]

The papers summarized in Table 1 mainly addressed material properties, such as
the surface roughness and wettability, which are also covered in the current study. The
surfaces used for the current study had to fulfil two main requirements: first, a high surface
robustness (mechanical, chemical) to guarantee high repeatability of the tests without
performance degradation; and second, a range of surface properties from rough to smooth
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and good to poor water wettability to assess the effects of the surface properties on the ice
adhesion test results.

With this study, we aimed to provide data for the effects of ice types on the results
of the ice adhesion centrifuge test. We also investigated a relevant range of surface prop-
erties to clarify the impact of the roughness and surface wettability on the measured
ice adhesion strength. With these topics, we offer an improved understanding of the
needs for ice adhesion test procedures that can be used for necessary harmonization and
standardization activities.

2. Materials and Methods

Material selection for this study was based on the results of a pre-screening process to
identify robust and long-lasting surfaces that deliver reproducible results over the complete
duration of tests. The preparation of test samples was performed in a single process with
identical material batches to avoid deviations due to changes in the material composition, han-
dling, or environmental conditions. Test samples (EN AW 5083, dimension 220 × 30 × 4 mm3

for IFAM centrifuge tests) were sanded and cleaned with isopropanol prior to material
application. For the first coating type, “Primer”, an epoxy primer (Aerodur 37045 Bar-
rier Primer White with Hardener S66/22R; Akzo Nobel, Sassenheim, The Netherlands),
was used in a mixing ratio of 2:1 by volume. Material preparation and application were per-
formed according to the supplier’s specifications using a spray gun (SATA Jet 90, Ø 1.3 mm;
pressure 1.6 Bar; distance 40 cm) under standard conditions (temperature 21 ◦C, relative
humidity 40%). After the coating application, samples were stored at room temperature
in a clean environment for 12 h prior to thermal curing at 60 ◦C for 60 min. The resulting
dry film thickness of the primer was 40 ± 10 µm (according to DIN EN ISO 2808:2019 with
byko-test 8500 P Fe/NFe, Byk Gardner, Geretsried, Germany) [18].

The second coating type, “Standox”, is a clear coat that is used for repair purposes in
the automotive industry. It was applied on the primer coating (described above) to ensure
sufficient adhesion properties. Standocryl VOC-Premium Clear K9540 with Hardener VOC
10–20 was purchased (Standox GmbH, Wuppertal, Germany) and material preparation was
performed according to the supplier’s specifications at a mixing ratio of 3:1 (by volume).
The application and curing parameters were identical to those of the primer coating. The
same conditions were applied to the third coating type, “PUR C25”, which is a non-
commercial 2-component formulation based on silanized polyisocyanate-curing acrylic
resin, as described in [16]. The material was selected as a potential icephobic material and
was applied on the primer coating. The total film thickness (including primer) for the
samples Standox and PUR C25 was 70 ± 15 µm [18]. The fourth material in this study
was “PTFE-tape” (extruded polytetrafluoroethylene PTFE film tape 5490; 3M Deutschland
GmbH, Neuss, Germany), which was applied on primed test samples according to the
supplier’s specifications. The film thickness of the tape was 90 µm.

All selected materials in the pre-tests showed sufficient mechanical and chemical resis-
tance with no changes in the basic surface properties prior to and after repeated cleaning
with isopropanol or during icing/de-icing cycles. Wettability tests were performed with
the Drop Shape Analyzer DSA 100S (Krüss GmbH, Hamburg, Germany), according to
relevant specifications (DIN EN ISO 19403-2) [19]. Surface free energy (SFE) was deter-
mined by measuring the dynamic contact angle of three liquids: water, diiodomethane,
and ethylene glycol (droplet application of 0.2 µL/s, total volume of 6.0 µL), and calculated
according to the method of Owens, Wendt, Rabel, and Kaelble (OWRK). The water contact
angle (WCA) was extracted from this measurement. The water sliding angle (WSA) was
determined with a water droplet volume of 20 µL and tilting speed of 60 ◦/min. The sliding
angle was defined as the angle at which the advancing and receding angles of the water
droplet moved at least 1 mm from the starting point [20]. Contact angle hysteresis (CAH)
was determined at this sliding angle or at the maximum tilting angle of 90◦ (in the case
where the water droplet did not run off) by calculating the difference between advancing
and receding angles. The tilting method was chosen as it delivers consistent results for fresh
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and aged coating surfaces. Roughness data Ra (arithmetic average value of the roughness
profile) and Rz (maximum height of the profile) were determined using a Perthometer M2
(Mahr GmbH, Göttingen, Germany).

The four selected materials represent a reasonable range of wettability and roughness
properties (from smooth to rough and hydrophilic to hydrophobic). Surface parameters are
expressed in Table 2 as the means of 6 measurements from 3 test samples.

Table 2. Summary of the surface characterization data for the used materials.

Primer Standox PUR C25 PTFE-Tape

SFE (mN/m) 38.5 36.0 18.0 15.1
WCA (◦) 83 86 100 110
WSA (◦) >90 67 41 29
CAH (◦) 40 36 26 22
Ra (µm) 1.5 0.07 0.05 0.11
Rz (µm) 8.3 0.38 0.29 0.68

Tests started 21 days after coating application, at the earliest. Prior to each test, samples
were cleaned using isopropanol and soft tissue. Between the tests, samples were stored in
a dry and dark environment at room temperature.

Ice adhesion centrifuge tests were conducted in the Fraunhofer IFAM ice lab with an
integrated ice wind tunnel (Figure 1). The ambient temperature during the ice formation
and adhesion tests was kept constant at −8 ◦C. This temperature was selected as it is low
enough to prevent unstable icing conditions (these may occur close to 0 ◦C). Additionally,
at −8 ◦C, different ice types can form in the ice wind tunnel, depending on the air velocity.
Prior to the ice formation process, test samples were pre-conditioned to this test temperature.
Four different scenarios were defined for the assessment of the ice adhesion depending on
the ice types and velocities (Table 3).

Figure 1. View inside the Fraunhofer IFAM ice lab (a) and scheme of the closed-loop ice wind
tunnel (b) with a fan drive system (1), turning vanes (2), heat exchanger of refrigeration system (3),
humiditystat (4), water spray bar (5), water reservoir and pumps (6), test section entrance (7), test
section (8), and diffusor (9).

Static ice was produced by inserting each test sample into a silicone mold that allowed
defined ice formation in the required area (Figure 2a). Three milliliters of de-ionized
water were filled into the mold and allowed to freeze onto the test surface. After 90 min,
the silicone mold was removed, and the sample was stored for a minimum of 15 min
at the test temperature without any mechanical disturbance prior to the installation into
the centrifuge.
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Table 3. Conditions for the ice formation processes.

Static Ice
Impact Ice (Ice Wind Tunnel Velocity)

40 m/s 60 m/s 95 m/s

Temperature (◦C) −8 (±0.5) −8 (±0.1) −8 (±0.1) −8 (±0.1)
Icing duration 90 min 55 s 50 s 50 s

Resulting ice mass (g) 3.0 2.0 (±0.1) 2.2 (±0.1) 2.5 (±0.1)
Ice area (cm2) 9 9 9 9

Liquid water content (g/m3) n.a. 1.2 1.0 0.6
Median volume diameter (µm) n.a. 15 15 15

Figure 2. Test sample preparation with: (a) a silicone mold for static ice; (b) specimen holder for ice
wind tunnel insertion for impact ice formation.

For impact ice, the pre-conditioned test sample was mounted onto a custom-made
sample holder that allowed the positioning of the test surface in the center of the ice wind
tunnel test section for a defined time (Figure 2b). After impact ice formation, the sample
was removed from the ice wind tunnel and kept in the specimen holder for 10 min at
a constant temperature of −8 ◦C. After disassembly from the specimen holder, the test
sample was stored for an additional five minutes prior to the installation in the centrifuge
for testing of the ice adhesion.

The four icing scenarios resulted in the formation of different ice types and shapes
(Table 4). For static ice, compact glaze ice was produced in a well-defined area. Impact
ice that was produced at 40 and 60 m/s also appeared as clear glaze ice but with a rough
surface. Water droplets in the ice wind tunnel section hit the surface and were frozen at
the test surface rather instantly. However, the following water droplets could run over
this first icing layer before freezing, resulting in ice formations also at the test sample sides
(also covered with the test materials). This phenomenon was not observed for impact ice
accreted at a 95 m/s wind tunnel velocity. Short freezing times led to ice growth towards
the wind direction instead of ice formations at the sample sides. The ice started to develop
a milky appearance and was defined as mixed ice (mixture of glaze and rime ice).

For ice adhesion tests, a custom-made centrifuge with a modified rotor to place and
fasten the prepared test samples was used as already described elsewhere [16]. Opposite the
ice is a counterweight that can be adjusted, according to the ice mass, to reduce vibrations
(see Figure 3). Generally, the centrifuge test uses centripetal forces to apply shear stress to
the ice and remove it from the test surface. The prepared sample was fixed in the centrifuge,
in which the iced sample was spun at a constantly increasing rate until the ice was sheared
off. Separation was detected by a piezoelectric cell (MTN/1185C Series, Monitran Ltd.,
Penn, UK) when the ice hit the centrifuge wall and was correlated to the rotational speed
of the centrifuge rotor. This speed (angular velocity ω in rad/s) was used to calculate the
shear strength of ice to the substrate, according to the following equation:

τ =
F
A

=
mice ω2 r

A
(1)

152



Appl. Sci. 2022, 12, 1583

where mice is the mass of ice (kg), r is the radius of the rotating beam at the mid-length ice
position (m), and A is the surface area of the adherent interface (m2) [21]. The calculated
values in this study express the adhesive strength of the ice.

Table 4. Ice types for ice adhesion tests.

Static Ice Impact ice: 40 m/s Impact Ice: 60 m/s Impact Ice: 95 m/s

glaze ice, compact,
well-defined, sharp edges

glaze ice, brittle icing over
the edges

glaze ice, flat in center, icing
over the edges

mixed ice, icing towards wind,
no ice on sides
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Figure 3. View inside the centrifuge test device with: (a) test sample with ice formation placed in the
centrifuge; (b) test sample after fixation.

