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Among different types of anti-icing coatings, superhydrophobic surfaces have attracted extensive attention
due to their excellent water repellency and low thermal conductivity. We report facile spraying time tuning
to optimize the superhydrophobic (SHP) surface coating fabrication by a one-step spraying method of
mixing SiO, nanoparticles with epoxy resin (EP), polyamide resin (PAl), and HFTMS. The wettability
performance was optimized by adjusting spraying time from 0 s to 25 s to control surface morphology
by adjusting surface morphology and line roughness. With spraying time of 20 s, SiO, molecular clusters
on the superhydrophobic surface showed a maximum water contact angle (WCA) of 160.4° + 1.3° and
a sliding angle (SA) of 4.1° &+ 1.0°. What's more, the effect of the coatings' icing behavior were studied by
icing heat conduction; SHP-20 delayed the icing time for 410 s at —15 °C, and the icing performance of
SHP-20 also declined with the decrease of temperature to —9 °C, —12 °C, —15 °C, and —18 °C. The WCA
of SHP-20 can remain above 140.9° + 1.8° after 40 abrasive 1000# sandpaper wear cycles. The results

Received 19th September 2022
Accepted 11th November 2022

DOI: 10.1039/d2ra05904e

Open Access Article. Published on 23 November 2022. Downloaded on 12/5/2025 1:34:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Inspired by the special properties of natural biological surfaces
including lotus leaf surfaces and butterfly wings, super-
hydrophobic (SHP) surfaces have applications in many
emerging industries, including anti-icing," self-cleaning,” fluid
rent reduction,’® etc. In the application of metal materials, the
hydrophilicity of their surfaces often leads to material failure.
HFTMS as a known and lowest surface energy modifier yet
recorded (6.7 mJ m~> was attained for a surface with regularly
aligned closest-hexagonal packed -CF; groups) has been proved
to be able to react with hydrophilic -OH group to form hydro-
phobic groups with low surface energy.** At the same time, it
can also enhance the bonding ability between metal matrix and
organic coating.*” SiO, nanoparticles are a hydrophilic and
attractive material for superhydrophobic coatings which have -
OH group on the surface due to cheaper,® chemically stable,’
harmless, and low thermal conductivity."® Thus, we can modify
SiO, molecules to obtain a stable superhydrophobic coating and
study its reaction mechanism.

The surface with water contact angle more than 150° can be
realized by adjusting the surface structure and surface energy."*
Currently, a large number of superhydrophobic materials have
been prepared on different substrates by chemical electro-
spinning,** laser etching,"*™* electrochemical treatment,'>"”
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also provide a basis for the preparation of SHP and anti-icing characteristics.

physical or chemical deposition,'®* and self-assembly*>** to get
superhydrophobic wettability. T. P. Manoj et al.** fabricated
a superhydrophobic surface by changing the etching time of
titanium alloy in acid, the coating exhibits a maximum WCA of
162.3° + 1° with a sliding angle of 1°. A. Gaddam et al.*® studied
one step femtosecond laser processing to get single-tier nano
and two-tier multiscale structure to learn more about the
surface morphology and surface hydrophobicity, and the
experimental results show that the multi-scale surface
morphology features have good hydrophobicity. However, most
of these methods require fine technology and damage of surface
metal characteristics that cannot achieve large-scale produc-
tion. In addition, many researchers obtain superhydrophobic
surfaces by changing the surface energy parameters of coat-
ings.**** The coating prepared by spraying can be applied to
most alloys and has low thermal conductivity, and spraying low
surface energy substances on the surface can effectively obtain
appropriate surface roughness that the surface has super-
hydrophobic properties economically. W. Guo*® prepared
a superhydrophobic surface with fluorinated epoxy and
unmodified-nano SiO, and micron SiO,, the contact angle for
water was 158.6° £ 1°. However, the anti-icing performance of
the coatings has not been satisfactorily achieved. As a result,
most superhydrophobic surfaces can be ideal candidates for
anti-icing surfaces,””*® the micro-nano structure design and
water-repellent properties of coatings have a great influence on
the icing performance of droplets on the coating surface.”**°
Further, delaying the freezing process of droplets mechanism
with an incomplete description and understanding and the
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function of superhydrophobic coatings icing behaviors under
different temperature which also limits its practical application.

