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Abstract: Ice accumulation leads tonproper 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 dueto health and environmental concerns. Here, we present a facile method to
fabricate fluorinefree icephobic coatings with potential applications for outdoor facilities and
structures. The coating consists of a silicepexy hybrid resin, polydimethylsilaxe (PDMS)

and SiQ nanoparticles with different sizes. Particularly, the use of different slf=20( nm and

200 nm) SiQ 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 icepletoy job the
coatings is very promising as a sustainable greention for various practical amicing

applications

1

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, stlbricating icephobic elastomer coating.



1. Introduction

To reduce the labour cost and downtime associated with removal of accumulated ice
facilities, transportation vehideand buildings, considerable interest on -#eitig coatings has
been shown since the 1900s. The first reportedieéin composition designed for automobile
radiator was patented in 19]8.In 1956, Rolle and Barnes claimed that cellulose lacquers could
withstand the icing and deing test[2] Jellinek studied the effect of a monolayer on ice
adhesion in 196p3] Bascom et alinvestigated the icadhesion strength of hydrophobic and
hydrophilic surfacesand the failure mechanism of hydrophilic surfee@sSince then, a lot of
research work has been carried out, ranging from liquid & grease filled coatings to modified
epoxy or urethane painfs, 6] Literature study shows that the adhesion strength between ice and
solid surfaces depends greatly e van der Waals forcds] In recent years, there has been a
growing interes in superhydrophobic coatings consisting of hierarchical rmeanmo
structureg8-11] The trapped air pockets amichcoating surface are beneficial in reducing the
adhesion of ice as they amble 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 refifpv&]] However, the
existing of micrenano structures weaks the mechanicaldurability of superhydrophobic
coatings, and in some caseawmisture condensatiom ithe micro/ nanoporous surface mégad
to a larger (tharihe nominal) contact area between ice ahd solid surface resulting inan
increasedce adhesion

Slippery liquid-infused porous surfacgSLIP9, inspired byNepenthegitcher plantshave
been explored by some researchers as another strategy to achieve low ice ftiBjdsioret al

prepared anticing SLIPs coatings from silicone rubber solutj@d] Zhang et alreported a
2



doublelayered SLIPs coating prepared by hydrothermal reaction followeih
perfluoropolyether liquid infusiofil5] An ice releasing coatinrggasmanufactured by silicone oil

or fluorosilicone fluid embedded within crebsked silicone resifil6] The major challenges
faced bySLIPs arethe potentiadepletion of infused liquids and poor mechanical properties of
the porous matrixYeong et aldeveloped & oil-infusedicephobicelastomericcoating (SLIC)
which showedyooddurability toabrasion byself-replenisliing the lost oil[17] In another effort

to avoid depletion of the infused liquid, Coady et iafused U\tcured siloxane resimio
anodizedcouponstreatedwith n-decyltrichlorosilane and sitlone 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 shap&ajeted substrates, being scalable and easy to
process at low temperaturds. et al. reported a fluorinated coating embedded with sufface
modified nanesilica which is promising for aniting applicationg19] The coating exhib#
superhydrophobicity after 4 weeks of atidlkali, heat/ cool treatment. Atta et abuccessfully
preparedsuperhydrophobic epoxy coatings with the help of fatty acids modified calcium
carbonate nanoparticl§0] 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 4aghesionstrengtharound 200 kPf21] *X RV JURXS
demonstrated anicing coatingdfabricatedby spreading Mg(OH)particles treated with stearic
acid on top of epoxy resif22] Despite theseadvanceswork focusing on themechanical
propertiesand durabilityof icephobiccoatingsremains limited especially anticing properties
under ultraviolet (UV) irradiation and harsh sand erosion environr@emnisidering that there are

different requirementdor the mechanical properties and durability for different practical
3



applications(e.g. aeroplane wings vs. wind turbine bladesgphobic materials thaan dsplay
good resistanct ice formation and accumulatiamderdifferent application environmentge
highly desirable