In addition to the ice types, the centrifuge acceleration speed varied from 100 rpm/s
(10.472 rad/s2) and 200 rpm/s (20.944 rad/s2) to 300 rpm/s (31.416 rad/s2) for the static ice
test samples. Figure 4a shows the device-specific force evolutions during the test runs with
different acceleration speeds up to the maximum centrifuge rotational speed (10,000 rpm)
for an ice mass of 3 g. For 300 rpm/s, the maximum speed was reached after 34 s, and for
100 rpm/s, after 100 s. Furthermore, the differences that occurred between the ice masses
for impact ice (compared with Table 3) also have an effect on the strength evolution during
the centrifuge test. Figure 4b depicts the correlations between the ice masses and adhesion
strength for an acceleration speed of 200 rpm/s that was used for impact ice adhesion
assessments in this study.
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Figure 4. Adhesion strength evolution in the Fraunhofer IFAM centrifuge for: (a) 3 g of ice at various
acceleration speeds; (b) 200 rpm/s acceleration speed and various ice masses.

Four to eight test samples per material type were available for the testing period
and used randomly over the whole duration of this study with changing ice types and
centrifuge acceleration speeds.

3. Results

The results of this study are displayed in the following subsections according to the
main questions this study focused on. These include the durability determination of the
test surfaces as a pre-requisite for the result interpretation (Section 3.1), detailed assessment
of the gained data per scenario and material (Section 3.2), result comparison for different
ice types (Section 3.3) and for different ice adhesion test parameter set-ups (Section 3.4),
and finally, the interdependencies between the surface properties and ice adhesion test
results (Section 3.5).

Quantitative ice adhesion results were derived from tests with 100% adhesive failure
of the ice. This was observed for the materials Standox, PUR C25, and PTFE-tape. Partial
detachment of the ice or even no ice shedding occurred for the primer coating in all test
set-ups. The ice adhesion to the primer surface was higher than the maximum shear
strength of the test (at a maximum centrifuge speed of 10,000 rpm: >231 kPa for 2 g of ice
and >347 kPa for 3 g ice). This was evaluated as a qualitative result only.

For tests with static ice, one data point per test day and used sample was obtained.
A maximum of 10 tests per day were conducted. For impact ice, a maximum of six samples
per working day were tested in a twofold measurement. At least three independent test
days per parameter set and material were conducted.

3.1. Durability of Test Surfaces

The materials used in this study were selected because of their expected durability to
deliver reproducible results over the complete test period. Additionally, due to COVID-19-
related restrictions regarding the presence of staff, the duration of this study had to be
prolonged (200 days). To guarantee the comparability of the test results over the complete
period, test set-ups for static ice (centrifuge acceleration speed: 200 rpm/s) and impact ice
(95 m/s; centrifuge acceleration speed: 200 rpm/s) were conducted repeatedly. The results
of the ice adhesion strength measurements are summarized in Figure 5a,b (no quantitative
results were available for the primer coating due to cohesive ice failure).

For the Standox material, the data points over time were on comparable levels with
the resulting means of 39 kPa for impact ice (95 m/s) and 185 kPa for static ice. No trends
were identified that indicate material degradation or parameter variances within the test
set-ups. The same applied for the PTFE-tape material, with means of 63 kPa for impact ice
and 131 kPa for static ice. For the PUR C25 material, the test results remained at a stable
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low level over the complete test period for impact ice (mean of 15 kPa) and static ice (mean
of 41 kPa).

Figure 5. Test result reproducibility for ice adhesion tests over the complete test period: (a) for impact
ice 95 m/s (200 rpm/s); (b) for static ice (200 rpm/s) (the given lines indicate the resulting means
per material).

No visible defects for the used materials were reported. A comparison of the test
results showed no time-dependent changes for the three quantifiable materials Standox,
PUR C25, and PTFE-tape. The results already showed differences between surfaces and ice
types, which is further assessed in the following sections.

3.2. Data Analysis

Ice adhesion test results are often accompanied by comparably high data scattering,
which is caused by the high sensitivity of the ice–substrate interface to fluctuations in tem-
perature, pre-conditioning parameters, and icing durations. Additionally, contaminations
in the water and on test substrates may occur, and mechanical disturbances during ice
formation and sample handling affect the measurement values. Finally, the test devices
and also the staff need to work under harsh lab conditions (in this case, at a temperature
of −8 ◦C), resulting in higher stress levels for man and machine. To account for this,
limited overall test times and detailed and robust test protocols are defined. Test repetitions
increase the data points and help to identify single measurement errors.

In this study, a minimum of 10 data points per coating material for tests with impact ice
and 8 data points for tests with static ice were assessed. For the exploratory data analysis
of the ice adhesion test results, box plots were used to achieve a high data quality. To
identify extreme values/outlier candidates in the data sets, the 1.5 × IQR rule was selected
(interquartile range IQR multiplied by 1.5 and added to the third quartile or subtracted from
the first quartile) as an established statistical tool [22]. Data points outside this calculated
range were defined as outliers and subsequently removed prior to the final calculation of
the medians, means, and standard deviations per material and parameter set [23].

Tables 5–10 summarize the results of the data analysis, including boxplots that indicate
outliers as dots outside the whiskers. The resulting medians, means, and standard devi-
ations for the ice adhesion strength are given prior to and after the removal of identified
outliers. The latter are indicated as “cleaned” values.

For impact ice, accreted at a wind speed of 95 m/s in the ice wind tunnel, clear
differences between the surfaces were observed (Table 5). For PUR C25, the lowest ice
adhesion was observed in this parameter set. The difference between the median and
mean value is negligible for the evaluation. No outliers were identified. Standox represents
an example where two outliers were observed (dots outside the whiskers). They were
removed from the data set, resulting in a reduced standard deviation (“cleaned” data set
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used for the following assessments). For PTFE-tape, the highest ice adhesion strength for
this parameter set was observed. Here, the data distribution was comparably high, with
equal mean and median values.

Table 5. Ice adhesion centrifuge test results for impact ice (95 m/s; acceleration speed 200 rpm/s) with
relevant statistical data for result evaluation (given “cleaned” values based on outlier replacements
after box plot assessments).

Impact Ice 95 m/s Standox PUR C25 PTFE-Tape

box plots

median in kPa 39, cleaned: 39 13 63

mean (stdev) in kPa 40 (12), cleaned: 39 (5) 15 (6) 63 (14)

no. of data points 12, cleaned: 10 14 10

The results for impact ice, accreted at 60 m/s, are summarized in Table 6. The PUR
C25 material again showed the lowest ice adhesion. One identified outlier was removed
from the data set, resulting in a slight reduction in the mean and standard deviation. Tests
with PTFE-tape showed higher ice adhesion strength data compared to PUR C25. For
Standox, data dispersion was high, preventing a clear ranking between PTFE-tape and
Standox. However, there was a trend that for tests with the Standox material, higher ice
adhesion strength data were observed.

Table 6. Ice adhesion centrifuge test results for impact ice (60 m/s; acceleration speed 200 rpm/s) with
relevant statistical data for result evaluation (given “cleaned” values based on outlier replacements
after box plot assessments).

Impact Ice 60 m/s Standox PUR C25 PTFE-Tape

box plots

median in kPa 91 26, cleaned: 26 80

mean (stdev) in kPa 103 (27) 28 (8) cleaned: 26 (5) 80 (10)

no. of data points 12 14 cleaned: 12 10
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A further general increase in the ice adhesion strength was observed for impact ice,
accreted at 40 m/s velocity (Table 7). For the material ranking, PUR C25 again showed the
lowest ice adhesion strength. Standox and PTFE-tape were on comparable higher levels.

Ice adhesion tests with static ice were conducted with identical centrifuge acceleration
speeds of 200 rpm/s as used for the impact ice tests (Table 8). Again, the PUR C25 material
delivered the lowest ice adhesion results. For the PTFE-tape, as the second ranked material
in this parameter set, an outlier was identified and removed. Standox material showed the
highest ice adhesion strength for this set-up.

Table 7. Ice adhesion centrifuge test results for impact ice (40 m/s; acceleration speed: 200 rpm/s)
with relevant statistical data for result evaluation.

Impact Ice 40 m/s Standox PUR C25 PTFE-Tape

box plots

median in kPa 117 51 116

mean (stdev) in kPa 119 (37) 52 (13) 112 (20)

no. of data points 10 10 12

Table 8. Ice adhesion centrifuge test results for static ice (200 rpm/s) with relevant statistical data for
result evaluation (given “cleaned” values base on outlier replacements after box plot assessments).

Static Ice (200 rpm/s) Standox PUR C25 PTFE-Tape

box plots

median in kPa 190 38 129, cleaned: 129

mean (stdev) in kPa 185 (24) 41 (15) 136 (25), cleaned: 131 (18)

no. of data points 8 16 16, cleaned: 15

Static ice that was tested at a centrifuge acceleration speed of 100 rpm/s (Table 9)
delivered comparable results to those tested with a 200 rpm/s acceleration speed.
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Table 9. Ice adhesion centrifuge test results for static ice (100 rpm/s) with relevant statistical data for
result evaluation.

Static Ice (100 rpm/s) Standox PUR C25 PTFE-Tape

box plots

median in kPa 182 40 129

mean (stdev) in kPa 185 (27) 40 (9) 128 (22)

no. of data points 8 10 9

For static ice tested with an increased centrifuge acceleration speed of 300 rpm/s,
the material ranking was comparable with those of the lower acceleration speeds (Table 10).
For PTFE-tape, an outlier was removed, resulting in comparable median and mean values
and a reduced standard deviation.

Table 10. Ice adhesion centrifuge test results for static ice (300 rpm/s) with relevant statistical data for
result evaluation (given “cleaned” values based on outlier replacements after box plot assessments).

Static Ice (300 rpm/s) Standox PUR C25 PTFE-Tape

box plots

median in kPa 208 59 152, cleaned: 144

mean (stdev) in kPa 217 (17) 58 (13) 149 (31), cleaned: 142 (21)

no. of data points 9 11 12, cleaned: 11

As an overall summary of this evaluation, it can be stated that the obtained data
quality is appropriate for further correlation assessments. The identified outliers were
removed from the data sets and the resulting means and standard deviations were used for
the following correlation assessments.

