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The deposition of ice on wings and tails surfaces of aircrafts often alters the airflow reducing the lift force
and causing aerodynamic stall. In order to prevent these kind of serious problems, de-icing and anti-icing
systems, which act by removing the ice once it has formed, and by preventing its formation, respectively,
are usually employed. In particular, the anti-icing superhydrophobic and icephobic coatings can be
achieved by designing and realizing nanostructured surfaces by taking inspiration from effective surface
present in nature, e.g., the lotus leaf. However, this process is often expensive and requires specialized
equipment. The effort of the present work is to find out a simplified and not-expensive method to prepare
superhydrophobic coatings to be applied on large aircraft surfaces. Among the investigated methods, the
deposition of several layers of a homogeneous hydrophobic silica nanoparticles by using a simple aero-
graph allowed to build-up a coating which exhibits a contact angle of 154�. The coating withstands to
aging tests simulating flight conditions. Also during typical flight conditions, i.e., �12 �C and 0.5 bar, it
retains its hierarchical superficial morphology with roughness features from nano- to micro-scale and
shows contact angle higher than the commercial reference.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Cold weather conditions are considered to be critical factors in
the design, analysis, and performance tests of the airplanes [1].
Only from 1990 to 2005, there have been 240 reports of aviation
accidents due to icing, and most of them included icing on aircraft
wings [2]. Typically, the presence of tiny pieces of ice or super-
cooled liquid water in the clouds, which remains liquid below zero
and suddenly turns to ice, are the main sources of ice deposition
during a flight. The presence of ice on surfaces alters the airflow
over the wing and tail, and then reduces the lift force that keeps
the plane in the air. This potentially causes aerodynamic stall, a
condition that can lead to a temporary loss of control of the air-
craft. Passive methods, such as superhydrophobic and icephobic
coatings, are potentially employed to prevent the ice adhesion sur-
faces of aircrafts [3–10]. The design of new icephobic coatings is
very complex and several thermodynamic conditions have to be
taken into account in order to realize an effective, cost-
sustainable and durable material. Alongside with pressure and
temperature the nature of clouds and so of the supercooled water
droplets, change with the altitude. In addition, the airflow around
the aeronautical components involves the dynamic effect of
impingement of the droplets on the surfaces. Hence, not only the
static pressure is present but also the dynamic pressure, which
affects the behavior of droplets on the surface [11–15]. In this con-
test, the main function of the icephobic coatings is to reduce the
adhesive forces between the supercooled water or ice, and the sur-
face of the aeronautic component. The recent findings on the
superhydrophobic and icephobic surfaces are inspired to nature,
and specifically to the surface of lotus leaves, which as effect of a
combination of hierarchical micro and nanostructures exhibit a
low surface energy. Thus, the fabrication of synthetic superhy-
drophobic surfaces with morphological topography similar to lotus
leaf typically involves the nanostructuring of surface by using
nanoparticles, photolithography, mesoporous polymers, and sur-
face etching, sometimes in conjunction with chemical modification
to reduce surface energy [16].

However, these coatings may be realized only through complex
synthetic conditions, e.g., etching and high temperature, [17–18],
complex fabrication techniques [19,20], and are often limited by
the substrate type and geometry that can be successfully coated
[21]. In more details, a top-down approach, which includes the
wet chemical etching [22–24], the dry etching [25], and the laser
irradiation [26,27] directly generates surface roughness on a mate-
rial, thus the final micro/nano textures are an integral part of the
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substrate, with no boundary or interfacial adhesion issues [28], so
enhancing the durability of coating. The top-down methods are
typically substrate-dependent, which limits their wider applica-
tions. In contrast, other bottom-up methods, e.g., the spray coating
[29], the electrospinning [30], the spin-coating [31,32], and the
dip-coating [33], are generally substrate independent. However,
they typically exhibit mechanical durability issues, such as the pos-
sibility of delamination, and thus grafting and/or crosslinking
methods are generally employed to enhance their mechanical
durability [34,35]. Therefore, these approaches are often expensive
and/or require specialized equipment. Among bottom-up proce-
dures, interesting results have been obtained by using silica
nanoparticles deposited by layer-by-layer methods. Bravo et al.
[20] controlled the placement and level of aggregation of differ-
ently sized nanoparticles within the multilayer film, tuning the
surface roughness and achieving the superhydrophobic behavior.
Transparent superhydrophobic films were created by the sequen-
tial deposition of silica nanoparticles and poly(allylamine
hydrochloride), and a final treatment with silane. In details, the
process consists in the deposition of adhesion layers, body layers
and top layer, each of them consists of several bilayers of polyelec-
trolyte and silica, i.e., 5 bilayers for the adhesion layer, from 10 to
40 bilayers for the body layers and 3 bilayers for the top of layers.
Some layers are calcinated at 550 �C. Finally, a fluorosilane was
deposited on the top coat. A similar layer-by-layer approach was
employed by Yilgor et al. [31]. They prepared the coating by spin-
ning on the substrate some layers of a hydrophobic silica disper-
sion. The adhesion between the coating and the substrate was
assured by a polymer solution which was deposited before the
coating itself. Finally, the coated surfaces were treated at 50 �C to
realize compact and durable coatings.