In terms of the low surface energy materials, fluorocarbons are ofted in icephobic
coatings For example, Zhang el. demonstrated a slippery ainting coating by trapping
perfluoropolyether in the porous AZ31 Mg allfhs] Emelyanenko et alfabricated a
fluorooxysilane modified silicone rubber coating with the help lader treatment, and
invedigated the articing behaviorat low temperature®3] 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 toffeetikee
replacement for fluorochemicals in hydrophobic and icephobic coatingthis paper, we
fabricated fluorineree superhydrophobic coatings via a facile method based on sikqanxgy
resinand dualscale SiQ nanoparticles design. Theocess is simpleand the coating can be
cured at room temperature. The prepared coatings were tested under simulated harsh
environments such as pressurized sand erosion andcoMlensatiorexposureThe developed
superhydrophobic coatings demonstrageatellent durability, and are promising for practical

applications.

2. Experimental details
2.1 Materials

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

(SILIKOPON*® EF) and polydimethylsiloxane (PDMS, commercial name Sylgard 184) were
4



obtained from Evonik industries and Dow Corning, respectively. Both argastoproducts 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. Substnates cut from glass
fibers reinforced epoxy (GFRE) plates. For comparisprgprietary polyurethane based
composite coatingformulated for wind turbine application@enoted as the PU coating

thereafter) wasacquired and tested.

2.2 Preparation method

In a typical fabrication process, PDMS grafted SiPs 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 SiQ NPs comparisn was made between the PDMS modified two sized particles (200 nm
and 1020 nm with weight ratio of 1 : 2 mixed) and the- 2@ nm particles only. SILIKOPON
EF (two parts used together) and Tinuvin 292 were added into the prepargegdaiiCle
suspensionand mixed for another 10 min under ambient condifidre detailed weight ratio of
the mixtures and sample ID are showlable 1 S20denotes theoating containinghe single
sized 1620 nm particles, while S206tands for the coating containirtge dud sized silica
particles (200 nm and 120 nm) A mechanical mixer was used during the mixing process at a
speed of 2000 rpnThe obtained particle dispersion solutions were spoated onto the GFRE
substrates through an airbrush kit (ASO6KB) with arfirh 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 teperature, 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, JEGBOOF, Japan). The contact angle and-aftillangle of
water were measured with a contact angle system (OCA 20, Dataphysics Co., Gefithany).
surface roughness of the coatings was evaluated by a surface paifilea-Etep 1Q Surface
Profiler, Kla Tencor, USA) with a scanning length of 6 nifIR spectra ofhe coatings were
obtained usin@ ) UR Q W L H U Sgectbomete(PerkinElmer Inc.) The tested samples were
prepared by mixinghe coatingragmentsand standard KBr powders with weight ratio of 1:20,
followed by compression. The atings fragments were scratchiedm thecoatings.The elastic
modulus and hardness of the deposited ngatiweremeasuredusing a nanéndenter (Nano
Indenter XP system, MTS, US) witltontinuous stiffness measurement (CSM) mefi2dl 10
~ 12 indents were made on each sample. At least three samples of each type of coating were
tested. Cosidering 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 loadingedidsri3U coating.
7KH KDUGQHVY DQG <RXQJYV PRGXOXV YDOXHVY ZHUH REWDL(
nm, as in the CSM metho®encil scratch test of coatings was assessed using a commercial
pencitscratch tester (Scratch Hardness Tester Model RRICHSEN, Germany) according to
ISO 15184standard test method. The brittleness and adhesion properties of coatings were
measured bya crosscut adhesion test kit (Cross Cut Adhesion Test KIT CC1000, TQC,
Netherlandspased oriSO 2409 tandard test metd. 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 (PosiViest, Mefescal,
USA) according to ISO 4624 standa
2.4. Durability assessment