3.3. Ice Types

The influence of the ice formation process on the ice adhesion strength is one important
aspect of this paper. Figure 6 summarizes the centrifuge test results for the materials
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Standox, PUR C25, and PTFE-tape. Tests with these materials delivered quantifiable results
with complete adhesive failures between the ice and test surface. For the primer coating
material, only cohesive ice failures or even no ice shear-off were observed, giving the
qualitative result that the ice adhesion strength was significantly higher than the appearing
shear forces in the conducted tests. Therefore, the primer is not included in the figure.

Figure 6. Comparison of the ice adhesion test results for different ice types.

Clear indications show that regardless of the material, the highest impact velocities
(95 m/s) of the impinging water droplets led to the lowest ice adhesion strength for
the respective materials. A reduction in the impact velocity to 60 and 40 m/s led to
an increase in the ice adhesion strength. A further increase was observed for the unmodified
polyurethane coating, Standox, for static ice formations. Due to the comparable high
standard deviations, no clear difference between static ice and impact ice (40 m/s) was
observed for the low ice adhesion material, PUR C25, and PTFE-tape.

By comparing the actual ice formations on the test samples (Table 4), one can argue
that increased adhesive strength for ice, accreted at 60 and 40 m/s, may be related to the
increased ice area, including the coverage of the (coated) sides of the test specimen to
a certain extent. This is caused by water droplets moving over the test sample before
freezing. However, this effect seems to have less significance, and for static ice with
well-defined ice areas, the trend was continued.

The potential to distinguish between the tested materials is of importance for a lab-
based test design. Here, impact ice might be more realistic for technical applications
(e.g., aircraft, wind rotor blade) but delivers a narrow range of test results (for 95 m/s,
an impact ice minimum of 15 kPa and maximum of 63 kPa). In contrast, static ice delivers
a wider result range (minimum of 41 kPa and maximum of 185 kPa), potentially allowing
an improved ranking during material development processes. However, surface characteris-
tics (especially roughness) must be considered in the test parameter definition (Section 3.5).

3.4. Centrifuge Acceleration Speed

For tests with static ice formations, the effects of the centrifuge acceleration speed
on the ice adhesion strength data were assessed (Figure 7). The results determined
at acceleration speeds of 100 and 200 rpm/s, respectively, showed comparable results.
A reduced standard deviation was observed for the test results of the low ice adhesion
material PUR C25 at 100 rpm/s. This might be linked to an improved test resolution:
at 100 rpm/s, the calculated mean of 40 kPa was reached after 34 s, and at 200 rpm/s,
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already after 17 s (compare also with Figure 4). For the 300 rpm/s acceleration speed,
the adhesive strength slightly increased for all materials but not significantly.

Figure 7. Comparison of the ice adhesion test results at different centrifuge acceleration speeds.

3.5. Interdependencies of the Surface Properties and Ice Adhesion Strength

The effects of the surface properties on results of the ice adhesion centrifuge test are
assessed in the following section. Figure 8 shows exemplarily Ra values (arithmetical mean
deviation of the assessed surface profile) as an often-used basic parameter for the surface
roughness in comparison with the ice adhesion strength per ice formation type.

Figure 8. Surface parameter Ra and ice adhesion strength data for different ice formation types.

The PUR C25 material with the lowest material roughness in this study showed the
lowest ice adhesion values in all ice formation types. For impact ice, accreted at 95 m/s
(dotted line), the increase in the ice adhesion strength correlated with an increase in the
roughness for the materials Standox (Ra = 0.07 µm) and PTFE-tape (Ra = 0.11 µm). This
changed for ice accreted at lower velocities and for static ice. The measured ice adhesion
strength was comparable (60 and 40 m/s velocity) or higher (static ice) for the smoother
Standox material than for the PTFE-tape.

These findings may be explained by the underlying ice formation processes. Impacting
water droplets (velocity 95 m/s) may enter the surface structure of PTFE-tape. They can
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overcome the low material wettability (SFE = 15.1 mN/m) due to their high energy, resulting
in a higher ice adhesion than for water with less or zero impact energy. This is also of
specific relevance for superhydrophobic surfaces (high surface roughness, low wettability),
which were not included in this test program due to their expected limited durability.

It is further postulated that with a significant increase in the roughness (as for the
primer Ra = 1.5 µm), the ice adhesion strength increases significantly, regardless of the ice
formation type. The surface wettability, as the second main surface property, is displayed
in Figure 9 against the ice adhesion test results for different ice types. The surface free
energy (SFE) was selected as the parameter for this evaluation.

Figure 9. Surface free energy (SFE) and ice adhesion strength data for different ice formation types.

The lowest SFE of the PTFE-tape (SFE = 15.1 mN/m) in this study did not result in the
lowest ice adhesion strength (as presented before). PUR C25 (SFE = 18.0 mN/m) showed
lower ice adhesion test results for all ice formation types. The effects of the ice formation
types and the interdependencies with the surface properties roughness and wettability
included the following:

• For high impact velocities (95 m/s), the surface roughness is of higher relevance than
the wettability properties, resulting in increased ice adhesion for the rougher but
low-wettability PTFE-tape compared to the Standox coating.

• For lower impact velocities (60 and 40 m/s), the roughness and wettability properties
cancel each other out, resulting in comparable ice adhesion results for the PTFE-tape
and Standox material.

• For zero impact velocities (static ice), the surface wettability is of higher relevance
than the roughness, resulting in a higher ice adhesion strength for Standox compared
to PTFE-tape.

These findings are of significant importance for the development of icephobic materials
and the definition of accompanying test designs. As soon as surface structures (used to
reduce the wettability by increasing the roughness) are addressed, impact ice formations
need to be considered to minimize the risk of overestimating the reduction in ice adhesion
under relevant technical conditions. Therefore, the definition of test parameters should
also address the desired technical applications.

4. Discussion

In this study, different test parameter set-ups for the ice adhesion centrifuge test
were assessed in combination with durable reference materials, representing different
surface properties with regard to the roughness and wettability. With regard to the effects
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of ice types, this study showed that the ice adhesion strength is lower for impact ice
compared to static ice. This was also reported by Tetteh and Loth in tensile ice adhesion
tests [24]. One explanation for this finding is that ice accreted at a high velocity (in our
study, 95 m/s) contains more air inclusions due to quasi-instant freezing of the droplets by
impacting the surface or ice that has already been built at the test surface. The ice appears
opaque, and the trapped air may reduce the contact area with the surface. Reducing the
impact energy of the water (in our study, 60 and 40 m/s, static) leads to ice with less air
inclusions and more bonding options to the surface, increasing the ice adhesion. Moreover,
from a material perspective (at least for polymeric materials), we can postulate that a slower
freezing process leads to increased adhesion. At a sub-molecular level, polar groups in the
polymer matrix may become oriented to the interface and promote interactions with the
water molecules. Work and Lian identified further possible explanations for the finding of
higher adhesion strength for static (mold) ice, including stress differences frozen into the
ice, larger grains, and, for rough surfaces, weaker stress concentrations at the interface due
to a lack of penetration into surface structures [1]. Due to the complexity of ice formation
processes, there are certainly overlapping parameters that cancel each other out or intensify
the observed effects. This also applies to the effects of drag forces on the different ice shapes
(impact vs. static ice) during the centrifuge test. This paper does not further address these
aspects but includes a study that was conducted with regard to the effects of ice types on
ice adhesion measurements using a centrifuge test. Rønneberg et al. identified for different
ice types the following ranking (increasing ice adhesion): precipitation (hard rime) ice
5.6 m/s > impact ice 15 m/s > static ice. They concluded that the ice adhesion strength
inversely correlated with the apparent density of the ice type [8]. The same trend was also
reported in a related study, but it was less significant [25]. These contrary results emphasize
the need to further improve the understanding of ice formation processes to improve test
systems and identify crucial parameters for technical applications.

Considering the topic “surface properties” in the overall discussion, the complexity
further increases. As summarized in Table 1, different studies have already addressed
correlation aspects. The diversity of different correlation findings is now understandable,
as the ice type used has a significant impact on the test results and the material ranking with
regard to their ability to reduce the ice adhesion. However, roughness is a crucial surface
parameter and can increase the ice adhesion strength significantly, as it was observed in this
study for the primer coating material (Ra = 1.5 µm), only delivering cohesive ice failures
or no ice shedding at all. This finding is in agreement with other centrifuge test-related
studies for static ice [17], impact ice at 25 m/s [15], and rotor tests [7,14]. Nevertheless,
the complexity of the surface roughness is higher than the expressed parameter Ra and Rz,
especially for superhydrophobic surfaces. This is to be addressed in future studies.

For the expression of the wettability, this study used the surface free energy (SFE) as
the determining parameter. The higher this value, the better the wettability of a liquid
(water) at the solid surface due to available bonding options. The roughness and chemical
composition of the solid are the determining factors for the SFE and an optimum for the
icephobic performance was observed for PUR C25 (18.0 mN/m). A further decrease in
PTFE-tape (15.1 mN/m) is related to an increase in the roughness, resulting in a higher
ice adhesion strength. This was already published for other polymeric coatings during
the degradation process [13]. However, to our knowledge, this has not been reported
by other research groups for icephobic properties. Furthermore, the often-highlighted
parameter contact angle hysteresis (CAH), as a suitable correlating parameter for the
icephobic performance [9,11,15], follows the same trend as the SFE. The identified findings
might not be valid for superhydrophobic surfaces (e.g., [26–30]) or materials following or
inspired by the slippery liquid-infused porous surfaces (SLIPS) approach (e.g., [24,31–33]),
as they can generate “extreme” values, constituting exceptions to the general rule. Moreover,
the elastomeric properties of coating materials are discussed as relevant parameters for
the ice adhesion strength [12] but should not be dominant in this study due to the low
(<100 µm) and comparable material thicknesses.
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In general, the data point distribution for ice adhesion tests is comparably high and
standard deviations ≥ 20% are often reported (e.g., [8,15,25]). This also applies to the current
study, specifically for the low ice adhesion surface PUR C25, with data points below 50 kPa.
One reason for this is the limited data resolution in the lower measurement area. Further
reasons, such as the limited material durability in repeated tests or disturbing factors
(e.g., temperature fluctuation, mechanical disturbance of the ice–test surface interface,
contaminations), were excluded in this study as much as possible. All measures to reduce
the data scattering need to be considered, and the reduction in the acceleration speed of the
centrifuge should be considered in order to increase the test resolution and improve the
data quality.