Common factors, which are generally taken into account during
the designing of the superhydrophobic and icephobic coatings are
the creation of low surface energy materials and/or rough surface
textures.

To this end and in this scenario, the goal of the present work is
to find out a simplified method able to prepare an effective super-
hydrophobic coating to be applied on large surfaces, such as the
wings or tails of the aircrafts, starting from commercial hydropho-
bic silica nanoparticles. Several methods have been taken into
account for both the preparation and the application of the coat-
ings, i.e., the sonication and the magnetic stirring for the dispersion
of silica nanoparticles, and the paintbrush and the aerograph for
their deposition, respectively, using methods and tools usually
employed in the pre-industrial and industrial scale. Starting mate-
rials, such as the hydrophobic silica, are chosen among low-cost
and easily available ones. Developed coatings were characterized
by static contact angles at room temperature, and at �12 �C and
0.5 bar. Aging tests simulating flight conditions were performed
in order to assess the durability of the coatings. Optical and elec-
tron microscopies were carried out to correlate the hydrophobic
behavior to the morphology of coatings.
Fig. 1. Schematic structure of the coating obtained by the multi-step procedure.
2. Experimental

2.1. Materials

Hydrophobic silica Aerosil R812 which consists of fumed silica
modified with Hexamethyldisilazane (HDMS), having a specific
surface area of 260 m2/g, was provided by Evonik. The dimension
of the primary particle size is about 7 nm, which aggregate in
agglomerates of 100–500 nm [36]. Industrial grade transparent
Polyurethane (PU), RS 132633, with a viscosity of 2500–3000 cps,
was purchased by RS and used as primer layer. Tetrahydrofuran
Please cite this article in press as: F. Piscitelli et al., On a simplified method to p
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(THF) anhydrous (�99.9%) and Isopropyl alcohol (IPA) were pur-
chased by Sigma Aldrich.
2.2. Superhydrophobic coating preparation

Several procedures for the preparation and the application of
the superhydrophobic coating were adopted. The coating was pre-
pared by starting from a dispersion of nanosized hydrophobic silica
in THF with a concentration of 2.5% by weight, obtained by sonica-
tion or by magnetic stirring, and then applied by paintbrush or by
aerograph. A sonicator ultrasonic processor manufactured by
Qsonica was used for the dispersion of silica nanoparticles in pulse
mode by operating 10 s on and 10 s off, with an amplitude of 40%,
for 180 min or for 30 min. Due to the high energy generated, a
cold-water bath was used to avoid overheating. Alternatively, the
dispersion was prepared by stirring the silica and solvent for 60
min at room temperature using a commercial stirrer and a mag-
netic anchor. Two kind of supports, i.e., the opaque epoxy-carbon
fiber composites painted with Aerowave 5001 from Akzo Nobel,
labelled OP-, and the transparent neat Poly(methyl methacrylate)
(PPMA), denoted as TR-, were used as substrates and reference
samples. In particular, PMMA surface was cleaned with IPA before
the coating or primer applications. All samples were prepared fol-
lowing a multi-step procedure able to build-up a layered structure
consisting of the primer and several nanoparticles layers. In this
way, it was possible to realize layered structures as schematically
depicted in Fig. 1. For most samples, a primer consisting of PU in
THF (5 or 20wt% (see Table 1)) was applied on the substrate before
the nanostructured coating, in order to enhance the adhesion
between the hydrophobic silica and the substrate.