UV resistance of the coatings was analyzedaliyV accelerated weathering machine (SDL
ATLAS, UK) according to ISO 11507 standar8amples were mounted in the weathering
chamber and subjected to a cycle of 4 hexosure to intense Ukadiation at 60 °C, followed
by 4 hours moisture exposure by condensation at 50 °C. The cycle was continagdté&brof
288 hours. In addition, a home designed m&aad blaster was also usedrteestigatethe anti
icing durablity of coatings after sand erosif2b] Silica particles in size of 63 (220 mesh)
were used athe erosiormedia.The coatingsvere placed horizontally under the sand spraying
nozzle with a distance of 10 cm. The erosion was carried out by impinging the sand patrticles
perpendiculapbnto the coating surface for 30 s at a pressure of 200 kPa over an exposed area of
2.43 cni. Theloss in weight wasecorded afterthe sand erosiortest Optical microscope and
FESEM were used to observe the eroded regions on the coating sdif@acge 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 icadhesion strength test, a Teflon tube with an inner diameter of 18 mm
was filled with3 ml DI water, and then covered with the coated substrate on top. The substrate
was flipped upsidelown before being placed inside a climate chamber (CincinnatiZ8ud
environmental chambers, USA) for 24 h-86 . The prepared ice block was sheared off the
substrate by a moving piston till failuf26] The peak force at which the ice block was removed

from the substrate was recorded and used for the calculation -afihesion strength. The



reported iceadhesio strength is an average value of at least six measurements on the same
position of more than thremamples.

Ice accumulation on the sample surface was investigatédeirsame climate chambas
described beforat temperature ofl5 & following our previously reported methd@7] The
coated substrate was p&d at an angle of 4%o the horizontal plane. Piemoled deionized (DI)
water was prepared by storing the container in a refrigerator set @t until part of the bulk
water became ice (the temperature of water was therefore aro@)jd The water dgping rate
was kept at 1 drop every 5 seconds. Each ice accumulation test lasted for 10 min. Themimens
of the substrate is 65 mm42 mm. At least three samples of each type of coatings were tested,
and each sample was repeated for 3 times at the gasiton. The percentage accumulation

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

3. Results and Discussion
3.1 Design Strategy

SiO; NPs lave been widely used to prepaeperhydrophobic coatings due to their eost
effectiveness, chemical durability and good mechanical propg28e30] Athauda et al
investigated duasize effect of functionalized silica NPs of 7, 12, 20, and 40 nm by-kayer
layer deposition and pointed out that surface roughness can lik bdyremploying NPs with
different sizeg31] Raspbernjike SiO; paticles were prepared by some researchers to fabricate
micro-nanostructure surface with superhydrophobif3®-34] In this study, duasized PDMS
modified NPs (10 nm SiQ NPs and 200 nm S¥NPs) were used to produce dense packing

of micro-nanostructure An in-depth and systematic studf the effect of usig dualsized



particles on icephobicity and mechanically durability was carried out in comparison with the
singlesize patrticles. Particularly, to enhance the mechanical durability, NPs were introduced in
an epoxy matrix as shown Figure 1la. Nanoparticles have significantly large specific surface
areas and tend to agglomerate due to the van der Waals [f8f5c86] The maximally entangled
NPsoffer a methodical variation of agglomeration size as well as arrangement in surface texture.
Smaller NPs have larger spicisurface 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 la. However, when the two sizes are used together, the small particles are
relaively well dispersed between the large ones, effectively reducing the agglomeration and pore
size as shown in the schematic illustration. For verification, sisigeel and duasized
superhydrophobic coatings were prepaféidure 1b-c shows the obtained surface morphology

of the S20 and S200 coatings, respectively. A mi@aonostructure was observed on both coating
surfaces, and such surface featigreritical in introducingsuperhydrophobicity28] The micro-
nanostructure enables wat#moplets to easily roll off the coating surface wibntact angle

larger than 15@as shown inFigure 1d and insets in Figure -tbBetween the two types of
coatings, large protrusions and pores with size arow3d An could be clearly seen in the S20
coatings Figure 1b). In comparison, more densely packed sgfaith small pores of size less

than 500 nm was observed on the S200 coatiRggie 1c). When 33 wt.% of the @0 nm

SiO2 NPs were replaced by the same amount of 200 nm&ifficles, a dramatic decrease in the
surface porosity and protrusion size was observed. This indaicediuction in the surface
roughness of coatings as shown in Figure 1e. The S20 coatings presented a surface roughness of

~1.4 Hn, while the S200 exhibited a surface roughness of Hh9Although S20 and S200



coatings exhibited significant difference iar&ace roughness values, the contact angle of S20
and S200 coatings were very close, and both are larger thaggd®Q@opresence othe micro-
nanastructure. However, S200 coatings displayed a slightly highepoffodingle due ta lower
surface roughnes