5. Conclusions

In this study, different test parameter set-ups for the ice adhesion centrifuge test were
assessed in combination with durable reference materials, representing different surface
properties with regard to the roughness and wettability. The following main conclusions
can be drawn:

1. The “ice type” plays a significant role in the ice adhesion strength, and static ice
formation showed the highest values in this lab-based test.

2. The role of “surface properties” is complex, but clear trends were observed that
for high impact ice (95 m/s), the surface roughness is the determining parameter.
This is in contrast to static ice formations, in which the wettability parameter gains
more relevance. This finding bears the risk of misinterpretations during iterative
developments for rough (structured) materials, if tested with static ice.

3. The “acceleration speed” of the centrifuge plays a minor role in the range of 100 to
300 rpm/s but should be considered, especially to improve the data quality for low
ice adhesion materials.

The findings in this study and the comparison with related studies from other research
groups emphasize the need for future work on the underlying physics of the assessed
phenomena to improve the understanding of icing on surfaces.
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Featured Application: A comprehensive procedure to evaluate the effectiveness of a polymeric
material that aims to reduce ice and snow adhesion.

Abstract: Search and rescue missions using rotorcrafts need to be reliable all year long, even in
winter conditions. In some cases of deployment prior to take off, the crew may need to manually
remove accumulated contaminant from the critical surfaces using tools at their disposal. However,
icy contaminant may be hard to remove since the rotorcrafts critical surfaces could be cooler than
the environment, thus promoting adhesion. Currently, there exists several passive ice protection
materials that could reduce the ice adhesion strength and assist the manual de-icing. The aim of this
paper is to propose a detailed comparative procedure to assess the ability of materials to assist the
manual de-icing of rotorcrafts. The proposed procedure consists of the characterization of materials
using several laboratory tests in order to determine their characteristics pertaining to wettability,
their icephobic behavior, and finally their assessment under a multi-tool analysis to evaluate if
they can assist. The multi-tool analysis uses different mechanical tools, which are currently used
during normal operation, to execute a gradual de-icing procedure, which begins with the softest to
the hardest tool using a constant number of passes or strokes, under different types of simulated
precipitation. Five different materials were used to evaluate the proposed procedure: Aluminum
(used as a reference), two silicone-based coatings (Nusil and SurfEllent), an epoxy-based coating
(Wearlon), and finally a commercial ski wax (Swix). All of the tested materials could assist the manual
de-icing, within a certain limit, when compared to the bare aluminum. However, SurfEllent was the
material that obtained the best overall results. This procedure could be easily adapted to different
fields of application and could be used as a development tool for the optimization and the assessment
of new materials aimed to reduce ice adhesion.

Keywords: icephobic; de-icing; anti-icing; multi-tool; rotorcraft; coating; polymers; passive
ice protection

1. Introduction

Search and rescue missions can be hazardous and dangerous for emergency teams,
especially when winter conditions bring about snowy, stormy, or icy precipitation that
adheres to emergency vehicles. The situation becomes even more difficult when rescue
teams need to use aircrafts such as helicopters. If a life is in danger, the operation becomes
a critical mission; therefore, rotorcraft need to be dispatched, takeoff, and land safely in any
condition to successfully complete their mission. De-icing at the base is normally easier
with appropriate tools, or if the rotorcraft is kept inside a hangar, icing challenges can be
minimized [1]. However, the major issues may occur when they are deployed on a mission.
Sometimes, ice or wet snow can deposit and adhere quickly on the critical surfaces, and it
needs to be removed before an eventual takeoff. This becomes especially limiting when
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rotorcrafts are deployed to remote locations where de-icing capabilities are limited, and
the crew need to rely on primarily manual methods (such as brushes or brooms) to remove
snow and ice.

In a subfreezing environment, ice in the form of rime and glaze may accumulate on
the surface of rotorcraft blades [2]. Rotor blades covered with a thin ice layer can have a
strong negative impact on aerodynamics. Increases in drag and flow separation, which
significantly reduces lift and can often make controlling the aircraft extremely difficult [3–8].
Therefore, designing methodologies that prevent ice accumulation, reduce its adhesion, or
even assist during the de-icing are incredibly important in eliminating the latter issues [2].
The following sections will review the main methods presently used for this application.

Innovative de-icing and anti-icing protection systems have been developed and stud-
ied by numerous researchers. Several of these methods have also been investigated regard-
ing their effectiveness in a laboratory setting prior to deployment in actual operations. The
two main methodologies that have been explored are the following:

• Active methods; and
• Passive methods.

Active methods are those requiring external energy sources to work; they are divided
in two main categories. The thermal methods consist of increasing the temperature of
a critical surface to which ice may have formed or adhered. This is done to reduce ice
adherence, by creating a water layer between the ice and the surface, and consequently
allows for its removal under the effect of gravity. Some of these methods can also be used as
a form of anti-icing. By increasing the temperature of the critical surface, it can effectively
prevent supercooled water droplets from freezing upon impact. Some rotorcrafts are
equipped with an electrothermal ice protection system for the main rotor blade, which can
prevent grounding even in inclement icing conditions. Unfortunately, due to the significant
energy load necessary for heating, the high electrical current in the slip rings, and the
extensive cabling needed, approved electro-thermal de-icing systems can currently only
equip the primary rotors of large rotorcrafts. However, this de/anti-icing methodology
requires a significant amount of energy and adds a considerable amount of weight to the
aircraft. In addition, it does not allow for the complete de-icing of the rotorcraft [5,7,8].

The mechanical methods consist of using tools that break the ice adhering to the
aircraft structure by shocking or inducing vibrations [7,9–12]. In most cases, mechanical
methods can be considered as de-icing methods since they are used to speed the shedding
process after snow or ice has accumulated or formed on the structure. Studies show that
mechanical methods require approximately 100,000 times less energy than thermal methods
to induce ice shedding [13].

The principal mechanical methods are based on two strategies:

• One consists of breaking the ice by means of scraping, rollers, hooks, cutters or
rope; and

• The other consists of releasing energy from shock waves or vibrations to break and
remove the ice.

Since ice is a very brittle material at high-strain rates, relatively little mechanical
energy is required for breaking ice by using mechanical shocks as energy is not readily dis-
sipated [7]. A main advantage of using a mechanical method instead of a thermal method
is the relative ease of application. In fact, mechanical methods are the preferred choice for
a timely and fast intervention to de-ice short critical sections [7]. Palacios et al. presented a
novel pneumatic method to assist rotorcraft de-icing [10]. The pneumatic method consists
of using a low-power, non-thermal, ultrasonic de-icing system as a potential replacement to
current electro-thermal systems on helicopter rotor blades. Villeneuve et al. also proposed
a low-energy de-icing system based on piezo-electric actuators [7]. The developed model
allows for the design of a proper actuator to efficiently deice.

Passive methods do not use conventional sources of energy as other methods do.
Instead, they use natural forces such as wind, gravity, or solar radiation. Consequently,
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they can be applied on any structure, including rotorcraft. The main passive method
consists of utilizing coatings that reduce the ice adhesion on structures of interest. These
coatings are known as icephobic materials and have been used in several fields [14–16].
The benefit of using icephobic coatings is the decrease in ice adhesion to a structure and/or
prevent supercooled water droplets from freezing.

In order to achieve an icephobic surface, three different approaches have been intro-
duced including fabricating a superhydrophobic surface [17], delaying ice nucleation [18],
and designing a surface with low ice adhesion strength [19]. Superhydrophobic materials
were introduced by Saito [20] and claimed to exhibit promising anti-icing performance.
However, Saito showed in another study that by increasing the surface roughness of a su-
perhydrophobic surface, ice adhesion increases [20]. In some cases, icephobic coatings have
shown to exhibit good performance for rotor blades. Unfortunately, in most cases, these coat-
ings lose their icephobic properties soon after application and exhibit poor durability [21,22].
Hence, research in the field of icephobic coatings for rotorcraft applications is still ongoing.

Many studies have been performed to both quantify and qualify the performance
of coatings. For example, by assessing the icephobicity of superhydrophobic coatings
of a helicopter blade in an icing chamber, Tarquini [23] revealed that temperature and
surface roughness have a strong impact on ice adhesion. The latter study showed that by
decreasing the chamber temperature and increasing the coating roughness, ice adhesion
strength increases. In another study, Kimura [24] developed an icephobic coating based on
acrylic urethane resin and polytetrafluoroethylene (PTFE) particles for aircraft applications.
The coating proved to be superhydrophobic and effective in anti-/de-icing aircrafts.

Karmouch [25], in 2009, impregnated a PTFE nanoparticle coating on a wind turbine
blade surface. It was found that the very simple dipping provided a superhydrophobic
surface and reduced ice adhesion. Antonini [26] investigated the effectiveness of super-
hydrophobic coatings on surfaces exposed to icing conditions equipped with an electrical
heater. The results showed that superhydrophobic coatings could lead to a remarkable
reduction of heating power on surfaces exposed to icing conditions. Recent advances in
the development of icephobic coatings were also undertaken using superhydrophobic
surfaces [27–29].

In order to evaluate the capability of a system subjected to icing conditions, ice adhe-
sion is the main parameter used in industrial and academic investigations. As a complex
physicochemical process, ice adhesion is not easy to quantify or compare since it depends
on process parameters. Examples of these include ice density, ice formation conditions and
substrate nature, and surface profile [30]. Therefore, ice adhesion comparative tests should
be performed using the same conditions throughout the evaluation process.

As discussed, many methods are available to deice rotorcrafts. Unfortunately, none
of the strategies proposed is sufficient to completely prevent ice and snow accumulation.
However, by combining some of these methods, for example, the thermal and coating
methods, the efficiency can be significantly increased. Nevertheless, this may necessitate the
deployment of complex apparatuses, which can be costly. One way to overcome this is by
associating the icephobic coating with simple manual de-icing tools. This can serve as a more
economical solution since it only requires the action of crew members. In fact, icephobic
coatings may facilitate or assist the manual de-icing process by reducing ice adhesion. The
aim of this paper is, therefore, to present a comprehensive manual de-icing procedure that
will aid in assessing the effectiveness of different passive ice protection materials.

