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Abstract: Ice accumulation leads to improper functioning or even damages to ships, offshore
platforms, sports facilities and land buildings in cold climate regions. Although fluorochemicals
have demonstrated attractive performance for icephobic applications, their use has been
restricted due to health and environmental concerns. Here, we present a facile method to
fabricate fluorine-free icephobic coatings with potential applications for outdoor facilities and
structures. The coating consists of a silicone-epoxy hybrid resin, polydimethylsiloxane (PDMS)
and SiO> nanoparticles with different sizes. Particularly, the use of different sized (10-20 nm and
200 nm) SiO2 nanoparticles results in excellent icephobicity and mechanical properties. The
mechanical properties and durability of the coating were analysed according to respective test
standards and compared with reported icephobic coatings. The durable icephobic potency of the
coatings is very promising as a sustainable green solution for various practical anti-icing

applications.
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PDMS, polydimethylsiloxane; UV, ultraviolet; NPs, nanoparticles; GFRE, glass fibers reinforced
epoxy; PU, polyurethane; CSM, continuous stiffness measurement; DI, deionized; SLIPs,
slippery liquid infused surfaces; SLIC, self-lubricating icephobic elastomer coating.



1. Introduction

To reduce the labour cost and downtime associated with removal of accumulated ice on
facilities, transportation vehicles, and buildings, considerable interest on anti-icing coatings has
been shown since the 1900s. The first reported anti-icing composition designed for automobile
radiator was patented in 1918.[1] In 1956, Rolle and Barnes claimed that cellulose lacquers could
withstand the icing and de-icing test.[2] Jellinek studied the effect of a monolayer on ice
adhesion in 1962.[3] Bascom et al. investigated the ice-adhesion strength of hydrophobic and
hydrophilic surfaces, and the failure mechanism of hydrophilic surfaces.[4] Since then, a lot of
research work has been carried out, ranging from liquid & grease filled coatings to modified
epoxy or urethane paints.[5, 6] Literature study shows that the adhesion strength between ice and
solid surfaces depends greatly on the van der Waals forces.[7] In recent years, there has been a
growing interest in superhydrophobic coatings consisting of hierarchical micro-nano
structures.[8-11] The trapped air pockets on such coating surface are beneficial in reducing the
adhesion of ice as they are able to decrease the actual contact area. In addition, the presence of
air between ice and the coating surface reduces heat transfer, and at the same time provides stress
loci to initiate cracks between the substrate and ice during ice removal.[7, 12] However, the
existing of micro-nano structures weakens the mechanical durability of superhydrophobic
coatings, and in some cases, moisture condensation in the micro / nanoporous surface may lead
to a larger (than the nominal) contact area between ice and the solid surface, resulting in an
increased ice adhesion.

Slippery liquid-infused porous surfaces (SLIPs), inspired by Nepenthes pitcher plants, have
been explored by some researchers as another strategy to achieve low ice adhesion.[13] Liu et al.

prepared anti-icing SLIPs coatings from silicone rubber solution.[14] Zhang et al. reported a
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double-layered SLIPs coating prepared by hydrothermal reaction followed with
perfluoropolyether liquid infusion.[15] An ice releasing coating was manufactured by silicone oil
or fluorosilicone fluid embedded within cross-linked silicone resin.[16] The major challenges
faced by SLIPs are the potential depletion of infused liquids and poor mechanical properties of
the porous matrix. Yeong et al. developed an oil-infused icephobic elastomeric coating (SLIC)
which showed good durability to abrasion by self-replenishing the lost o0il.[17] In another effort
to avoid depletion of the infused liquid, Coady et al. infused UV-cured siloxane resin into
anodized coupons treated with n-decyltrichlorosilane and silicone oil.[18] However, after seven
de-icing cycles, removal of resin/oil layer was observed.