The surface chemical structuoé S20 and S200 coatings is revealed by HIdR spectraas
shown in Figure 2Since the difference of these two coatings is the size of nanoparixsesly
the same absorption peaks were observed on these two codtiegsroadband around 3500
cmt is attributed to the OH stretching involved in absorbed waites absorptionpeaksat the
range of 280@m™* ~ 3000cm? are attributed to th€-H strengtt{37-39] The absorptions peaks
at 1268 crrt can beattributed to the SCHs group[40] The absorptions peaks at 1081, 1095
cmt, 804cmt and 700cm are relatedo the combine®i-O andSi € © stretching groupgto,
41] The strong band at44 cm! indicatesthe presence o§i-O-Si bond[41]. No epoxy group
was found at ~916m,[42, 43] andthe small peak a1594cm? is attributed to the presence of
NH2.[44] This impliescomplete reaction of the epoxgsin.
3.2. Anti-icing performance

Even though the difference in surface features has limited effect on water contact angle and
water roltoff angle of the S20 and S200 coatings, it may pose different impact on the icing
behavior on the coatings. To better understand theicamgj propertes of S20 and S200
coatings, thecommercial PU coating, which isidely used as a protective layer on outdoor
facilities, were measured and comparéigure & shows the measured 4adhesion strength of
PU, S20 and S200 coatings-46 &. The obtained &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 iceadhesion value (64.7 5.4 kPa) was obtained on the S200 coatings, which was about
half that of the S20 coatings.i#t well accepted that the interaction forces acting assidestrate
interface include electrostatic forces, van der Waals forces, hydrogen bonding, and mechanical
interaction[45] Although both S20 and S200 coatings contain water repei&s groups from

PDMS and siliconeepoxy 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 moleculesksgp their polar behavior

and tend to adhere to solid surface under electrostatic forces as illugirateetof Figure 3a

(the electrostatic force is marked by thmall 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 émperature condition. Besides, larger pores in the S20 coating are prone to the
sagging effect as schematically illustrated=igure & (inse}. This leads to greater mechanical
interlocking and larger electrostatic forces between water molecular aB@@hepating surface.

The less porous S200 coatings promoted and maintained the presence of tiny air pockets at the
ice-coating interfaceThe trapped aidisruptsintimate contact between the ice and the substrate,
thus has significantly reduced the icéhasion. The iceadhesion strength of the S200 coating is
much lower than the reference PU coating and some reported superhydrophobic and hydrophobic
coatingswhich reported iceadhesion strength larger than 400 kPa due to serious mechanical
interlocking am hydrogen bondinf45-47] 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 adbesstrengthbelow 100 kPa as key criterion foricephobic
coatinggd48, 49

Ice accumulation isnother important criterion for icephobicity. In the current work; pre
cooled water (~0€C) was dropwise dripped on to the PU, S20 and S200 coating surfadés at
@ to evaluate the resistance to ice accumulation. The obtained ice accumulation rebkelts of
three separate runs on the same position of each type of samples are dhgwreifFigure 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 tdheir similar watemvetting behaviarThe 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 ¢868€i2] 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 primaryaerns of anticing coatings for many
practical applications in harsh environment. To determine the mechanical properties of S20 and
S200 coatings, dolypull adhesion,crosscut, pencitscratch and nanrmdentation tests were
carried out according to thespective standards. The results are summarizédbie 2.Both
S20 and S200 coatings demonstrated good adhesion toward the epoxy substrate according to the
crosscut test, and there were no observable coating chipping and peeling. The optical
microsco@ images inTable 2 show that the coating edge after cutting was smoother than the

reference PU coating, indicating good adhesion andbnittheness of the coatings. The 5 %
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delaminated areas of the PU coating is due to the wedge spallation failurewasicdaused by

the applied compressive stress along the scratch groove, as well as ahead of the moving
cutter[53] The crosscut adhesion test results of S20 and S200 coatings are comparable and are
both better than currently literature reported icephobic codlistgs in Table 454-58] Besides,

the pencil scratch grade of 3H and 4H were olethion the S20 and S200 coatings, respectively,
which is significantly letter than the PU coatingsB¥tand other reported icephobic coatifg4,