In this paper, we report a simple, economical preparation
method by coatings in which the EP, PAI, and HFTMS were self-
assembled onto SiO, particles, and study the reaction process.
Experiment was designed as a one-step spraying method to get
superhydrophobic coating (SHP) that studied the surface
morphology of spraying time with 0 s to 25 s. The icing behav-
iors of SHP surfaces were optimized at —15 °C, and coatings
with the best hydrophobicity were studied at the different
temperature of —9 °C, —12 °C, —15 °C, and —18 °C through the
self-made anti-icing experimental process. And the durability
and mechanical properties of the surface with the best hydro-
phobicity were tested.

Experimental
Materials

7075 aluminum alloy (40 mm x 40 mm x 2 mm), purchased
from Shenzhen Shengjili Co., Ltd; trimethoxy (1H,1H,2H,2H-
heptafluorodecyl, HFTMS) silane, purchased from Aladdin
Reagent Co., Ltd; gas-phase nano-silica SiO, (hydrophilicity,
particle size about 20 nm), purchased from Zhiding Welding
Materials Co., Ltd; epoxy resin (EP, 40 000-50 000 Pa s/25 °C),
polyamide resin (PAI, 12 00025000 mPa s/40 °C), purchased
from Zhejiang Jinhong Co., Ltd; ethanol (CH3;CH,OH) and
acetone (CH3COCHj;) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd.

Sample preparation

7075 aluminum alloy (40 mm x 40 mm x 2 mm) is polished
8004, 1000#, and 20004 emery papers to refine the surface
roughness and machining tool marks of the aluminum plate,
subsequently, it was polished by a P-2 metallographic sample
polishing machine to remove the alumina film on the surface of
aluminum plate. Then, it was placed in acetone solution at
room temperature, ultrasonic cleaning, and ethanol solution
for 10 min. These steps are mainly used for various oil stains on
the sample surface to reduce the influence of the oil film on the
subsequent experiments. 1 g SiO, nanoparticles were dispersed
in 20 ml ethanol and treated by ultrasonic dispersion for
30 min. Subsequently, 2 ml a mass fraction of 1% HFTMS
ethanol solution was added to the SiO,/ethanol dispersion, and
the HFTMS was hydrolyzed and self-assembled into SiO,
nanoparticles. Then, the modified SiO, epoxy dispersion was
obtained by adding 0.5 g EP and 0.5 g PAI modified SiO,
nanoparticles. What's more, to investigate the effect of applied
potential on superhydrophobic, the pre-cured modified SiO,
epoxy dispersion is sprayed on the cleaned aluminum substrate
as an adhesive layer. And spraying time in different duration
ranging from 0 s to 25 s to investigate the performance of the
coating surface. The air pressure of the spray gun is set to 30 psi,
and the distance between the spray nozzle and the base plate
and the diameter of the nozzle is 25 ¢cm and 0.13 cm respec-
tively. After spraying, the coating was dried in a hot air oven for
1 h at 80 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Characterization

Merlin compact scanning electron microscope (SEM, Carl Zeiss
NTS GmbH, Germany) was used to observe the surface micro-
morphology of the sample. To further analyze the surface
morphology and structure of the composite coating, the surface
micromorphology and bulge height profile of the composite
coating were characterized by Ultra-Depth 3D Microscope (VHX-
2000, Japan), the surfaces roughness of SHP were tested by SJ-
210 (Mitutoyo, Japan).

SDC-350 optical contact angle measuring instrument
(Dongguan Sheng Precision Instrument Co., Ltd.) was used to
observe the sample surface with a volume of 5 pL water droplets
to measure the water contact angle and sliding angle of the
sample surfaces by nine water droplets. The final measurement
value was calculated by the average value of nine
measurements.

Fourier transform infrared spectrometer (FTIR, Bucks HP9
2FX, PerkinElmer, USA) was used to analyze the surface of
unmodified and modified nano-silica, and the surface bond
energy absorption peaks were analyzed respectively to judge
whether fluorinated was hydrolyzed and self-assembled into
SiO, particles.

The self-made anti-icing experimental device is shown in
Fig. 1, which is used to test the anti-icing performance of the
SHP surface. The anti-icing experimental device was a visual
platform built on the contact angle measurement system
device, and mainly completes semiconductor refrigeration
functions and real-time image acquisition functions of water
droplets. The refrigeration system composes a power supply
device, semiconductor refrigeration table, temperature sensor,
and water circulation equipment. The anti-performance of SHP
was tested by recording the freezing time on it. Here, the
experiment was repeated three times and the process of drop-
lets icing was recorded.