2. Materials and Methods

The proposed methodology consists of a multi-criterion assessment of the materials
using conventional and newly developed laboratory tests. The idea is to obtain comparative
results between tests so that a full assessment can be done on each coating. These tests
include contact angle measurements, centrifuge ice adhesion, ice push-off, freezing delay
measurements, and finally, one test that simulates operational conditions—the multi-tools
analysis test. The next sections describe all tests that were carried out for this analysis.
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2.1. Substrates

Testing was conducted using coated and uncoated aerospace-grade 6061-T6 aluminum
test plates. Each coated plate contained the specific material to be tested, whereas the
uncoated plates represented the baseline or reference. This aluminum alloy was selected as
it is widely used in the aerospace industry and used as the standard in previously completed
studies. The characterization phase was performed using 2.5 cm per 2.5 cm substrates. The
same size substrates were used during the push-off test and the freezing delay measurement.
The centrifuge ice adhesion measurements were then carried out using 3.3 cm per 30 cm
substrates. Finally, 30 by 50 cm plates were used for the multi-tools analysis.

Throughout testing, all results were compared to the aluminum baseline. Since bare
aluminum reacts similarly to painted plates, the same paints as used on rotorcrafts, it
was determined that these tests can be used to deduce the coating efficiency in assisted
manual de-icing.

2.2. Physical Characterization Using Contact Angle Measurement

The first test undertaken considered the wettability of the surface using the water
droplet contact angle (WCA) and contact angle hysteresis (CAH). The measurements
were carried out using sessile drop technique by means of Kruss™ DSA100 goniometer
at 25 ± 0.5 ◦C. A 4 µL water droplet was placed on the surface to evaluate the WCA by
Young–Laplace approximation. By displacing the needle tip within the water droplet, the
CAH was determined by evaluating the difference between the advancing and receding
contact angles.

2.3. Icephobic Behavior Assessment

Three laboratory tests were used to evaluate the icephobic behavior of materials:

• The centrifugal force adhesion test (CAT);
• The push-off test; and
• The freezing delay test.

The CAT apparatus consists of a centrifuge developed at the Anti-Icing Material
International Laboratory (AMIL) as seen in Figure 1.
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The ice adhesion strength is the centrifugal shear stress exerted on the ice sample at
the time of detachment. A CAT sampling consists of six different coating samples that
are compared to six reference blank aluminum sheets. All samples are subjected to icing
simultaneously under freezing drizzle conditions set at −8 ◦C and tested at −10.0 ◦C.
Afterwards, samples are rotated at an acceleration speed of 300 rpm/s until the ice is
detached by centrifugal force. This acceleration creates a strain rate of approximately
10−6 s−1. The rotational speed is controlled during the acceleration phase by the AMIL-
made software, which records and plots the angular velocity in real time with data from
installed sensors. An accelerometer sensor located on the wall of the centrifuge is used to
determine the exact time of ice detachment. This time corresponds to a sharp increase in
the vibration signal. The centrifugal force is calculated using the following equation:

Fc = mrω2 (1)

where:

Fc = centrifugal force;
ω = ice detachment velocity;
m = mass of ice; and
r = beam radius at the center of the sample.
The ice adhesion shear stress is then obtained as follows:

τia =
Fc

A
(2)

where:

τia = ice adhesion shear stress;
Fc = centrifugal force; and
A = iced area in contact with the coating.
The adhesion reduction factor (ARFs) of coating i is calculated as follows:

ARFi =
τbA
τbi

(3)

where:

ARFi = adhesion reduction factor of coating i;
τbA = bulk shear stress of the aluminum; and
τbi = bulk shear stress of coating i.

The push-off test is conducted by first placing a thin 1 cm diameter cylindrical plastic
mold onto a substrate. The mold is then filled with deionized water and placed together
with the substrate into a cold chamber at −10.0 ± 0.2 ◦C for 24 h to form an ice cylinder.
The test sample is placed onto the holder and fixed into position by a vacuum (using two
specialty screws on the apparatus). In our test, a remote computer-controlled interface
controlled the velocity of these specialty screws at a fixed rate of 0.05 mm·s−1 so that the
sample holder gradually approached the force gauge. The force gauge was set to measure
the shear force every Deci-second (one-tenth of a second) until the ice was detached. The
adhesion stress was then calculated based on the maximum force and icing area. As
previously stated, the adhesion reduction factors (ARF) of the coatings are obtained by
dividing the bulk shear stress value of the uncoated aluminum sheets by the bulk shear
stress of the coated sheets. Figure 2 illustrates the push-off apparatus.

The two methods previously described were used to determine ice adhesion. The
CAT is a method that uses simulated atmospheric ice, while the push-off test is a better
representative of ice removal during actual operations. The use of the centrifugal force,
however, allows for a direct comparison of coatings.
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Figure 2. Overview of the push-off apparatus. The ice adhering to the coating is pushed off by the
force gauge and evaluates the adhesion.

The final method consists of measuring the water freezing delay on the coatings
interface, namely the nucleation time. The experimental freezing device used allows for
the precise determination of the time required for a water drop to solidify under controlled
environmental conditions. The volume of the water droplet was 10 µL and the test was
performed at −10 ◦C. The reported values are the average of seven experimental runs.

These three laboratory tests were used to predict the icephobic behavior. In the case
where more materials need to be evaluated, these methods could be used for screen-
ing purposes to adequately select the most promising materials prior to performing an
extended evaluation.

2.4. Multi-Tools Analysis

The goal of this study was to evaluate coatings under specific environmental condi-
tions that simulate actual operations. For this purpose, a procedure based on utilizing
different tools under different icing conditions was developed. The test protocol is based on
the Mohs scale. The Mohs scale was invented in 1812 by the German mineralogist Friedrich
Mohs to measure the hardness of minerals. It is based on 10 readily available minerals. As
it is an ordinal scale, one must proceed by comparison (ability of one to scratch the other)
with two other minerals of known hardness. This scale is neither linear nor logarithmic.

For this project, the comparison scale uses the five tools as illustrated in Figure 3.
These tools are available for purchase at any local supply store. All tools were classified in
order of hardness according to the expertise of the research team.

In Figure 3, tool A represents a typical car brush. The brush is generally the first
piece of equipment used to remove snow or other loose contamination. The second tool,
shown in Figure 3 (tool B), is the flexible polymer blade. This type of instrument allows for
the removal of snow without damaging the surface. For the purpose of this study, only
the widest part was used. The third tool utilized, tool C, was a squeegee as depicted in
Figure 3. Normally used for window cleaning, the squeegee was slightly stronger than the
flexible polymer blade but less than the hard polymer blade (tool D in Figure 3). Lastly,
two rigid polymer blades, one smooth and one corrugated (tool D and tool E in Figure 3,
respectively), were used for de-icing. Both blades are normally used to remove adhering
contaminants from surfaces and require the application of some form of pressure and, most
importantly, the passage of several steps for complete removal.
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Figure 3. De-icing tools used in the multi-tools analysis, which range from softest to hardest: (A)
the brush, (B) the flexible polymer blade, (C) the squeegee, (D) the hard polymer blade, and (E) the
corrugated polymer blade.

The protocol was to begin with the brush (least amount of force needed during de-
icing) and conduct five passes (sweeps). If contamination was still present, we moved
on to the next available tool with respect to increasing force (flexible polymer blade), and
repeated until all contamination was removed or until all tools were tested with five passes.
The objective was to identify the level of force and number of passes required to remove
the ice. These icing and de-icing tests were performed in the AMIL 9M cold room. All
de-icing tests were performed by the same technician and in the same timeframe to ensure
repeatability. The technician also applied the same pressure on each material during each
icing condition. The speed of passing each tool, the positioning of hands on each tool, and
the technician’s posture and stance, along with plate restraining, were all kept consistent.
After each passage, the plates were inspected visually, photographed, and weighed.

2.5. Icing Conditions

The above-mentioned tools were used under four different icing conditions to evalu-
ated how each coating may assist in manual de-icing.

The first icing condition consisted of high-intensity freezing rain (HZR) of short
duration at a temperature of −10 ◦C. For operations, this type of precipitation can occur in
a very short period of time and coat cold rotorcraft surfaces with a thin layer of ice. The
duration of precipitation was determined to be 5 min. This precipitation was generated
using two 1000 µm pneumatic sprinklers with tap water at a temperature of 4 ◦C positioned
at the top of the cold chamber. The total water droplet free fall distance was 7.1 m. The rate
of precipitation was calibrated by adjusting the “On” time and “Off” time of the sprinkler.
The sprayers were kept centered with the available support. A typical representation of the
obtained icing condition is presented in Figure 4. The resulting ice does not cover the entire
surface but is interconnected, and the contaminant adheres strongly to the substrates.
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Figure 4. High-intensity freezing rain over aluminum reference plate.

The second condition consisted of low-intensity freezing rain (LZR). The lower icing
intensity was obtained using the same conditions as the high-intensity freezing rain but
with the application of an “Off” time of 25 s for about 2 min. Under these conditions,
the performance of the hydrophobic coated surfaces was exploited, to a greater extent,
allowing for the formation of ice beads instead of an ice sheet. The amount of ice obtained
on the plate was not as uniform as the high-intensity freezing rain and is seen in Figure 5.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 22 
 

kept consistent. After each passage, the plates were inspected visually, photographed, and 
weighed. 

2.5. Icing Conditions 
The above-mentioned tools were used under four different icing conditions to 

evaluated how each coating may assist in manual de-icing. 
The first icing condition consisted of high-intensity freezing rain (HZR) of short 

duration at a temperature of −10 °C. For operations, this type of precipitation can occur in 
a very short period of time and coat cold rotorcraft surfaces with a thin layer of ice. The 
duration of precipitation was determined to be 5 min. This precipitation was generated 
using two 1000 µm pneumatic sprinklers with tap water at a temperature of 4 °C 
positioned at the top of the cold chamber. The total water droplet free fall distance was 
7.1 m. The rate of precipitation was calibrated by adjusting the “On” time and “Off” time 
of the sprinkler. The sprayers were kept centered with the available support. A typical 
representation of the obtained icing condition is presented in Figure 4. The resulting ice 
does not cover the entire surface but is interconnected, and the contaminant adheres 
strongly to the substrates. 