Among existing reports, epoxy coatings are practically favourable with the advantage of low
cost, no limitation on the dimension and shape of targeted substrates, being scalable and easy to
process at low temperatures. Li et al. reported a fluorinated coating embedded with surface-
modified nano-silica which is promising for anti-icing applications.[19] The coating exhibits
superhydrophobicity after 4 weeks of acid / alkali, heat / cool treatment. Atta et al. successfully
prepared superhydrophobic epoxy coatings with the help of fatty acids modified calcium
carbonate nanoparticles.[20] Moreover, magnetic nanoparticles which could be used as heat
mediators were introduced into fluorinated epoxy resin by Zhang et al., and they obtained
superhydrophobic coating exhibited ice-adhesion strength around 200 kPa.[21] Guo’s group
demonstrated anti-icing coatings fabricated by spreading Mg(OH)2 particles treated with stearic
acid on top of epoxy resins.[22] Despite these advances, work focusing on the mechanical
properties and durability of icephobic coatings remains limited, especially anti-icing properties
under ultraviolet (UV) irradiation and harsh sand erosion environment. Considering that there are

different requirements for the mechanical properties and durability for different practical
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applications (e.g. aeroplane wings vs. wind turbine blades), icephobic materials that can display
good resistance to ice formation and accumulation under different application environments are
highly desirable.

In terms of the low surface energy materials, fluorocarbons are often used in icephobic
coatings. For example, Zhang et al. demonstrated a slippery anti-icing coating by trapping
perfluoropolyether in the porous AZ31 Mg alloy.[15] Emelyanenko et al. fabricated a
fluorooxysilane modified silicone rubber coating with the help of laser treatment, and
investigated the anti-icing behavior at low temperatures.[23] However, fluorochemicals are bio-
accumulative and potentially harmful to human health. Industries have started to ban the use of
long-chain fluorocarbons. As a result, research activity has been in the rise to seek effective
replacement for fluorochemicals in hydrophobic and icephobic coatings. In this paper, we
fabricated fluorine-free superhydrophobic coatings via a facile method based on silicone-epoxy
resin and dual-scale SiO2 nanoparticles design. The process is simple, and the coating can be
cured at room temperature. The prepared coatings were tested under simulated harsh
environments such as pressurized sand erosion and UV / condensation exposure. The developed
superhydrophobic coatings demonstrated excellent durability, and are promising for practical

applications.

2. Experimental details
2.1. Materials

SiO2 nanoparticles (NPs) with sizes of 10-20 nm and 200 nm, and butyl acetate (99 wt. %)
were obtained from Sigma Aldrich. A commercially available silicone-epoxy hybrid resin

(SILIKOPON® EF) and polydimethylsiloxane (PDMS, commercial name Sylgard 184) were
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obtained from Evonik industries and Dow Corning, respectively. Both are two-part products and
were used with weight ratio between the base and hardener at 2 : 1 and 10 : 1, respectively.
Tinuvin 292, obtained from BASF, was used as UV stabilizer. Substrates were cut from glass
fibers reinforced epoxy (GFRE) plates. For comparison, proprietary polyurethane based
composite coating, formulated for wind turbine applications (denoted as the PU coating

thereafter), was acquired and tested.

2.2. Preparation method

In a typical fabrication process, PDMS grafted SiO> NPs was prepared by mixing the
elastomer base, its curing agent, and butyl acetate as the solvent for 10 min. The weight ratio of
base : curing agent : solvent : silica particles was 1 : 0.1 : 20 : 4. To investigate the effect of dual-
sized SiO2 NPs, comparison was made between the PDMS modified two sized particles (200 nm
and 10-20 nm with weight ratio of 1 : 2 mixed) and the 10-20 nm particles only. SILIKOPON®
EF (two parts used together) and Tinuvin 292 were added into the prepared SiO: particle
suspensions and mixed for another 10 min under ambient condition. The detailed weight ratio of
the mixtures and sample 1D are show in Table 1. S20 denotes the coating containing the single-
sized 10-20 nm particles, while S200 stands for the coating containing the dual sized silica
particles (200 nm and 10-20 nm). A mechanical mixer was used during the mixing process at a
speed of 2000 rpm. The obtained particle dispersion solutions were spray-coated onto the GFRE
substrates through an airbrush kit (ASO6KB) with a 1.5 mm diameter nozzle using compressed
air (pressure at 345 kPa). The distance between the airbrush and the substrate was kept at 10 cm.
The airbrush was moved laterally back and forth until a uniform coating has been deposited.

After 24 h curing at room temperature, superhydrophobic coatings were obtained.