The concentration of the primer was chosen in order to not
affect the transmittance of the transparent PMMA substrate. The
same solvent, i.e., the THF, was employed for both the primer
and silica dispersion. This because, as Yilgor et al. suggested [31],
the THF dissolves/swells the surface layer of most polymers, being
a good solvent for most of them. In this way, it helps the silica
nanoparticles to partially penetrate into the first layer of polymer
substrate, getting firmly embedded into them. Afterwards, several
layers of the silica suspension were deposited. The procedure and
silica layers number change with the samples, as reported in
Table 1, which summarizes all details about the samples prepara-
tion. The layer-by-layer approach allowed to achieving, through a
mechanism induced by the solvent evaporation, an intrinsic sur-
face roughness, which, together with the low surface energy of
the selected hydrophobic silica nanoparticles, induces the superhy-
drophobic behavior of the surfaces.
2.3. Characterization methods

Contact angle measurements were performed at room temper-
ature by using three different liquids (i.e., water and formamide as
polar liquids and diiodomethane as dispersive liquid) with the aim
to determine the surface free energy (SFE) and its components,
adhesion work and wettability. During tests, 10 drops of 3 ml of
each liquid were deposited on the sample surface. The SFE was cal-
culated according to the well-accepted Owens-Wendt (OW)
roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Table 1
Key-designing variables for the preparation and the application of the superhydrophobic coatings.

ID sample Dispersion of silica R812 in THF (2.5wt%) Primer Application method Evaporation of THF

OP-DR-n Sonication for 180 min 20wt% PU in THF Paint brush (0–15 layers) 75 �C for 10 min
OP-S-n Magnetic stirring for 60 min 20wt% PU in THF Paint brush (0–50 layers) 75 �C for 10 min
OP-SiO2 Sonication for 30 min 5wt% PU in THF Aerograph (3 layers) 75 �C for 5 min
TR-PR-SiO2 Sonication for 30 min 5wt% PU in THF Aerograph (3 layers) 75 �C for 5 min
TR-SiO2 Sonication for 30 min NO PRIMER Aerograph (3 layers) 75 �C for 5 min
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method [37,38]. Owens and Wendt envisioned the surface energy
of a solid as being comprised of two components: a dispersive
component and a polar component. The dispersive component,
theoretically, accounts for the Van der Waals and other non-site
specific interactions that a surface establishes with applied liquids.
Whereas theoretically, the polar component accounts for the
dipole-dipole, dipole-induced dipole, hydrogen bonding, and other
site-specific interactions [39,40]. In this contest, the diiodo-
methane has a relatively high overall surface tension of 50.8 mN/
m, and due to its molecular symmetry, it has not any polar compo-
nent. The formamide, on the contrary, has both component of the
SFE, namely 22.4 mN/m as dispersive and 34.6 mN/m as polar com-
ponent. Being predominant, the last one was used as polar liquid.
Water, obviously, was used as polar liquid. According to the OW
method, the SFE of the solid can be calculated starting from the
geometric mean of the dispersive and polar components of the sur-
face tension of solid and liquid, respectively, as reported in Eq. (1):

1
2
ð1þ coshÞcL ¼ cDS � cDl

� �1
2 þ cPS � cPl

� �1
2 ð1Þ

where h is the contact angle between the liquid droplet and surface,
cL is the liquid total surface tension, cD

l is the dispersive component
of liquid surface tension and cP

l is the polar component of liquid sur-
face tension. The unknown terms in Eq. (1) are cD

S which is the dis-
persive component of the solid SFE and cP

S which is the polar
component of the solid SFE. The required value of total SFE of the
solid is obtained as sum of the two components, according to Eq.
(2):

cS ¼ cDS þ cPS ð2Þ

Dividing by ðcP
l Þ

1
2 Eq. (1), it can be rewritten as:
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The left-hand side of Eq. (3) contains quantities which are measured
experimentally (i.e., h) or available in the literature (i.e., cP

l ;cl), so

that a plot of the left-hand side of Eq. (3) versus quantity
cD
l
cP
l

� �1
2

gives a straight line with slope ðcD
S Þ

1
2 and intercept ðcP

SÞ
1
2.