 
Figure 4. High-intensity freezing rain over aluminum reference plate. 

The second condition consisted of low-intensity freezing rain (LZR). The lower icing 
intensity was obtained using the same conditions as the high-intensity freezing rain but 
with the application of an “Off” time of 25 s for about 2 min. Under these conditions, the 
performance of the hydrophobic coated surfaces was exploited, to a greater extent, 
allowing for the formation of ice beads instead of an ice sheet. The amount of ice obtained 
on the plate was not as uniform as the high-intensity freezing rain and is seen in Figure 5. 

 
Figure 5. Low-intensity freezing rain over aluminum reference plate. Figure 5. Low-intensity freezing rain over aluminum reference plate.

The third condition consisted of dry snow. This was done to simulate an aircraft,
which landed prior to a dry snow event and was cold soaked. The snow used during
testing was obtained from a snow event that occurred 3 days prior to testing. This snow
was collected in a cooler and stored in a freezer at a temperature of −10 ◦C. Prior to testing,
a 200 mm diameter sieve with 1.4 mm openings was used to sift the snow onto the test
plate. The average snow accumulation for each test was 3 mm as seen in Figure 6.
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The fourth condition consisted of partially melted and refrozen snow. To simulate a
more conservative or worse condition involving snow, the accretion of snow was performed
on a warm surface in a cold room. In an operational perspective, this simulates an aircraft,
which landed during a dry snow event with some surfaces above the freeze point (warm
soaked surface), likely due to engine exhaust, etc. This was achieved by sifting snow
as previously described for dry snow, with the aluminum plate tempered to 8 ◦C and
subsequently placed in the cold chamber at −10 ◦C for the application of snow. As the
snow was accumulating on the test plate, the initial snow particles melted and refroze
with the cooling of the plate, and snow was added until a 3 mm thickness was achieved.
The result was snow and ice adhesion on the test plate with added snow on the surface as
shown in Figure 7.
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2.6. Materials

Five different materials were used to evaluate the proposed procedure and to assess
their efficiency in assisting a manual de-icing. The test materials were as follows:

• Aerospace-grade 6061-T6 aluminum

As previously stated, the aluminum test plate served as the benchmark or refer-
ence. The surface finish as well as its wettability can thus be used to represent a painted
rotorcraft surface.

• Nusil

This material consisted of a commercial silicone elastomer named Nusil. A hydropho-
bic surface results when applied to different substrates. The silicone polymerizes at room
temperature to obtain a smooth surface finish. A primer was added to the surface prior
to application to promote silicone adhesion. Since silicone is a viscous material prior to
polymerization, it was applied using a simple brush.

• SWIX LF5

This material consisted of a commercial Ski wax named SWIX LF5. This material
is fragile when applied to a substrate and is generally used to enhance the performance
of skiers in alpine ski. It is a fluoro-carbon-based wax, which is most effective in the
temperature range of −8 ◦C to −14 ◦C. Fluorinated components have been shown to be
efficient against water and ice adhesion. The application process consisted of heating
the wax to 150 ◦C using an electric iron. Once melted, it was applied uniformly on the
substrates which were at room temperature.

• SurfEllent

This material consisted of the commercial coating named SurfEllent. It is a commer-
cially advanced anti-icing coating and is used for multiple applications. The material
formulation is based on polydimethylsiloxane and acetoxy silane cross-linker. The coating
was applied using a spray applicator.
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• Wearlon super F1-Ice

This material is the commercial coating named Wearlon super F1-Ice. It is an epoxy/
latex-based coating used on communication towers and bridge structures. The coating
consists of two-parts applied simultaneously by a spray applicator.

The selection of different materials that are based on differing chemical compositions
allows for a comprehensive assessment of the proposed procedure. Each material consisted
of a thin and uniform layer that entirely covered the surface.

2.7. Scoring Methodology

The scoring methodology employed consists of ranking each result with a maximum
score of 85.

The score of the CAT, push-off test, and freezing delay were based on the value of
the reduction factor compared to that of the reference. In order to adequately score the
performance of all materials tested, both the ARF and MTA were used. It is important to
note that the MTA should have a greater weight on the final score compared to the ARF
due to its significance in real-world operations. Therefore, in order to decrease the impact
of the ARF values on the final results and increase the impact of the MTA, the ARF values
were proportionally down scaled using a maximum value of 5. The surface with the best
ARF thus obtains a value of 5, while the others are reduced on the scale. This new score
out of 5 was named the icephobic rating.

For the MTA tests, the maximum possible score of 20 represents the most effective
de-icing process, which consists of using the softest tool, i.e., the brush, and eliminates all
contaminants with a single pass. A score of 0 thus represents the most ineffective de-icing
process and resulted in the use of the hardest coarse polymer blade with 5 consecutive
passes. The latter score is obtained if contamination is still present after the de-icing process
is complete. Thus, the maximum score per condition is 20 with a maximum result of 80.

3. Results and Discussion

The results presented in this paper are as follows: the characterization results, the
icephobic behavior, and the MTA results. The characterization results are presented in
Table 1.

Table 1. Wettability results.

Material # 1: Reference 2: Nusil 3: Swix 4: SurfEllent 5: Wearlon

Material Type Aluminum RTV Silicone Fluorinated wax Silicone Coating Epoxy coating
CA (◦) 93 ± 2 114 ± 2 112 ± 1 112 ± 2 110 ± 3

CAH (◦) 34 ± 3 6 ± 2 6 ± 2 10 ± 1 35 ± 3

The procedure consisted of two main comparisons. The first was between the experi-
mental materials and the reference aluminum, while the second was between the materials
themselves. This allowed us to draw two main conclusions: (i) to determine if the proposed
material was better than that of the reference and (ii) to establish which product was best
for each condition, which in turn allowed for its classification. The characterization of the
material was done using contact angle and contact angle hysteresis, which gave relevant
information to understanding their behavior under the precipitation. The reference ma-
terial, aluminum, had a contact angle of 93 ± 2◦. The surface was at the limit of being
considered hydrophobic. However, the contact angle hysteresis, measured at 34 ± 3◦,
shows that the surface was not at all uniform and that it could have some asperities that
could aid in anchoring water. When a layer of material #2, i.e., Nusil, was applied to the
same aluminum, the contact angle increased to 114 ± 2◦, signifying that the surface is
clearly hydrophobic. Since the layer of the RTV silicone was sufficient to fill all of the
aluminum’s asperities, the contact angle hysteresis was then reduced to a value of 6 ± 2◦.
Visually, the Nusil RTV silicone is soft and smooth. In the same way, the Swix Ski Wax,
since it is more friable, showed results comparable to that of Nusil, with a contact angle of
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112 ± 1 ◦and a contact angle hysteresis of 6 ± 2◦. The SurfEllent silicone coating also had a
contact angle in the same range with a value of 112 ± 2◦ but with a slightly higher contact
angle hysteresis of 10 ± 1◦. Finally, material #5, i.e., the epoxy-based coating Wearlon,
had a contact angle in the same range with a value of 110 ± 3◦; however, its contact angle
hysteresis was practically the same as that of aluminum with a value of 35 ± 3◦. From these
results, we can see that all of the materials’ outer surfaces are in the same range with respect
to contact angle and are more hydrophobic than that of the reference material, aluminum.

The same comparisons can be made with the icephobic behavior characteristics as
presented in Table 2.

Table 2. Icephobic assessment.

Material # 1: Reference 2: Nusil 3: Swix 4: SurfEllent 5: Wearlon

τ CAT (KPa) 609.5 ± 36.8 72.5 ± 4.1 319.0 ± 70 89.2 ± 1.9 101.5 ± 9.1
ARF CAT - 8.4 2.2 6.8 6.0
τ PO (KPa) 604.0 ± 8.6 48.5 ± 8.5 56.4 ± 9.7 67.9 ± 4.1 527.0 ± 5.6

ARF PO - 12.5 10.7 8.9 1.1
Freezing delay (sec) 126 1982 1045 828 336

The two first characteristics are concerned with the ice adhesion measurement using
two laboratory tests: the centrifuge adhesion test (CAT) and the push-off test (PO). These
two methods are complimentary to each other since the CAT uses simulated atmospheric
ice and is widely used and recognized by the industry. While PO, although it uses molded
ice, better mimics the passage of a tool, and is therefore more representative of the targeted
application presented here. The results presented for both aforementioned methods are
illustrated as a function of bulk shear stress (τ) and also in terms of adhesion reduction
factors (ARF). The first material, i.e., the reference aluminum, had an ice adhesion value
in the same range for both methods with 609.5 ± 36.8 KPa and 604.0 ± 8.6 KPa for CAT
and PO, respectively. This value of ice adhesion is in the typical range obtained for bare
aluminum. The material showing the best results was Nusil with ARFs of 8.4 and 12.5
for the CAT and PO, respectively. It signifies that the ice adhesion was reduced by 88%
to 97% depending on the method. The second-best ranked material was SurfEllent, with
ARFs of 6.8 and 8.9 for the CAT and PO, respectively. SurfEllent, similarly to Nusil, is a
silicone-based coating. Both showed a contact angle thay is clearly hydrophobic and a
contact angle hysteresis below 10◦, which shows that they are unlikely to interact with
water in its liquid state or adhere with water in its solid state. The second element to
consider was their uniformity and smoothness. Both offered a complete smooth coating
of the surface and did not show visual anchoring points for ice adhesion. The third-best
ranked material was the Swix wax with an ARF of 2.2 with the CAT and an ARF of 10.7
with the PO. The results were much better with the PO than the CAT. This can be attributed
to the type of ice used during the tests. Since the waxy material is not designed to adhere
perfectly to a metal surface, the coating may not be completely uniform. So, when small
droplets like freezing drizzle are deposited on the materials surface, some of these droplets
will remain on the top of the wax; however, some may penetrate further to the substrates
surface and can thus partially anchor themselves with the aluminum. This phenomenon is
less pronounced with the PO test because the ice is formed by molding a fixed quantity
of water that does not penetrate the wax prior to freezing. The same reasoning can be
drawn with the contact angle since the water drop of 5 µL remains on the top and does not
penetrate. Finally, the last performant material, in terms of low ice adhesion, was the epoxy
base Wearlon. Although the result in the CAT provided an ARF of 6.0, the ARF in the PO
test was only 1.1. In this particular case, we can correlate it with the value of the contact
angle hysteresis, which is practically the same as that of aluminum, and thus the presence
of anchoring points promotes ice adhesion. Visual inspection of the Wearlon also confirmed
the presence of millimetric anchoring points that may increase ice adhesion. Materials
may react differently depending on the icing conditions used. Therefore, ice adhesion
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measurements illustrate the importance of using multiple methods prior to establishing a
material as icephobic.