The durability of the SHP was evaluated by exposing to the
air for 180 days. And the wear resistance of the coating was
evaluated by a linear friction test. The experimental steps were
as follows. The prepared superhydrophobic coating on the
surface of 40 mm x 40 mm x 2 mm aluminum alloy plate was
placed side down on 1000# sandpaper with a mass of 200 g
above the sample, then moved 10 cm on the sandpaper.
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Fig. 1 Self-made anti-icing test bench for superhydrophobic surface.
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Recording each reciprocating motion water contact angle and
sliding angle every 10 times.

Results and discussion

Analysis of modification mechanism of fluorinated SiO,
particles

Fig. 2(a) shows the formation mechanism of superhydrophobic
coating on fluorinated SiO, surface. The reaction is composed
of HFTMS and SiO, nanoparticles. HFTMS is composed of 5-
CF,- (surface energy of 18 mJ m~?) and 1-CF; (the surface energy
is 6.7 mJ m 2)7° this is the lowest surface energy of water
repellent. During the reaction, its fluorinated group Si-OC,Hj;
will react to produce silanol Si-OH. C;3H;3F;503Si molecules
would shrink with each other to form a covalent bond connec-
tion, and a low surface free energy hydrophobic group film can
be effectively formed on the microstructure surface. As a result,
HFTMS (C;3H;3F;,05Si) is mixed with it to obtain nano-
materials with a hydrophobic surface. In the process of low
surface energy treatment, fluorinated treatment will not affect
the surface morphology of SiO, particles. Fig. 2(b) shows the
FTIR spectrum of fluorinated modified SiO,. It can be seen in
Fig. 2(b) that the absorption peaks at 1073 cm™ " and 472 cm ™"
belong to the characteristic absorption band of Si-O-Si. After
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Fig. 2 (a) Formation mechanism of modified SiO, nanoparticles on

the surface; (b) FTIR diagram of unmodified SiO, nanoparticles and
fluorinated SiO, nanoparticles. Analysis of surface morphology of
spraying time.
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fluorination modification, the peak of ~OH at 2851 cm ' and
2935 cm™ " of SiO, nanoparticles disappeared, the characteristic
absorption peak of the -CF, bond appears near 1144 cm ™", the
characteristic absorption peak of C-F exists near 1243 cm™ ',
and the epoxy group absorption peaks of epoxy resin and
polyamine resin are at 937 cm ™' and the peak of 1730 cm™*
were the stretching vibration peaks of C=0.** Therefore, it can
be concluded that the low surface free energy groups have been
successfully self-assembled to the microstructure surface,
reducing the microstructure surface free energy to obtain
a superhydrophobic surface.

The key factor in preparing SHP surfaces is to establish
a rough surface morphology surface. Fig. 3 shows the surface
morphology of aluminum alloy after different spraying time
modification by SEM scanning microscope. It can be seen that
the surface of unmodified aluminum alloy, with a smooth
surface structure and only some regular protrusions and
grooves from Fig. 3(a). With the change of different spraying
time, Fig. 3(b) shows the surface morphology of 5 s is relatively
flat which can't form a structure. It is observed from Fig. 3(c)
and (d) that the particles on the surface gradually agglomerate
and adhere to the aluminum surface to form a rough micro-
structure like peak structure which built up by the spraying
pressure that begin to appear on 10 s and 15 s. Fig. 3(e) shows
the increase of spraying time leads to the gradual formation of
particle agglomeration on the surface from flat, which is mainly
attributed to the existence of fluorinated SiO, particles on the

20pm

Fig. 3 SEM images of SHP surface morphology with different spraying
time: (a)SHP-0; (b) SHP-5; (c) SHP-10; (d) SHP-15; (e) SHP-20; (f) SHP-
25.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface, and EP and PAI are easy to agglomerate to form obvious
micro-nano structure. When the coating spraying time at 25 s,
the excessively thick micro nano structure will cover micro-
nano structure and the increase of solid-liquid area.