The surface tension of employed liquids and its components are
reported in literature [41]. However, these values are referred to
standard conditions of ambient temperature and pressure at sea
level, which do not replicate the flight conditions at which the
ice is formed. In order to simulate the actual flight conditions, a
new instrument, able to reproduce pressures and temperatures
until a flight altitude of about 16,000 m, and contemporary to mea-
sure the contact angles, was designed and developed at CIRA
[42,43]. According to the standard certification tests [44], in the
icing wind tunnels, the highest probability to have icing phenom-
ena, is 5000 meters, where the temperature is about -12 to �15 �C
and the pressure is about 0.5 bar. It is evident that, in real condi-
tions, the behavior and dynamic of the interactions between the
supercooled liquid droplets and surfaces are more complex,
because the supercooled water droplets impact the aircraft compo-
Please cite this article in press as: F. Piscitelli et al., On a simplified method to p
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nents at high speeds. The dynamics of interaction, happening in a
few milliseconds, are in non-equilibrium condition and there are
several phenomena that can occur, i.e., infiltration due to the water
hammer pressure, instantaneous freezing or rapid rolling of the
droplets. Contrary, the characterization technique developed at
CIRA allowed to studying the icephobic surface in static conditions.
This represents the worst condition since the supercooled water
droplet has long time to reach the equilibrium state and then to
freeze on the surface. In order to determine how the SFE changes
with temperature and pressure, Eq. (3) can be further processed.
By using the Karbanda’s equation, it is possible to rescale the val-
ues of surface tension with temperature:

cT2 ¼ cT1
Tc � T2

Tc � T1

� �1;12

ð4Þ

where cT1
represents the surface tension of liquid at 20 �C whereas

Tc represents the critical temperature of the selected liquids,
namely 373.94 �C, 376.45 �C and 474.42 �C for water, formamide
and diiodomethane, respectively. Once rescaled in temperature, it
is necessary to rescale these new values for the new pressure, using
the Laplace equation:

cp2 ¼ cp1 1� K � p2

200

� �
ð5Þ

where K is a constant value, function of employed liquids. For the
liquids employed in these experiments, a value of K equal to 2
was used.

Aging tests of coating were performed in an ANGELANTONI CH
2000CHSP according to the MIL standard [45] aimed at simulating
real flight conditions at 16,000m in altitude of a Multi-Role Combat
Aircraft (MRCA). Fig. 2(A) reports the samples fixed to supports
designed according to the ASTM-D2247 and tilted at 15�. They were
contemporarily undergone to thermal loads and humidity varia-
tions according to altitudes ranging between the sea level and
16000 m in three different stages: cold/dry; warm/humid; and
warm/dry (see Fig. 2(B)). In details, the cold-dry regime simulates
a parking stageon the ground in a cold environment at theminimum
temperature of the overall cycle, i.e., �67 �C, and after a take-off
phase at the cruise altitude of 16000 mwith a rate of 10 m/s, accord-
ing to the standard. In this phase, the humidity was not controlled.
The warm/humid cycle simulates a descent phase from cruise alti-
tude to the ground level at 10 m/s, then a parking on the ground at
a relative humidity of 95%, performed at the maximum facility rate
and at the temperature of 32 �C. Finally, the warm/dry cycle simu-
lates the parking on the ground in a hot environment at the temper-
ature of 43 �C and at theminimumhumidity less than 30%, and then
a take-off phase at the cruise altitude reached at 10 m/s. In this
phase, thehumiditywasnot controlled. Theoverall cycle hadadura-
tion of 963 min and was repeated for 10 time.

After aging tests, measurements of contact angles at room tem-
peraturewere carriedout in order tohighlightpossibledegradations
due to the typical flight conditions simulated during the aging tests.

Optical and electron microscopies were carried out in order to
correlate the hydrophobic properties to the morphology of the
coatings. To this end, optical microscopy was performed by using
roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Fig. 2. (A) samples mounted on the test fixture, (B) setting of altitude, temperature and humidity during aging tests.
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a LEICA MZ12 and LEICA DM RXE microscopies, whereas the Scan-
ning Electron Microscopy (SEM) analyses was carried out by using
an Inspect F model FEI apparatus at an accelerating voltage of 10
kV. In this case, the samples were metallized twice in order to
improve the quality of images. Measurements of surface roughness
were obtained using a confocal and interferometry 3D microscope
(Leica DCM 3D), by using a 20x objective. The measurements were
carried out along two directions, parallel and perpendicular to the
acquisition directions, respectively, on a scan size of about 1 mm2.
Two coupons for each kind of sample were tested (referred as sam-
ple 1 and sample 2).