2.3. Characterization and mechanical testing

The surface morphology of the coatings was observed using a field emission scanning
electron microscope (FESEM, JEOL-7600F, Japan). The contact angle and roll-off angle of
water were measured with a contact angle system (OCA 20, Dataphysics Co., Germany). The
surface roughness of the coatings was evaluated by a surface profiler (Alpha-Step 1Q Surface
Profiler, Kla Tencor, USA) with a scanning length of 6 mm. FTIR spectra of the coatings were
obtained using a Frontier™ IR/FIR spectrometer (Perkin-Elmer Inc.). The tested samples were
prepared by mixing the coating fragments and standard KBr powders with weight ratio of 1:20,
followed by compression. The coatings fragments were scratched from the coatings. The elastic
modulus and hardness of the deposited coatings were measured using a nano-indenter (Nano
Indenter XP® system, MTS, US) with continuous stiffness measurement (CSM) method.[24] 10
~ 12 indents were made on each sample. At least three samples of each type of coating were
tested. Considering the effect of surface roughness, averaged results were obtained in the depth
range of 1500 ~ 2000 nm. For the PU coating, because of its elastomeric nature, continuous
stiffness measurement may not be appropriate. Therefore, static loading was used for PU coating.
The hardness and Young’s modulus values were obtained at the same depth range, 1500 ~ 2000
nm, as in the CSM method. Pencil scratch test of coatings was assessed using a commercial
pencil-scratch tester (Scratch Hardness Tester Model 291, ERICHSEN, Germany) according to
ISO 15184 standard test method. The brittleness and adhesion properties of coatings were
measured by a cross-cut adhesion test kit (Cross Cut Adhesion Test KIT CC1000, TQC,
Netherlands) based on ISO 2409 standard test method. After the cross cutting, the surfaces were

examined under optical microscope (Olympus BX51, Japan). The bond strength between



coatings and GFRE substrates was conducted by an adhesion tester (PosiTest AT-M20, Defescal,
USA) according to 1SO 4624 standard.
2.4. Durability assessment

UV resistance of the coatings was analyzed by a UV accelerated weathering machine (SDL
ATLAS, UK) according to 1SO 11507 standard. Samples were mounted in the weathering
chamber and subjected to a cycle of 4 hours exposure to intense UV radiation at 60 °C, followed
by 4 hours moisture exposure by condensation at 50 °C. The cycle was continued for a total of
288 hours. In addition, a home designed micro-sand blaster was also used to investigate the anti-
icing durability of coatings after sand erosion.[25] Silica particles in size of 63 um (220 mesh)
were used as the erosion media. The coatings were placed horizontally under the sand spraying
nozzle with a distance of 10 cm. The erosion was carried out by impinging the sand particles
perpendicular onto the coating surface for 30 s at a pressure of 200 kPa over an exposed area of
2.43 cm?. The loss in weight was recorded after the sand erosion test. Optical microscope and
FESEM were used to observe the eroded regions on the coating surface. Change in water
wettability and icephobicity of the coatings were measured after the erosion test.
2.5. Ice-adhesion strength and ice accumulation test

To prepare for the ice-adhesion strength test, a Teflon tube with an inner diameter of 18 mm
was filled with 3 ml DI water, and then covered with the coated substrate on top. The substrate
was flipped upside down before being placed inside a climate chamber (Cincinnati Sub-Zero
environmental chambers, USA) for 24 h at -15 °C. The prepared ice block was sheared off the
substrate by a moving piston till failure.[26] The peak force at which the ice block was removed

from the substrate was recorded and used for the calculation of ice-adhesion strength. The



reported ice-adhesion strength is an average value of at least six measurements on the same
position of more than three samples.

Ice accumulation on the sample surface was investigated in the same climate chamber as
described before at temperature of -15 °C following our previously reported method.[27] The
coated substrate was placed at an angle of 45° to the horizontal plane. Pre-cooled deionized (DI)
water was prepared by storing the container in a refrigerator set at -5 °C until part of the bulk
water became ice (the temperature of water was therefore around 0 °C). The water dripping rate
was kept at 1 drop every 5 seconds. Each ice accumulation test lasted for 10 min. The dimension
of the substrate is 65 mm x 42 mm. At least three samples of each type of coatings were tested,
and each sample was repeated for 3 times at the same position. The percentage accumulation

with respect to the total weight of the dripped water was recorded.