Analysis of surface wettability of spraying time

The preliminary wettability and adhesion behaviors of SHPs were
tested by the water contact angle (WCA) and sliding angle (SA),
respectively. SiO, nanoparticles are hydrophilic inherently, after
the fluorination reaction, the coating surface has certain
different hydrophobicity by adjusting the spraying time. With the
increase of spraying time between 0 s and 25 s, SHP with
different surface morphology enables the interaction between
the surface and water droplets differently. A trend of WCA shows
increases first and then decreases at a small range in Fig. 4. The
WCA of the surface is less than 150° while the spraying time is
less than 10 s, which means that changing the spraying time can
adjust the WCA of the surface. Similarly, when the spraying time
is 20 s, the hydrophobicity of the surface is 160.4° + 1.3° which
repels the water excellently. When the spraying time continues to
increase, the hydrophobicity of the surface begins to decline
which can be attributed to the following two reasons. On the one
hand, the reason is related to the unstable surface morphology
and leads to a large error in the surface wettability test results
when the surface coating is too thick. On the other hand, if the
coating thickness continues to increase, the internal stress may
be larger, that causing cracks on the coating surface. Sliding
angle explains the behavior of surface adhesion. Water droplets
adhere to the surface (from 23.1° 4 1.5° to 12.0° £ 3.1°) while the
spraying time is less than 10 s. With the spraying time reaching
20 s, the adhesion of the surface reaches the minimum which the
sliding angle is 4.1° £ 1.0°. The phenomena indicates that the
wetting state between SHPs and water droplets varied from
spraying time.

Surface roughness and wetting model spraying time of the
coating

To better understand the effect of spraying time on the surface
coating, understand the surface morphology and the change
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Fig. 4 The WCA and SA different spraying time of SHPs coatings with
different spraying time.
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law of surface wettability, we characterized the surface
morphology and roughness parameters of SHPs with Ultra-
Depth 3D Microscope in Fig. 5(a)-(g). It can be seen that with
the change in spraying time, the 3D morphology formed on the
surface and roughness has an obvious difference. When the
spraying time is only 5 s, the structure height on the surface is 5
um, as the spraying time increases to 10 s and 15 s, the coating
height increases by 21 um and 40 um, and a stable cluster
structure is formed on the surface and the height reaches 60
um, and when the spraying time is 25 s, the coating height
changes to 98 um. The coating height changes greatly, which is
due to the destruction of the structure formed during the
spraying process and the aggregation of a large number of
micro and nanoparticles, and the poor mechanical properties of
the coating formed by the aggregation of these particles. The
changes in surface morphology affect the wettability change
behaviors of the surfaces as shown in Fig. 5(g). When the
spraying time exceeds 5 s, the rough structure formed on the
surface can obtain a larger solid-liquid contact area, which
makes the surface wetting state from Wenzel state to Cassis—
Baxter state.*® The Laplace pressure formed in the rough
structure of the surface is not enough to support the droplets to
completely suspend on the fluorinated SiO, molecular surface,
resulting in the formation of Wenzel state on the surface as the
spraying time is less than 5 s. The experimental results show
that the rough structure formed on the surface can directly
support the water droplets leading to the Cassis-Baxter state of
spraying time was 20 s, and with the increase of time, the gap
will be filled with excess particles.

Simultaneously, the changing trend of roughness is consis-
tent with that of line profile as shown in Fig. 6, and with the
change of spraying time, the roughness R, changes from 0.056
um to 6.627 um, the roughness R, changes from 0.073 um to
7.292 um. The results show that with the change in spraying
time, the surface morphology forms peaks and troughs with
different spacing, and the corresponding air supported droplets
captured in the troughs can be suspended on the coating
surface.

Analysis of anti-icing performance of the coating

For its surface structure of coating modification, super-
hydrophobic surfaces, with excellent anti-icing properties, have
a bright future in anti-icing applications. The reason why
superhydrophobic surfaces have good anti-icing performance is
the existence of a micro-nano structure, that makes the surface
in the Cassie-Baxter state and thermal conductivity, water
droplets can be suspended over the superhydrophobic surfaces
and easily roll off.** As discussed above, the static water droplet
icing change of SHPs coating was tested to reflect their anti-
icing performance. The process of ice formation is mainly
divided into the pre-cooling stage and the nucleation and
growth stage of droplets. Fig. 7 shows the real-time status of the
water droplet of 5 pL on the prepared surface of SHPs with
different spraying time. Compared with the pre-cooling time
(before ice nucleation), the time of ice growth is significantly
shorter, once nucleation occurs, the ice will move from the

RSC Adv, 2022, 12, 33626-33633 | 33629
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Fig. 5 3D surface images of SHP with different spraying time (a) SHP-0; (b) SHP-5; (c) SHP-10; (d) SHP-15; (e) SHP-20; (f) SHP-25; (g) the

schematic of the wetting model of SHP with different spraying time.
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Fig. 6 Surface roughness of SHP with different spraying time: (a) SHP-
0; (b) SHP-5; (c) SHP-10; (d) SHP-15; (e) SHP-20; (f) SHP-25.