Measurements of transmittance in the visible field (400–700
nm) were performed on the transparent TR-series by UV-Vis anal-
ysis, using an Agilent Technologies Cary 60 UV-Vis spectropho-
tometer. Finally, in order to highlight the effective deposition of
the coating deposition on the selected substrates, FT-IR analysis
was performed by using a Nicolet IR operating in simple ATR mode.
The spectra were collected in the range 600–4000 cm�1 with a res-
olution of 2 cm�1.

3. Results and discussion

For both series of coated samples, identified as OP-DR-n and OP-
S-n, the contact angle measured at room temperature increases
with the deposition layers number (see Figure S1 and Figure S2
Please cite this article in press as: F. Piscitelli et al., On a simplified method to p
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of the Supporting Information), reaching respectively a value of
148� with 15 layers, and 138� with 30 layers. Therefore, when
the silica nanoparticles were dispersed by sonication, higher values
of contact angle were achieved with a lower number of deposited
layers. Additionally, the hydrophobic behavior of the OP-S-n sam-
ples disappears once the samples were submitted to the aging test.
Morphological investigations addressed to evidence the effect of
aging on the coated surface showed that the formation and the
aggregation of silica in micro and nano-sized sheets-like features
are well evident soon after coating deposition, but they disappear
as effect of the aging treatment (see Figure S3 of the Supporting
Information).

Hence, the OP-SiO2, TR-SiO2, and TR-PR-SiO2 series were pre-
pared by ultra-sonicating the silica nanoparticles into the THF for
30 minutes (see Table 1) in order to assure homogeneous disper-
sion meanwhile reducing the preparation time with respect to
the OP-DR-n series. The silica dispersion layers were deposited
by using an aerograph. With this method a contact angle value of
152� (Figs. 3 and 4), which does not change significantly after
aging, was obtained for the OP-SiO2 sample. However, at �12 �C
and 0.5 bar this contact angle value decreases to 128� (Fig. 3). It
is worth observing that the coating developed in this paper evi-
dences a contact angle, which is always higher than the reference
coating, regardless the conditions of measurements, i.e., ambient
and harsh temperatures and pressures, and after aging (Fig. 3).
roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Fig. 3. Contact angles measurements performed at room temperature, before and
after aging, and measurements at �12 �C and 0.5 bar, for the OP-REF and OP-SiO2

samples. In the insert, a picture of the OP-SiO2 sample during the measurements of
contact angle at �12 �C and 0.5 bar.
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Contrary to what happens for the OP-S-n series (see Figure S3 of
the Additional Information), the sheets-like structures are stable
to the aging test (Fig. 4), since the only effect of the aging was to
reduce the dimensions of these aggregates.

The enhanced contact angle can be ascribed to the increased
roughness of the developed coating with respect to the reference;
Fig. 4. Optical images of OP-REF and OP-SiO2 samples before and after aging at 50.4�, 1
with water.

Please cite this article in press as: F. Piscitelli et al., On a simplified method to p
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in fact, as reported in Table 2 and in Fig. 5, the Ra value increases
from 0.218 lm to 0.310 lm with the application of the coating.
How the surface roughness plays an important role in the tunable
wettability of surfaces is widely reported in literature [46–49].
Directly correlated to the surface roughness are both the size of
the exposed particles as well as particles aggregate [5] and the cov-
erage degree of the surface with those particles/aggregates [31].
Indeed, Conti et al. [49] found that the roughness and the surface
wettability change with the size of the silica nanoparticles, reach-
ing a maximum value with nanoparticles of 80 nm in size. The cov-
erage degree of substrate, for its part, has to provide the desired
distance between the nanoparticles [31,49,50] in order to guaran-
tee the Cassie-Baxter condition [51]. In the present study, it is evi-
dent that the particle aggregates created a sort of mountain-like
structures, visible in Fig. 5, able to guarantee that favorable condi-
tion. Additionally, SEM images (Fig. 6) highlight the formation of a
porous structure, onto the surface of these mountain-like struc-
tures, which probably allows the trapping of small-scale air pock-
ets, reducing the contact area between the liquid drop and the
surface [32]. Moreover, a hierarchical roughness characterized by
features on the micro-scale appears on the top of the coating,
responsible of its superhydrophobic behavior. In correspondence
of the cross section of the coating, distinguishable particles
together with the typical porous structure of silica can be observed
in Fig. 5 (see bottom row of Fig. 5).
00.8�, and 550�, respectively. On the left side, contact angles at room temperature

roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Table 2
surface roughness measurements of the OP-REF and OP-SiO2 samples.