3. Results and Discussion
3.1. Design Strategy

SiO2 NPs have been widely used to prepare superhydrophobic coatings due to their cost-
effectiveness, chemical durability and good mechanical properties.[28-30] Athauda et al.
investigated dual-size effect of functionalized silica NPs of 7, 12, 20, and 40 nm by layer-by-
layer deposition and pointed out that surface roughness can be tuned by employing NPs with
different sizes.[31] Raspberry-like SiO particles were prepared by some researchers to fabricate
micro-nanostructure surface with superhydrophobicity.[32-34] In this study, dual-sized PDMS
modified NPs (10-20 nm SiO2 NPs and 200 nm SiO2 NPs) were used to produce dense packing

of micro-nanostructure. An in-depth and systematic study of the effect of using dual-sized



particles on icephobicity and mechanically durability was carried out in comparison with the
single-size particles. Particularly, to enhance the mechanical durability, NPs were introduced in
an epoxy matrix as shown in Figure 1a. Nanoparticles have significantly large specific surface
areas and tend to agglomerate due to the van der Waals forces.[35, 36] The maximally entangled
NPs offer a methodical variation of agglomeration size as well as arrangement in surface texture.
Smaller NPs have larger specific surface area and greater total surface energy. When small
particles are used alone, they tend to show more severe agglomeration and larger porosity as
illustrated in Figure 1a. However, when the two sizes are used together, the small particles are
relatively well dispersed between the large ones, effectively reducing the agglomeration and pore
size as shown in the schematic illustration. For verification, single-sized and dual-sized
superhydrophobic coatings were prepared. Figure 1b-c shows the obtained surface morphology
of the S20 and S200 coatings, respectively. A micro-nanostructure was observed on both coating
surfaces, and such surface feature is critical in introducing superhydrophobicity.[28] The micro-
nanostructure enables water droplets to easily roll off the coating surface with contact angle
larger than 150° as shown in Figure 1d and insets in Figure 1b-c. Between the two types of
coatings, large protrusions and pores with size around 1-3 um could be clearly seen in the S20
coatings (Figure 1b). In comparison, more densely packed surface with small pores of size less
than 500 nm was observed on the S200 coatings (Figure 1c). When 33 wt.% of the 10-20 nm
SiO2 NPs were replaced by the same amount of 200 nm SiO; particles, a dramatic decrease in the
surface porosity and protrusion size was observed. This induced a reduction in the surface
roughness of coatings as shown in Figure 1le. The S20 coatings presented a surface roughness of

~1.4 um, while the S200 exhibited a surface roughness of ~0.9 um. Although S20 and S200



coatings exhibited significant difference in surface roughness values, the contact angle of S20
and S200 coatings were very close, and both are larger than 150° due to presence of the micro-
nanostructure. However, S200 coatings displayed a slightly higher roll-off angle due to a lower
surface roughness.

The surface chemical structure of S20 and S200 coatings is revealed by the FTIR spectra as
shown in Figure 2. Since the difference of these two coatings is the size of nanoparticles, exactly
the same absorption peaks were observed on these two coatings. The broad band around 3500
cm™ is attributed to the OH stretching involved in absorbed water. The absorption peaks at the
range of 2800 cm™ ~ 3000 cm™ are attributed to the C-H strength.[37-39] The absorptions peaks
at 1268 cm can be attributed to the Si-CHs group.[40] The absorptions peaks at 1081 cm™, 1095
cm?, 804 cm™ and 700 cm™ are related to the combined Si-O and Si—-C—O stretching groups.[40,
41] The strong band at 444 cm™ indicates the presence of Si-O-Si bond.[41]. No epoxy group
was found at ~915 cm™,[42, 43] and the small peak at 1594 cm™ is attributed to the presence of
NH..[44] This implies complete reaction of the epoxy resin.

3.2. Anti-icing performance

Even though the difference in surface features has limited effect on water contact angle and
water roll-off angle of the S20 and S200 coatings, it may pose different impact on the icing
behavior on the coatings. To better understand the anti-icing properties of S20 and S200
coatings, the commercial PU coating, which is widely used as a protective layer on outdoor
facilities, were measured and compared. Figure 3a shows the measured ice-adhesion strength of
PU, S20 and S200 coatings at -15 °C. The obtained ice-adhesion value for PU coatings was