59 The dolly-pull test on S20 and S200 coatings found that the adhesion strength between
coatings and substrates was stronger than thiéteafoatings and the applied adhesive for the

test. The failure occurred at the interface of coatings and the apghedige as shown in Figure

4dab. 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 in4eiglree to the

different failure mechanisms, the reported|ff 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 doljyull test may not be as effective as the cimdstest despite that

the former isgquantitative 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 thetedpasronautical livery

coating [60] and silicone elastomer coating with or without intermediate layer to epoxy
undercoat(adhesion strength is around 0. 431 to 1.494 MI&H)Further investigation was
FDUULHG RXW WR VWXG\ WKH LQGHQWDWLRQ KDUGQHVV Dt
FRDWLQJY SUHVHQWHG WKH KLIJIKHVW KDUGQHVV DQG <RXQJ!
coatings. This is due to the incorporation of tlenaparticles and the reduced pore size as

discussed before. Although the meadurencindentation hardness and modulus of S200
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coatings are lower than the reportedayer icephobic film prepared via iC\{b2] and
aeronautical livery coatinf$Q] pencil scratch resistance and dolly pofil test verified the good
scratch resistance and adhesion of S20@rggsto substrates.
3.4. Environmental durability

In addition to icephobicity and mechanical properties, another key requirement for a
practically applicable anicing coating is its environmental durability under conditions such as
environmental weathigag and mechanical erosion. In order to simulate the UVcandensation
ageing effect during natural condition, an accelerated UV weathering test was employed to
analyze the coating resistance according to ISO 11507 standard test method. The water contac
angle, roltoff angle, iceadhesion 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 ifiable 3 It was reported that when aprhydrophobic surface
begin to degrade, the water rolif angle would change more rapidly than the water contact
angle. t can be seen thdhe effect of K ¥ and water exposureon theice-adhesion
strength, ice accumulation and mechanical properties of S200 coatings is insignificant, indicating
good water condensatioand UV resistance. A slight degradation was observed for the S20
coatings. However, the degradation on the PU coatimgsmore severe than both S20 and S200
coatings.

The micresand blaster was useditvestigate therosion 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, resuling in an abrasive streamnto the coating surfaceResistance of the tested
coatings is determined likie weight loss. @sted samples were weighed before and after 30 s of

the sand erosn to an accuracy of £ 0.a0mg. The result is displayed Kigure & A marked
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lower weight loss was observéat the S200andPU coating thanS20coatings, indicatingtheir
better erosion resistanc&€he 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 coabEfdgdyiwere
usedto observe the eroded regions on the suréecehown irFigure 5bc. In the saneeroded
region, micro cutting and ploughing of the relatively soft-gell matrix have resulted ithe
exposure of the harder SiQarticles. The damaged surface of the S204ting presented less
porositythan the S20 coating

The sand erosion also changed the surface morphology of coatings as shelR8EM
images ofFigure %-c. Large protrusionsurface features were observed on the S20 coating
surface due to the removal of the porous structure; ntragirsite can be observed (inset in
Figure ), which explains the decrease in water contact angle and inability to rolladiffe).
In comparison, the S200 coatirfgigure %) still maintained some cavity structure after the
erosion that enables some degree of air trapping. As a resulh)ltoé angle did not increase as
much as the one fdhe S20coating anda 10 R water droplet could still roll off though at a
much higher angléTable4). The PU coating surface was initially relatively srtiowith a lower
hardness. Duringhe sand erosion test, miecatting and ploughing actions removed the coating
material and increaseddlsurface roughness. Thus, the PU coating exhibited an increased water
contact anglebut the water droplet still could not roll off from the surfaiees to its high surface
energy

To study the articing durability of coatingsthe ice adhesion anthe ice accumulation test
were carried outfter sand erosiorfigure 6 compares the (a) ie’dhesion strength and (b)

percentage ice accumulation thie PU, S20 and S200 coatings before and after sand erosion.
15



The iceadhesion 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 clhnge 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 100kRag it
possesses excellesntiicing propertieeven after théop surface layer is removed since the

surface energy chemicadse still preseni23, 63]