Ra [lm]

OP-REF OP-SiO2

Parallel Perpendicular Parallel Perpendicular

Sample 1 Sample 1
0.194 0.225 0.243 0.246
0.231 0.244 0.290 0.274
0.200 0.215 0.232 0.410

Sample 2 Sample 2
0.193 0.208 0.301 0.350
0.229 0.183 0.334 0.307
0.213 0.278 0.349 0.388

Average Ra [lm]
0.218 0.310

Fig. 5. 3D surface topography of OP-REF (a) and OP-SiO2 (b) s

Fig. 6. SEM images of the OP-SiO2 coatin
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Therefore, the combination of the multiscale roughness (micro-
and nano-), the presence of the air pockets and the relative dis-
tance among the peaks worked in a synergic way to enhance the
superhydrophobic behavior of the developed coating.

FT-IR measurements performed on both the OP-REF and the OP-
SiO2 samples are shown in Fig. 7. The spectrum of the hydrophobic
silica R812 is also reported. It is worth noting that in the OP-SiO2

spectrum, the symmetrical and asymmetrical stretching of Si–O
in Si–O–Si groups at about 1060 cm�1 and the rocking of CH3 in
Si(CH3)3 at 843 cm�1 and Si(CH3)2 at 808 cm�1 [52] appear. Both
signals are characteristic of the silica R812, whereas the hydrophi-
lic –OH stretching at 3300 cm�1 [52], present in the OP-REF, are
quite absent in the OP-SiO2 coating. Hence, the new coating com-
pletely covers the hydrophilic possible sites characteristic of the
commercial coating.

Fig. 8 shows the images of the contact angles measurements
carried out with water, formamide and diiodomethane at room
amples obtained by interferometric/confocal microscopy.

g (top) and cross-section (bottom).

roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Fig. 7. FT-IR measurements of OP-REF and OP-SiO2 samples. The spectrum of the
hydrophobic silica R812 is reported.

Fig. 8. Contact angles of OP-REF and OP-SiO2 samples before and aft
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temperature for the OP-SiO2 and OP-REF samples, before and after
the aging test. The results show that the coating developed in this
work is very stable to the aging treatment, since the contact angles
do not change as effect of the treatment. On the contrary, its wet-
tability to the diiodomethane slightly increases from 30.5� to 16�.
An opposite behavior can be observed for the OP-REF coating, since
after aging the water contact angle decreases from 73� to 62�, and
contemporary the diiodomethane contact angle slightly increases.
It should also be noticed that the wettability of OP-SiO2 surface to
diiodomethane is higher than the reference OP-REF (Fig. 8). This
means that the new coating allows to improving the apolar inter-
actions with respect to the polar ones, as the very low wettability
to water and formamide demonstrated (Fig. 8). These measure-
ments allowed to assessing the SFE and its components, whose val-
ues are shown in Fig. 9 for both the OP-SiO2 and OP-REF samples.

It was found that the SFE of the OP-SiO2 coating is always higher
than the reference OP-REF, in both ambient and harsh tempera-
tures and pressures, and after aging test. Additionally, for both
the OP-SiO2 and OP-REF samples, the dispersive component of
the SFE is always predominant with respect to the polar compo-
nent (Fig. 9). The apparent SFE depends on both the superficial
chemistry and roughness of the coating. On the one hand, the
er aging performed using water, diiodomethane and formamide.

roduce hydrophobic coatings for aeronautical applications, Appl. Surf. Sci.
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Fig. 9. SFE and its components for the Op-REF and OP-SiO2 sample, measured at room temperature before and after aging and at �12 �C and 0.5 bar.
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chemistry of surface is largely changed by the application of the
superhydrophobic developed coating, as FT-IR spectra (Fig. 7) and
wettability to diiodomethane (Fig. 8) demonstrate. In details, the
FT-IR spectra show a reduction of the –OH groups confirmed by
the improvement of the affinity to dispersive liquid (such as diio-
domethane) with respect to the reference sample, which causes
an increase in the SFE dispersive component. The latter is respon-
sible of the increased total SFE especially in flight conditions (see
Fig. 9). On the other hand, the SEM images demonstrate that the
roughness increases since a hierarchical structure appears on the
Fig. 10. Wettability and work of adhesion of the OP-REF and OP-SiO2 sample mea
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coating (Fig. 6). Finally, the increased roughness and the decreased
hydrophilic –OH groups number cause the reduction of both wet-
tability and work of adhesion between water and surface observed
for the OP-SiO2 sample with respect the OP-REF (Fig. 10).