larger than 400 kPa and significantly higher than both S20 and S200 coatings. Besides, the
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lowest ice-adhesion value (64.7 + 5.4 kPa) was obtained on the S200 coatings, which was about
half that of the S20 coatings. It is well accepted that the interaction forces acting at ice—substrate
interface include electrostatic forces, van der Waals forces, hydrogen bonding, and mechanical
interaction.[45] Although both S20 and S200 coatings contain water repellent —CHs groups from
PDMS and silicone-epoxy hybrid resin which can better prevent or repel frost formation in the
air pockets, coatings still absorb water molecules due to electrostatic forces and hydrogen
bonding. Due to the high polar nature of water and ice, the directions of water molecules can be
controlled by electric fields. When water freezes, the molecules still keep their polar behavior
and tend to adhere to solid surface under electrostatic forces as illustrated in inset of Figure 3a
(the electrostatic force is marked by the small orange dots). Coatings with larger pores allow
access to a greater amount of water adsorption sites than small pores. Therefore, the S20 coating
possessing larger pores provides more water absorption site than the S200 coating under high
humidity and low temperature condition. Besides, larger pores in the S20 coating are prone to the
sagging effect as schematically illustrated in Figure 3a (inset). This leads to greater mechanical
interlocking and larger electrostatic forces between water molecular and the S20 coating surface.
The less porous S200 coatings promoted and maintained the presence of tiny air pockets at the
ice-coating interface. The trapped air disrupts intimate contact between the ice and the substrate,
thus has significantly reduced the ice adhesion. The ice-adhesion strength of the S200 coating is
much lower than the reference PU coating and some reported superhydrophobic and hydrophobic
coatings which reported ice-adhesion strength larger than 400 kPa due to serious mechanical
interlocking and hydrogen bonding.[45-47] The obtained adhesion strength at below 100 kPa

means the ice can be easily removed by small centrifuging force, gravity, vibration or even wind
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flow. Some literatures have set adhesion strength below 100 kPa as a key criterion for icephobic
coatings.[48, 49]

Ice accumulation is another important criterion for icephobicity. In the current work, pre-
cooled water (~0 °C) was dropwise dripped on to the PU, S20 and S200 coating surfaces at -15
°C to evaluate the resistance to ice accumulation. The obtained ice accumulation results of the
three separate runs on the same position of each type of samples are shown in Figure 3Figure 3b.
A great reduction in ice accumulation was observed on the S20 and S200 coatings compared to
the PU coatings. Besides, there was no apparent difference in ice accumulation on S20 and S200
coatings due to their similar water wetting behavior. The above results are also in line with the
recent experimental observations where surface wettability is a key controlling factor for
reducing ice accretion and improving water drop shedding effect.[50-52] Although our coatings
could not fully prevent ice accumulation, the low adhesion, particularly the one by the S200
coating, enables easy removal of the accumulated ice.

3.3. Robust mechanical properties

Mechanical properties and durability are primary concerns of anti-icing coatings for many
practical applications in harsh environment. To determine the mechanical properties of S20 and
S200 coatings, dolly-pull adhesion, cross-cut, pencil-scratch and nano-indentation tests were
carried out according to the respective standards. The results are summarized in Table 2. Both
S20 and S200 coatings demonstrated good adhesion toward the epoxy substrate according to the
cross-cut test, and there were no observable coating chipping and peeling. The optical
microscope images in Table 2 show that the coating edge after cutting was smoother than the

reference PU coating, indicating good adhesion and non-brittleness of the coatings. The 5 %
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delaminated areas of the PU coating is due to the wedge spallation failure which was caused by
the applied compressive stress along the scratch groove, as well as ahead of the moving
cutter.[53] The cross-cut adhesion test results of S20 and S200 coatings are comparable and are
both better than currently literature reported icephobic coatings listed in Table 2.[54-58] Besides,
the pencil scratch grade of 3H and 4H were obtained on the S20 and S200 coatings, respectively,
which is significantly better than the PU coatings (4B) and other reported icephobic coatings.[54,
59] The dolly-pull test on S20 and S200 coatings found that the adhesion strength between
coatings and substrates was stronger than that of the coatings and the applied adhesive for the
test. The failure occurred at the interface of coatings and the applied adhesive as shown in Figure
4a-b. In comparison, the adhesion failure of PU coatings occurred at the interface between the
substrates and PU coatings and a large peeling off area as shown in Figure 4c. Due to the
different failure mechanisms, the reported pull-off data in Table 2 should not be used to compare
the coating adhesion strength. The results indicate that when assessing the adhesion of
hydrophobic coatings, the dolly-pull test may not be as effective as the cross-cut test despite that
the former is quantitative while the latter is only quantitative. Because of the adhesive failure of
S20 and S200 coatings, the actual adhesion strength of the coating to substrate should be greater
that the reported value of 3.5~3.7 MPa, which is higher than the reported aeronautical livery
coating [60] and silicone elastomer coating with or without intermediate layer to epoxy
undercoat (adhesion strength is around 0. 431 to 1.494 MPa).[61] Further investigation was
carried out to study the indentation hardness and Young’s modulus of the coatings. S200
coatings presented the highest hardness and Young’s modulus when compared with S20 and PU
coatings. This is due to the incorporation of the nanoparticles and the reduced pore size as