The durability assessmendf the S200 coatingsisummarized inTable S1 (Supplemeauty
Materialg togetherwith otherreported coatingm theliterature Caution should be made not to
compare some of thgerformancebased on the presented data, since there is a lacksitent
test conditions ktardards for the abrasion and erosion teMest of the reported icephobic
coatings can maintain superhydrophobicity after sandpaper scratching under pressure 2~20
kPa[13, 64-68] or freefall sand erosion. However, no iegelhesiorstrength or other anicing
tests were regrted. Koivuluoto et alfound weight gain of the polymer coatings after sand
erosion at pressure of 2.5 bars (= 250 kPa) but they did report other prdG&itids.
comparison, the S200 coatings presented water repelledcicephobicity 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 1ISO or ASTM standard methods with
different irradiation durationgb8, 68, 70-73] With exception of the ice releasing coatings
reported by Tang et §8], which reported ice@dhesion strength of coatings after UV resistance
test, other works only reported the water wettability of coatimg this study, the icadhesion

strength of the S200 coating aftet4h UV irradiationand 144hwvater condensatiodisplayed a
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~10% increase (to 71.3 kPa), but this strength is lower than tkediesion strength of the
topcoat icereleasing agent repied by Tang et al. before UV exposure (~100 kPa).

So far, the reported superhydrophobic coatings are mainly religkdedoosely bonded and
porous structures. Although they can display high water contact angles and low wabéfr roll
angles, most of te 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
E\ GHVLJQLQJ WIrroperked With BuRfaz®\imorphology control. The use of silicone
epoxy hybrid resin improves adhesion strength betweatings and the substratd$he resulted
coaing isroomtemperature processalded possesseswveater repellent matrix because of the
presence of silicone. The addition of PDMS coated -diza&ld NPs enables controllable
formation of the micrananostructured surface, which is mechanically robust yet keeps enough
air pockets on the surface. The usehef dualsized NPs provides the benefits of denser packing
while not losing its ability to trap air, and thus is ablentaintainexcellent 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 afithiparticle S200 coatinthathas

exhibitedice-adhesion strengths below the waticepted 100 kFaephobicity criterion.

4. Conclusion

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

mechanical durability of the rootemperature processable coatings. The-iaimg and
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mechanical properties of superhydrophobic coatings with different surface morplologye
same surface chemical structwvere analysedThe design of duadized NPs has led to better
antricing properties as well as bettessistanceo sand erosion and UV weatheritign coating
with singlesized NPslue tothe morefavourablesurface featuresn particular,theice-adhesion
strengthof the dualsize SiQ NPs coating was lower than 100 kPa after the UV weathandg
sand erosionThe developed icephobic coating can be appliedpfactical applications on

outdoor facilities under a harsh working environment.

18



FIGURES

(a) ¢« @

SO, NPs 10-20 nm 200 nm Epoxy matrix

€
=
5:170 353 %) 15} I
2 0s F 1
e " |—a= P58 @ 1.0}
3 150; 20 & =
- 115 = o 0.5¢
S 140 . . o2 8
o 130 : - 5 % § 09 S20 S200
g S20 S$200 = = Sample ID
Sample ID a ampie

Figure 1. (a) Schematic drawing of the surface feature formation mechanisms of S20 and S200,
andsurface morphology of (b) S20 and 8300 coatings measured by FESEMdts are profile
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of 5 B water droplet on the coating surfacesale bar, 1 mn{d) Measured water contact angles
and water roHoff angles of S20 and S200 coatings, (e) surface roughness of S20 and S200

coatings.

Figure 2. FTIR spectra of S20ma S200 coating surfaces.
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Figure 3. (a) Iceadhesion 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.

i ey

! A

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 peeaddidpiece from the PU coating.
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Figure 5. (a) Weight loss of PU, S20 and S20G&tings aftersand erosionFESEM images of
(b) S20 and (c) S200 coatingairfacesafter sanderosion Insets in (b) and (c) are the

corresponding FESEM images under high magnification.
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Figure 6. (a) Iceadhesion strength and (b) ieecumulationof PU, S20 and S200 coatings

before and after sand erosion.
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TABLES.
Table 1. Sample ID and the correspondingeight ratio of the two types of coatings with

different SiQ NP sizes.