The described bottom-up preparation method is substrate inde-
pendent. In fact similar results in terms of contact angles, SFE, work
of adhesion and wettability were obtained for specimens realized
by using PMMA substrates (see from Figure S5 to Figure S9 in
the Additional Information), in spite of the reduced micro-
roughness, which is an intrinsic characteristic of the OP-substrate.
sured at room temperature before and after aging, and at �12 �C and 0.5 bar.
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Fig. 11. Measurements of transmittance in the visible spectrum for the TR-REF, TR-
PR-SiO2, and TR-SiO2 samples.
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Additionally, the effect of the coating deposition on the trans-
parency of TR-SiO2 and TR-PR-SiO2 samples was assessed by trans-
mittance measurements in the visible spectrum 400–700 nm.
Fig. 11 shows that the transmittance of the coated PMMA speci-
Fig. 13. Frames recorded meanwhile a water droplet falls

Fig. 12. (a) Picture of the TR-PR-SiO2 sample with a droplet of water on the top, and
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mens ranges between 50 and 80% for the TR-SiO2 and TR-PR-SiO2

samples.
A picture of the TR-PR-SiO2 sample with a droplet of water on

the top, highlighting the hydrophobic behavior of the coating, is
reported in Fig. 12(a). The transparency of TR-coated samples is
compared to the reference TR-REF in Fig. 12(b). These images con-
firm the goodness of the transparency despite of the measured
transmittance values (Fig. 11).

Finally, a video reproducing the behavior of droplets of water,
which fall down on the new coated and reference surfaces, tilted
at 45�, were recorded. In Figs. 13 and in 14 some frames are shown.
It must be highlighted that when the droplet of water hits the sur-
face of the OP-SiO2 sample (Fig. 13), it flattens into a pancake
shape, then regains a round shape and bounces up, showing the
typical behavior of superhydrophobic coatings.

Whereas, when the droplet of water hits the surface of the TR-
PR-SiO2, it rolls over the surface, as shown in Fig. 14. This is a speci-
fic characteristic largely required for self-cleaning surfaces. On the
contrary, when the droplet of water hits both reference samples,
i.e., the OP-REF and TR-REF, it adheres to its surface (see bottom
of Figs. 13 and 14). The behavior displayed by the superhydropho-
bic coatings can be ascribed to the low work of adhesion between
water and surfaces, since the lower the work of adhesion, the lower
the energy needed to detach the water droplet, realized with a
over the OP-SiO2 (top) and OP-REF (bottom) surfaces.

(b) comparison of transparency among TR-REF, TR-PR-SiO2 and TR-SiO2 samples.
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Fig. 14. Frames recorded meanwhile a water droplet falls over the TR-PR-SiO2 (top) and TR-REF (bottom) surfaces.
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combination of both changed surface chemistry and hierarchical
micro- and nano-roughness.

4. Conclusions

In this paper, a simplified method to achieve large superhy-
drophobic surfaces is described. The coating consists of a disper-
sion in THF of hydrophobic silica nanoparticles. It was found that
a short sonication of 30 min is enough to obtain a stable and
homogenous silica dispersion. Spray coating was found to offer
benefits of rapid patterning over large areas on both planar and
curved surfaces. Results showed that the superhydrophobicity
was achieved by the chemical modification of the surface, which
reduces the surface free energy, and by the nanoscale roughness
imparted by the silica nanoparticles in combination with the
micro-scale roughness. This roughness is inherent on the one side
to the intrinsic substrate roughness and on the other side to the
aggregation of silica nanoparticles, which occurs during the coating
deposition and is promoted by the solvent evaporation. Therefore,
a hierarchical roughness features, with overlapped micro- and
nano-sized roughness, were achieved. In addition, it was found
that the silica is organized in porous aggregates, which allow the
trapping of small-scale air pockets.
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