discussed before. Although the measured nano-indentation hardness and modulus of S200
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coatings are lower than the reported bilayer icephobic film prepared via iCVD[62] and
aeronautical livery coating,[60] pencil scratch resistance and dolly pull-off test verified the good
scratch resistance and adhesion of S200 coatings to substrates.

3.4. Environmental durability

In addition to icephobicity and mechanical properties, another key requirement for a
practically applicable anti-icing coating is its environmental durability under conditions such as
environmental weathering and mechanical erosion. In order to simulate the UV and condensation
ageing effect during natural condition, an accelerated UV weathering test was employed to
analyze the coating resistance according to I1ISO 11507 standard test method. The water contact
angle, roll-off angle, ice-adhesion strength, percent ice accumulation, and the mechanical
performances were measured after the UV weathering test. Comparison with the ones before the
UV weathering test is shown in Table 3. It was reported that when a superhydrophobic surface
begin to degrade, the water roll-off angle would change more rapidly than the water contact
angle. It can be seen that the effect of 288 h’s UV and water exposure on the ice-adhesion
strength, ice accumulation and mechanical properties of S200 coatings is insignificant, indicating
good water condensation and UV resistance. A slight degradation was observed for the S20
coatings. However, the degradation on the PU coatings was more severe than both S20 and S200
coatings.

The micro-sand blaster was used to investigate the erosion resistance of the coatings. Mixture
of dry air and abrasive particles in micrometer size was propelled out of a nozzle tip at a high
velocity, resulting in an abrasive stream onto the coating surface. Resistance of the tested
coatings is determined by the weight loss. Tested samples were weighed before and after 30 s of

the sand erosion to an accuracy of + 0.001 mg. The result is displayed in Figure 5a. A marked
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lower weight loss was observed for the S200 and PU coatings than S20 coatings, indicating their
better erosion resistance. The good sand erosion property of PU coatings is due to its ductile
properties, and S200 coatings exhibit comparable sand erosion resistance to commercial PU
coatings. To further investigate the erosion damage on the S200 and S20 coatings, FESEM were
used to observe the eroded regions on the surface as shown in Figure 5b-c. In the sand-eroded
region, micro cutting and ploughing of the relatively soft sol-gel matrix have resulted in the
exposure of the harder SiO> particles. The damaged surface of the S200 coating presented less
porosity than the S20 coating.

The sand erosion also changed the surface morphology of coatings as shown in FESEM
images of Figure 5b-c. Large protrusion surface features were observed on the S20 coating
surface due to the removal of the porous structure; no air-trap site can be observed (inset in
Figure 5b), which explains the decrease in water contact angle and inability to roll off (Table 4).
In comparison, the S200 coating (Figure 5c) still maintained some cavity structure after the
erosion that enables some degree of air trapping. As a result, the roll-off angle did not increase as
much as the one for the S20 coating, and a 10ul water droplet could still roll off though at a
much higher angle (Table 4). The PU coating surface was initially relatively smooth with a lower
hardness. During the sand erosion test, micro-cutting and ploughing actions removed the coating
material and increased the surface roughness. Thus, the PU coating exhibited an increased water
contact angle, but the water droplet still could not roll off from the surface due to its high surface
energy.

To study the anti-icing durability of coatings, the ice adhesion and the ice accumulation test
were carried out after sand erosion. Figure 6 compares the (a) ice-adhesion strength and (b)

percentage ice accumulation of the PU, S20 and S200 coatings before and after sand erosion.
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The ice-adhesion strength and percentage ice accumulation increased substantially after the sand
erosion due to the change of surface morphology as discussed before. The induced surface
morphology change caused surface wettability change, which has led to the observed
degradation in the icephobic performance. Nevertheless, S200 coatings still exhibited better anti-
icing properties among others. The adhesion strength remained lower than 100 kPa, implying it
possesses excellent anti-icing properties even after the top surface layer is removed since the low
surface energy chemicals are still present.[23, 63]