To deepen the understanding of icephobic material behavior for aircraft application,
it is necessary to thoroughly analyze the mechanism of ice formation (the process of
nucleation and growth). The fundamental and crucial step for the formation of ice is
known as nucleation. Freezing of a small quantity of water (e.g., a droplet) does not occur
immediately after contact with a cold sub-zero surface. Prior to nucleation, the time
required for a droplet of water to freeze, once in a supercooled state, is called the induction
period. This induction period if often referred to as the “freezing time delay.” In this project,
the longer the freezing delay, the better the material. The freezing time delay is defined as
the time interval between the impacting of the water droplet on the pre-cooled substrate
and the onset of freezing.

Preliminary data on the freezing delay of the water droplet for the reference material
surface, aluminum, were determined to be 126 s. Overall, the initial results showed that
the maximum freezing delay of 1982 s was achieved with the Nusil surface, which was
more than 15 times that of the reference aluminum. In other words, the formation of ice
can be effectively delayed by the Nusil surface at a temperature and humidity of −10 ◦C
and 20%, respectively. The effect was less with Swix with 1045 s and SurfEllent with 828 s,
but they were still 6 to 8 times longer than aluminum. Finally, the Wearlon provided the
poorest performance when compared to the other materials with a freezing delay of 336 s.
The benefit obtained from these experiments is that the freezing delay can be used as a
prediction tool to evaluate the effectiveness of the material. The longer the freezing delay,
the longer the user has to remove the contamination before it adheres and requires more
energy for removal.

3.1. Multi-Tool Analysis

The following section describes the results of the multi-tool analysis (MTA). Refer to
Figure 3 for details related to the de-icing tools used, as they are referred to by a range
of numbers in the figures of this section. Using the four icing conditions identified in
Section 2.5, the plates were subjected to manual MTA de-icing cycles with a gradation in
tool hardness. The results are presented in Table 3.

Table 3. MTA results.

1: Reference 2: Nusil 3: Swix 4: SurfEllent 5: Wearlon

High-
intensity

freezing rain

Score: 0
Hard, ridged

polymer
5 passes

Ice remaining

Score: 6
Hard

polymer
5 passes

Score: 10
Hard

polymer
1 pass

Score: 1
Hard, ridged

polymer
5 passes

Score: 0
Hard, ridged

polymer
5 passes

Ice remaining

Low-
intensity

freezing rain

Score: 0
Hard poly-

mer 5 passes
Ice remaining

Score: 6
Medium
polymer
5 passes

Not tested

Score: 9
Medium
polymer
2 passes

Score: 9
Medium
polymer
2 passes

Dry snow
Score: 20

Brush
1 pass

Score: 14
Soft polymer

2 passes

Score: 20
Brush
1 pass

Score: 20
Brush
1 pass

Score: 15
Soft polymer

1 pass

Adhering
snow

Score: 5
Hard

polymer
1 pass

Score: 5
Hard

polymer
1 pass

Score: 10
Medium
polymer

1 pass

Score: 10
Medium
polymer

1 pass

Score: 8
Medium
polymer
3 passes

The results are presented in terms of the score obtained as per the procedure explained
in Section 4. To recap, the scores can range from 20, which is considered the most effective,
to 0, which is considered the least effective, as seen in red in Table 3. For simplicity, the

176



Appl. Sci. 2021, 11, 11847

tool name and the number of passes were added. Each type of precipitation is treated
individually and is discussed below.

3.1.1. MTA vs. High-Intensity ZR

The first condition to be investigated was high-intensity freezing rain. The resulting
ice, regardless of material tested, consisted of an even ice cover. The results are presented in
Figure 8 as the weigh percentage of remaining ice contaminant, as a function of tool used,
and as the number of passages conducted. When the mass remains constant, it indicates
that the tool passed over the ice without removing any. For all coatings except the ski wax,
the use of the brush (A) and the soft polymer blade (B) did not result in any ice removal.
In the specific case of the ski wax, the first pass of the flexible polymer blade (B) resulted
in the removal of approximately 25% of the mass of ice. In all cases, the use of the rigid
polymer blade (D) resulted in the removal of the most significant amounts of contaminants.
In some cases, the use of the ridged, hard polymer blade was necessary to complete the
de-icing cycle. In two cases, namely the aluminum baseline and Wearlon, the selected tools
did not completely remove the ice. The obtained results correlate well with the results
obtained using the PO. For this condition, the best materials were the Ski Wax, with a score
of 10, and Nusil, with a score of 6. However, the SurfEllent, with a score of 1, still assisted
de-icing in a more effective manner than the reference surface. Generally, the de-icing
process was much easier on soft materials such as Nusil; however, this type of surface
finish did slightly hinder the passage of certain blades. Although the Swix provided the
best results, the material was broken and torn apart during the de-icing process and acted
more like a one-time use sacrificial layer.
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Figure 8. Multi-tool analysis under high-intensity freezing rain. Note: Numbers correspond to the
tool used and number of passages during de-icing. Where “20 to 16” represent the broom, “15 to 11”
represent the soft polymer blade, “10 to 6” represent the hard polymer blade, “5 to 1” represent the
ridged polymer blade, and 0 indicates that ice remained on the surface.

3.1.2. MTA vs. Low-Intensity ZR

The second type of icing simulated was low-intensity freezing rain. The results are
presented in Figure 9 as the weigh percentage of remaining ice as a function of tools and
the number of passages. The corresponding picture after icing is illustrated in Figure 5. At
the lower intensity of freezing rain precipitation, the materials’ hydrophobic properties are
more effective and can therefore delay the solidification of water droplets or cause them to
solidify in beaded form. In this case, an additional tool was added that was stiffer than
the soft polymer blade (B) but less than the solid polymer blade (D), namely the squeegee
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(tool C). The aluminum surface was again observed to be the least favorable one, not
allowing for the complete de-icing after the passage of all tools. In the case of the SurfEllent
coating, however, the soft polymer blade (B) was able to partially remove some of the ice.
In almost all cases, the use of tool C (squeegee) removed most of the contaminants from
the Wearlon- and SurfEllent-coated surfaces. Nevertheless, the use of the solid blade was
necessary to remove some residual contamination present on the Nusil surface. Note that
the ski wax was not tested in this condition. However, we can assume that a similar result
to the previous condition would be obtained.
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Figure 9. Multi-tool analysis under low-intensity freezing rain. Note: Numbers correspond to the
tool used and the number of passages during de-icing. Where “20 to 16” represent the Broom,
“15 to 11” represent the soft polymer blade, “10 to 6” represent the squeegee, “5 to 1” represent the
hard polymer blade, and 0 indicates that ice remained on the surface.

A simple 2D representation of ice covering two different tested materials is presented
in Figure 10 below. The left portion of the figure shows how ice typically accumulates on an
aluminum surface. The ice is shown to cover the surface uniformly, exploiting the available
roughness and all anchoring points, which in turn increases ice adhesion. In the same
manner, when the MTA is applied using soft tools, such as the broom and the polymer, they
are not rigid enough to break the adhesive bond with the surface. Instead, the cohesive
bonds are first broken within the ice itself followed by the breakage of adhesive bonds.
Therefore, a harder tool, such as hard and ridged polymer, is needed to effectively remove
the ice. In the case of hydrophobic materials, such as a Nusil coating for example, the film of
ice is not uniform, as represented in the right portion of Figure 10. The higher contact angle
and the longer freezing delay of the material causes the water to agglomerate in large beads
(droplets) prior to freezing. This effect is more noticeable when the precipitation rate is
low. However, since the surface is hydrophobic, the ice covering the surface is less uniform,
which reduces the adhesion of ice compared to that of aluminum alone. Hence, the passage
of a soft tool allows for the gradual removal of small pieces of ice with substantially less
effort. In essence, there is no need to break the cohesive bond prior to the adhesive bond
since it is weaker when compared to the reference aluminum surface.
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Figure 10. 2D representation of ice accumulation over bare aluminum (left portion) and over
hydrophobic coating (right portion).

3.1.3. MTA vs. Dry Snow

The third condition tested was dry snow. This precipitation is non-adherent when
falling on a cold-soaked surface, and this type of precipitation occurs very commonly in
the winter season. The main results are presented in Figure 11.
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Figure 11. Multi-tool analysis under dry snow. Note: Numbers correspond to the tool used and
number of passages during de-icing. Where “20 to 16” represent the broom, “15 to 11” represent the
soft polymer blade, “10 to 6” represent the squeegee, and “6 to 1” represent the hard polymer blade.

In almost all cases, including aluminum, the snow was removed on the first pass of
the brush (the softest tool). However, two surfaces, Wearlon and Nusil, caused a very thin
layer of snow to stick to their surfaces, requiring the use a rigid surface to scrape it off
effectively.

It was initially expected that all materials would react the same in the presence of dry
snow. However, soft materials such as Nusil allowed for a very small amount of snow to
stick to its surface upon passage of the broom. By using the soft polymer, the remaining
snow was easily removed. As presented in Figure 11, further passage of the tools was
undertaken to ensure that all contamination was removed.

3.1.4. MTA vs. Dry Snow on a Warm Surface

Finally, in the fourth targeted condition, the cold snow was deposited on a warm
surface having an approximate temperature of 8 ◦C. This was done in order to replicate
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a scenario where a critical surface was heated by the warm air of an engine. The snow
thus partially melted and, under the effect of the cold temperature of the chamber, refroze
and adhered to the surface. The results obtained using different surfaces are shown in
Figure 12 as the weigh percentage of remaining contaminant as a function of tools used
and the number of passages.
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Figure 12. Multi-tool analysis under partially melted and refrozen snow–simulation of dry snow on
a warm soaked surface. Note: Numbers correspond to the tool used and number of passages during
de-icing. Where “20 to 16” represent the broom, “15 to 11” represent the soft polymer blade, “10 to 6”
represent the squeegee, and “5 to 1” represent the hard polymer blade.