SILIKOPON" EF  Sylgard 184 SiO; NPs . )

Part A PartB PartA PartB 200 nm 10-20 nm Tinuvin 292
S20 9 45 1 0.1 20 0 4 0.08
S200 9 4.5 1 0.1 20 2.67 1.33 0.08

Butyl acetate
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Table 2. Summary of measured mechanical properties of the PU, S20, S200 coatinggarison with literature datar icephobic

coatings.

Testing method

Crosscut test (ISO Pencil scratch
2409) test (ISO 15184)

Dolly pull-off test Nano

(ISO 4624)* (MPa)

indentation
modulus (GPa)

Nanc
indentation
hardness (MPa

PU coating

S20

S200

4B

4B (5 % delaminatec
areas due to scrafch

3H

5B (Nearly no
delaminated aregas

4H

5B (Nearly no
delaminated aregas

Hybrid copolymer filnf54 0B
Icephobic  hierarchicall

)
textured coatinds5] oB
Icephobic

superhydrophobic 5B
coatin
Al203 / PTFE icephobic 5B

coating$57]

4B
N/A

N/A

N/A

599 + 0.16 (B
45%)Y:

>3.50+0.75(Y) 1.28+0.30

>3.70£ 052 (Y) 2.39+0.66

N/A N/A
N/A N/A
N/A N/A
N/A N/A

"0.11+0.01

21+ 3

37+8

69+ 14

N/A

N/A

N/A

N/A
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Ice Release Coatinfg8] 5B 2H~3H N/A N/A N/A

Icephobic pair&9] N/A 2H N/A N/A N/A
Aeronautical livery 141r9
Coatin 5B N/A 241 +0.04 4.8+0.3
Without
silanebased N/A 0.431 N/A N/A
. intermedia
Silicone
elastomer {;a\ll)i/tehr silane
coatind61] based
: . N/A N/A 1.494 N/A N/A
intermedia
layer
Bilayer icephobic film via
iCVD@ N/A N/A N/A 19.1r1.2 479 r7

* For the PU coating, 45% area of the coating is pulledlaRP WKH VXEVWUDWH )ROORZLQJ WKH WHVW
failure between the coating and the substrate. While for S20 and S200 coatings, due to the low adhesion between titeeapeied a

and the superhydrophobic surfaces, the coating dd/n& XOO RIl DW WKH FRDWLQJ VXEVWUDWH LQWHUI
caused by the applied adhesive. The indicated values are the adhesion strength between the applied adhesive anditfecepating s

and the actual coating adhesion strersffithuld be greater than the listed values.
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Table 3. Summary of results of coatings properties before and after UVcandensation

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 157r1.2 154+36 158r1.8 156r3.7
(9
Water rolk o No 10 r1.4 30r2.0 15r21 20r18
off angle (q
Ice adhesior 450.0 r 474.0 r
(kPa) 13.0 20.0 113.9r88 120.1r9.1 64.7r54 71.3r6.8
Ice
accumulation 24.3r4.0 30.1r4.3 82r1l9 13.0rl1.7 6.8r1.0 88rl.6
(wt. %)
Tape 4B 4B 5B 5B 5B 5B
adhesion
Pencil 4B 3H 3H 3H 4H 4H
scratch
ggggsionp“" 5.00 + 0.16 3.81 + 0.12 >3.50 + >335 <+ >3.70 + >3.64 <
(MPa) (B, 45%)  (Y) 0.75 (Y) 076 (Y) 052(Y)  0.65(Y)
Nano
indentation 5 11, 597 012+ 0.01 1.28+0.30 1.72+ 0.43 2.39 + 0.66 2.35 + 0.68
modulus
(GPa)
Nano
indentation ;| 4 23+ 3 37+8 76+12  69+14 82 +16
hardness
(MPa)
Table 4. Water wettability of coatings before and after the sand erosion test.

PU S20 S200
Before After Before After Before After

\(’\(;ater contactangl ge 4 13 103+21 157r1.2 132422 158118 148+ 15
Water rolkoff angle . NoO 10r1.4 No 15121 85r2.1

(9
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