The durability assessment of the S200 coating is summarized in Table S1 (Supplementary
Materials) together with other reported coatings in the literature. Caution should be made not to
compare some of the performances based on the presented data, since there is a lack of consistent
test conditions / standards for the abrasion and erosion tests. Most of the reported icephobic
coatings can maintain superhydrophobicity after sandpaper scratching under pressure 2~20
kPa,[13, 64-68] or free-fall sand erosion. However, no ice-adhesion strength or other anti-icing
tests were reported. Koivuluoto et al. found weight gain of the polymer coatings after sand
erosion at pressure of 2.5 bars (= 250 kPa) but they did report other properties.[69] In
comparison, the S200 coatings presented water repellency and icephobicity after sand erosion at
pressure of 200 kPa, indicating a very good sand erosion resistance. Some researchers also
investigated UV resistance of coatings according to 1SO or ASTM standard methods with
different irradiation durations.[58, 68, 70-73] With exception of the ice releasing coatings
reported by Tang et al.[58], which reported ice-adhesion strength of coatings after UV resistance
test, other works only reported the water wettability of coatings. In this study, the ice-adhesion

strength of the S200 coating after 144h UV irradiation and 144h water condensation displayed a
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~10% increase (to 71.3 kPa), but this strength is lower than the ice-adhesion strength of the
topcoat ice-releasing agent reported by Tang et al. before UV exposure (~100 kPa).

So far, the reported superhydrophobic coatings are mainly relied on the loosely bonded and
porous structures. Although they can display high water contact angles and low water roll-off
angles, most of them are limited in practical applicability due to their poor mechanical properties
or durability. Here, we have described a simple method to fabricate durable icephobic coatings
by designing the “bulk” coating properties with surface morphology control. The use of silicone-
epoxy hybrid resin improves adhesion strength between coatings and the substrates. The resulted
coating is room-temperature processable and possesses a water repellent matrix because of the
presence of silicone. The addition of PDMS coated dual-sized NPs enables controllable
formation of the micro-nanostructured surface, which is mechanically robust yet keeps enough
air pockets on the surface. The use of the dual-sized NPs provides the benefits of denser packing
while not losing its ability to trap air, and thus is able to maintain excellent water repellence.
Such design principle is easy to adopt, scalable, and applicable to other functional coatings. In
particular, the extensive mechanical test, UV irradiation with water condensation, and sand
erosion test have verified the robustness and durability of the dual-particle S200 coating that has

exhibited ice-adhesion strengths below the well-accepted 100 kPa icephobicity criterion.

4. Conclusion

In summary, we have prepared fluorine-free icephobic coatings using a facile and scalable
process. A comprehensive investigation has been carried out on the environmental and

mechanical durability of the room-temperature processable coatings. The anti-icing and
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mechanical properties of superhydrophobic coatings with different surface morphology but the
same surface chemical structure were analysed. The design of dual-sized NPs has led to better
anti-icing properties as well as better resistance to sand erosion and UV weathering than coating
with single-sized NPs due to the more favourable surface features. In particular, the ice-adhesion
strength of the dual-size SiO> NPs coating was lower than 100 kPa after the UV weathering and
sand erosion. The developed icephobic coating can be applied for practical applications on

outdoor facilities under a harsh working environment.
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Figure 1. (a) Schematic drawing of the surface feature formation mechanisms of S20 and S200,
and surface morphology of (b) S20 and (c) S200 coatings measured by FESEM. Insets are profile
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of 5 ul water droplet on the coating surfaces, scale bar, 1 mm. (d) Measured water contact angles

and water roll-off angles of S20 and S200 coatings, (e) surface roughness of S20 and S200

coatings.
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Figure 2. FTIR spectra of S20 and S200 coating surfaces.
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Figure 3. (a) Ice-adhesion strength of S20 and S200 coatings, insets are schematics of ice
formation mechanisms on these coating surfaces, (b) ice accumulation results of S20 and S200

coatings.

Figure 4. The surface appearance of (a) S20, (b) S200, and (c) PU coatings after the dolly pull-

off test, the inset is a large piece peeled-off piece from the PU coating.
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22



Il Before sand erosion
600 - [ After sand erosion

~
o
—

Ice-adhesion strength (kPa)

450

300

150

-

(b) 50 Il Before sand erosion
i - After sand erosion
40 - —t—
30+

Ice accumulation rate (%)

i w

PU S20 S200
Sample ID

Figure 6. (a) lce-adhesion strength and (b) ice accumulation of PU, S20 and S200 coatings

before and after sand erosion.