In all cases, it was possible to remove the contaminants. In the first instance, the first
layer of snow that was not melted and was situated over the resolidified contamination
was removed by brushing. The reference surface, aluminum, required the passage of a
solid polymer blade to completely remove all surface contamination. The SurfEllent, Swix,
and Wearlon were similar in terms of difficulty in removal of surface contamination. Both
required tool C, i.e., the Squeegee, to remove most of the contamination followed by the
medium polymer to remove the remaining frozen snow. The Nusil coating performed
similarly to the aluminum reference as contamination was mostly removed with the hard
polymer blade.

Typically, this case where snow is adhering to a critical surface represents the most
conservative case, which could be encountered by crew members while inflight. Because
some of the snow partially melted upon contact with the warm surface, the resulting melt
water can penetrate both the surface and the remaining unmelted snow and thus act as
an adhesive.

3.2. Correlating the Laboratory Results of Plates and Rotor Blade Sections

In order to validate the procedure for use on rotorcraft tail blade profiles, it was
determined that scaling upward from a plate generated correlated results. This in turn
validated the procedure for use on rotorcraft tail blades. It is important to note that the
goal was to determine if the military blade, painted in matte, and the commercial blade,
painted in gloss (both salvaged from an operational aircraft) presented in Figure 13, would
generate similar results to the aluminum baseline test plate surfaces.
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All tools previously described in Sections 2.4 and 3.1 were used in the same order with
the same numbers of passages. When considering the condition of HZR, for all samples
tested, ice remained after all tools were used with five passes. The same results were
obtained with the matte, gloss profiles, and under the condition of LZR. When tested
using snow as the contamination, the snow was removed after only one brush stroke
for all trials. It is therefore reasonable to conclude that, under identical icing conditions,
the aluminum plates behave the same way as the tail blade profiles. Additional testing
was conducted with profiles coated with ski wax and Nusil and then compared with the
aluminum reference plates. Under the precipitation conditions studied, the Swix wax
obtained comparable results, including de-icing with the same tools and the same number
of passes. A considerable difference, however, was noticed with Nusil. The latter coating
applied to the profile required the use of a harder tool. It did not facilitate the de-icing
process in certain concave areas or on the leading edge.

The majority of the tests conducted demonstrated that testing on flat plates can repro-
duce the de-icing process done on a rotorcraft tail profile. However, they also demonstrated
the importance of testing in actual conditions on a full-sized aircraft before considering use
due to the possible complexities associated with geometries.

Although the results obtained with this procedure are repeatable and provides relevant
information regarding the behavior of a material under winter decontamination conditions,
some improvements could be made. To ensure a more reliable and repeatable process, the
tools could be instrumented to measure the shear stress applied as a function of time for
the purpose of classification. However, at the present moment, the proposed procedure is
highly representative of the operational techniques currently used.

3.3. Overall Classification of the Materials

As the aim of this procedure is to evaluate each material’s ability to assist in manual
de-icing, their individual results were compilated to obtain an overall ranking. The results
used for this ranking are presented in Table 4. As specified in the methodology, the
icephobic behaviors were regrouped to produce one rating out of five. The icephobic rating
was obtained using the average of their reduction factor as compared to the reference
aluminum. The best overall coating regarding the icephobic behavior was Nusil with
a rating of 5.0, followed by SurfEllent with 3.0, then Swix with 2.9, and then Wearlon
with 1.3. Aluminum was awarded a rating of 0.4 for comparison purposes. The ratings
obtained from the MTA using the four targeted conditions were used without any further
modification, with an individual maximum score of 20.
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Table 4. Ranking of tested materials.

1: Reference 2: Nusil 3: Swix 4: SurfEllent 5: Wearlon

ARFCAT 1 8.4 2.2 6.8 6
ARFPO 1 12.5 10.7 8.9 1.1

RF Freezing delay 1 15.7 8.3 6.6 2.6
RF Average 1 12.2 7.1 7.4 3.2

Icephobic Rating (/5) 0.4 5.0 2.9 3.0 1.3
MTA HZR 0 6 10 1 0
MTA LZR 0 6 Not tested 9 9

MTA Dry SNW 20 14 20 20 15
MTA Adh SNW 5 5 10 10 8

Total 25.4 36.0 42.9 43.0 33.3
Ranking 5 3 2 1 4

The final results for each material were given a score out of 85. The criterion that
stipulates if a material can assist in a manual de-icing is to obtain an overall result higher
than that of the aluminum reference. Given this criterion, all tested materials could assist
the manual de-icing since each of them received a score higher than that of aluminum, i.e.,
greater than 25.4. The material with the best performance was found to be SurfEllent with
a score of 43.0, followed by Swix with 42.9. The slight difference between the two materials
is due to the poor results obtained in the CAT for Swix where the ice had significantly more
adherence. The third ranked material was Nusil, even though it demonstrated increased
icephobic behavior, it reacted negatively under snow conditions. Finally, the last ranked
material was Wearlon, which performed somewhat like aluminum in some conditions, for
example, in the MTA high-intensity freezing rain.

From these results, it is important to note that, although a material may show promising
results using the CAT or PO, it is not inherent that it will behave the same way when sub-
jected to different icing or snowing precipitation. CAT and PO are good predictors; however,
other icing conditions need to be evaluated before claiming a material to be icephobic.

It is important to note that other significant factors could be integrated within the
evaluation process throughout this procedure. One important factor that could be added is
the evaluation of the coating’s mechanical resistance, especially if the targeted application is
in aerospace for aircrafts or rotorcrafts. The critical surfaces of these aircrafts are subjected to
several inclement conditions such as rain and sand. It is important to recognize that ice can
also undermine the integrity of a coating and significantly reduce its efficiency. Erosion that
occurs during normal operation, especially to leading edges, is a serious issue that needs to
be evaluated prior to large-scale implementation. Standard tests that are documented and
well known to the industry could be used and given a certain weighted percentage within
the procedure. On the other hand, a pass/fail criterion could be implemented depending
on its criticality.

A second factor that could be added to this analysis is a weighted score reflecting the
ease of application. Treating already deployed rotorcrafts with a new material like a coating
could be easily done if the method does not require multiple layers or pre-treatments.

Finally, this procedure can be modified to better reflect the needs of the end-user by
allocating more weight to a characteristic that is deemed significant for the targeted field
of application. Using our classification as an example, if the icing condition deemed to be
the most relevant is light-intensity freezing rain and snow is no longer considered to be
significant, by increasing the weighted score of LZR to 50 and decreasing all others to 10,
the final result would indicate that Nusil should be considered as the coating of choice.
However, if the opposite is to be assessed, then more weight should be given to adhering
snow, which will ultimately result in Nusil as the least-favorable coating.

When a coating is developed for a targeted application, industrials and academics
need to assess if their materials are efficient or at the very least have the capability to
optimize their properties. The presented procedure could then be used as a development
tool by subjecting materials to the proposed controlled conditions. The main objective
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is to obtain the most efficient materials with tailored performance properties. However,
the use of these tools with the proposed conditions and tests may be adapted to ensure
that the materials are accurately evaluated. Finally, the most promising materials could be
assessed in a full-scale trial with an actual operational setup, i.e., a rotorcraft, to validate
the laboratory results. This testing should focus on identifying the vulnerabilities of the
coating’s performance in the context of an actual rotorcraft operation. This can be done
either outdoors in natural icing conditions, or in an appropriately sized icing laboratory
capable of accommodating a full-sized aircraft.

4. Conclusions

The aim of this paper was to propose a detailed comparative procedure to assess the
ability of passive ice protection materials in assisting the manual de-icing of a rotorcraft. The
proposed procedure consisted of the characterization of materials under several laboratory
tests in order to determine their characteristics of wettability and their icephobic behavior.
Finally, their assessment under a multi-tool analysis was conducted to evaluate if they can
assist in the manual de-icing, which includes conditions resembling operational reality.
The multi-tool analysis allowed for the classification of materials depending on which tools
were used, the number of passes necessary, and different atmospheric icing conditions.
The comparison scale used five tools that are commercially available. The four icing
conditions at −10 ◦C simulated in the laboratory included the following: high-intensity
freezing rain, low-intensity freezing rain, dry snow, and partially melted and refrozen
snow. Five different materials were used to evaluate the proposed procedure: aluminum,
as a reference; two silicone-based coatings, Nusil and SurfEllent; an epoxy-based coating
Wearlon; and finally a commercial ski wax, Swix.

The wettability characteristics, which were determined for all materials tested, pro-
vided valuable insight into their icephobic behavior. All materials tested were more
hydrophobic than aluminum. The material with the most significant icephobic behavior
was the Nusil silicone coating with an average reduction factor of 12.2. This was deter-
mined by considering the adhesion reduction factor of the CAT, the PO and the reduction
factor in freezing delay. The following coatings, SurfEllent, Swix, and Wearlon, also showed
some icephobic behavior, however, to a lesser extent, with average reduction factors of 7.4,
7.1, and 3.2, respectively. By evaluating the materials with the MTA, all materials behaved
in a different manner. Although Nusil appeared to be promising under ice adhesion, it
performed poorly under snow conditions. On the other hand, SurfEllent and Swix received
high scores by clearly assisting the manual de-icing in most conditions. Overall, the SurfEl-
lent coating received the highest score, indicating that it could assist the manual de-icing in
these targeted conditions.

The overall results show that it is important to undertake several tests including
different ice and snow precipitation before concluding a material to be icephobic. On
the other hand, having such a procedure, including predictor tests and real operational
techniques, certainly allows for a better characterisation of the material(s).

This procedure could easily be adapted to different fields of application by varying the
type of frozen precipitation, the type of tools, and even the weight percentage of the results
to adequately assess the efficiency of the materials in question. The improvement of the
MTA could be undertaken by further instrumenting or automating the process, ensuring
repeatability. Finally, this procedure could also be used as a development tool for the
optimization and assessment of new materials.
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