23



TABLES.
Table 1. Sample ID and the corresponding weight ratio of the two types of coatings with

different SiO2 NP sizes.

SILIKOPON® EF  Sylgard 184 SiO2 NPs

Part A PartB PartA PartB Butyl acetate 200 nm 10-20 nm Tinuvin 292
S20 9 45 1 0.1 20 0 4 0.08
S200 9 45 1 0.1 20 2.67 1.33 0.08
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Table 2. Summary of measured mechanical properties of the PU, S20, S200 coatings in comparison with literature data for icephobic

coatings.

. Nano- Nano-
. Cross-cut test (ISO Pencil scratch Dolly pull-off test . . . .
Testing method * indentation indentation
2409) test (ISO 15184)  (ISO 4624)* (MPa) modulus (GPa) _ hardness (MPa)
. 599 + 0.16 (B,
PU coating - ’ 4B 4506)* 0.11+0.01 21+3
4B (5 % delaminated
areas due to
S20 £ 3H >350+£0.75(Y)* 1.28+0.30 37+8
5B
delaminated areas)
$200 4H >3.70£0.52 (Y)* 2.39+0.66 69 + 14
5B
delaminated areas)
Hybrid copolymer film[54] OB 4B N/A N/A N/A
Icephobic  hierarchically
textured coatings[55] °B N/A N/A N/A N/A
Icephobic
superhydrophobic 5B N/A N/A N/A N/A
coating[56]
Al;O3 / PTFE icephobic 5B N/A N/A N/A N/A

coatings[57]
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Ice Release Coatings[58] 5B

Icephobic paint[59] N/A
Aeronautical livery 5B
coating[60]
Without
_S|Iane-ba§ed N/A
- intermedia
Silicone
elastomer layer
- With silane-
coating[61]
based
. . N/A
intermedia
layer

Bilayer icephobic film via

iC\VD[62] N/A

2H~3H
2H

N/A

N/A

N/A

N/A

N/A
N/A

241 +0.04

0.431

1.494

N/A

N/A
N/A

48+0.3

N/A

N/A

191+12

N/A
N/A
141+9

N/A

N/A

479+ 7

* For the PU coating, 45% area of the coating is pulled off from the substrate. Following the test standard, “B” denotes adhesion

failure between the coating and the substrate. While for S20 and S200 coatings, due to the low adhesion between the applied adhesive

and the superhydrophobic surfaces, the coating did not pull off at the coating/substrate interface. In this case, “Y” indicates failure

caused by the applied adhesive. The indicated values are the adhesion strength between the applied adhesive and the coating surface,

and the actual coating adhesion strength should be greater than the listed values.

26



Table 3. Summary of results of coatings properties before and after UV and condensation

weathering test.

PU S20 S200

Before After Before After Before After
weathering weathering weathering  weathering weathering weathering

Water

contact angle 98+1.3  83+54  157+12  154%36 158+18 156+37
)

Water roll- No 10+14  30+20 15421  20+18
off angle (°)

Ice adhesion 450.0 + 474.0 +
(kPa) 13.0 20.0

Ice

accumulation 243+40 30.1+43 82+19 13.0+1.7 6.8+1.0 8.8+1.6
(wt. %)

Tape
adhesion
Pencil
scratch

Dolly  pull
adhesion
(MPa)

Nano-
indentation
modulus
(GPa)

Nano-
indentation
hardness
(MPa)

1139+88 120.1+9.1 64.7+54 71.3+6.8

4B 4B 5B 5B 5B 5B
4B 3H 3H 3H 4H 4H

599 +0.16 3.81+0.12 >350 + >335 + >3.70 + >364
(B, 45%) (V) 0.75 (Y) 076 (Y)  052(Y)  0.65(Y)

0.11+0.01 012+0.01 128+030 172+043 239+0.66 2.35+0.68

21+3 23+3 37+8 76+12 69 + 14 82 +16

Table 4. Water wettability of coatings before and after the sand erosion test.

PU S20 S200
Before After Before After Before After

Water contact angle
)
Water roll-off angle

()

98 +1.3 103+2.1 157+12 132+22 158+1.8 148+15

No No 10+14 No 15+21 85+21
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