bottom to the upper liquid phase. Fig. 7(al) shows bare
aluminum surface and SHPs coating surface central area are
transparent. With the progress of the experiment, the surface
temperature decreased gradually, the central area of drops
became non-transparent at first after 32 s, and the water

33630 | RSC Adv, 2022, 12, 33626-33633
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Fig.7 (a) Freezing process (—15 °C) of droplets on SHPs with different
spraying time: (al) SHP-0; (a2) SHP-5; (a3) SHP-10; (a4) SHP-15; (a5)
SHP-20; (a6) SHP-25; (b) icing mechanism of coating surface; (c) the
heat transfer process of coating.

droplets on the surface quickly freeze for about 14 s. It is worth
noting that the drop on the SHP-20 conforms to Cassie-Baxter
wetting model becomes non-transparent after 370 s, and the
water droplets on the surface freeze for about 40 s, the pre-
cooling time of surface droplet icing accounts for about 90% of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the total ice delay time. Moreover, Fig. 7(a1)—-(a6) shows the state
of frozen droplets on different wettability surfaces, and with the
increasing of spraying time, the freezing time of SHPs increased
first and then decreases which is consistent with the change
trend of wettability.

To further explain the process of the change of the wettability
of the droplet icing, Fig. 7(b) shows the mechanism of the
change of the freezing process of the superhydrophobic surface.
When the temperature of the experimental plate is maintained
at —15 °C and the ambient humidity is 50 & 5 wt%, the Cassie-
Baxter state still exists on the SHP when the freezing behavior
occurs. With the progress of time, the wettability of the surface
begins to decline, due to the air trapped on the hydrophobic
surface condensing, and the droplets are not suspended on the
surface at all. At this time, the surface is in Wenzel state.
Surprisingly, when the surface coating restores at the ambient
temperature, SHP regains its superhydrophobic property. The
reason is the internal water vapor in the air melted and the
droplets were suspended by the surface structure. It can be seen
from Fig. 8 that the wettability of the droplets decreases
significantly during the precooling process and the freezing
process. After drying at a high temperature of 50 °C, the water
contact angle of the coating surface decreases, but the decrease
is not obvious. It is further proved that the mechanism of the
droplet icing process is that the water vapor in the internal air
condenses to form Wenzel state, which can still be restored
after melting.

The coating can improve the thermal resistance of the heat
transfer process and delay the icing process. It is assumed that
the droplet is always spherical and the heat transfer between the
droplet and air is uniform. From Fig. 7(c), shows the heat
transfer process of coating surface and smooth surface.
According to the heat conduction formula:

0=0,+0+¢ (1)

Q is heat transfer during the whole icing process; Q, is heat
transfer in heat conduction process; Q; is heat transfer in
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Fig. 8 Change of water contact angle during droplet freezing and
melting at different spraying time.
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natural convection process. Q, is heat transfer in thermal radi-
ation process.

Based on Fourier's law, Newton's cooling law and Stephen
Boltzmann's law, the heat transfer process equation can be
described as:

0, = 2wR*(1 + sin 0)(Ty — Ty)
+C2R(1 —sin 0)(T; — T.) + Q] (2)

« is the silica thermal conductivity is 0.27 Wem ™' K™',* R is the
droplet radius, ¢ is contact angle of coating surface Ty is the
ambient temperature, T} is the temperature of trapped air Ty is
the droplet temperature.

There is no air is trapped on the smooth surface, and the
solid-liquid contact area is much larger than the super-
hydrophobic surface. The heat transfer process on the surface
can be described as follows:

0= Q0+ 0 = 2R (1 +sin 0)(Ty — T2) + Q (3)

«; the thermal conductivity of aluminum is 237 W em ™' K.
According to the literature,* it is proved that the heat transfer
between liquid-solid interfaces is the main form of droplet heat
loss. It can be inferred that the low thermal conductivity and
high wettability of the droplets on the coating surface are the
main factors for the delayed icing of the droplets on the
surface.

To discuss the influence of the droplet icing delay perfor-
mance accurately, the droplet icing delay performance was also
characterized at —9 °C, —12 °C, —15 °C, and —18 °C, as shown
in Fig. 9(a) and (b). With the decrease of substrate temperature,
the anti-icing ability of static droplets on SHPs surface
decreases rapidly, the precooling time and the ice growing time
of water drops on different SHPs surfaces reducing greatly while
the substrate temperature is —9 °C and —18 °C. And it can be
found that at lower temperatures, the droplet icing delay time of
the superhydrophobic surface of the micro-nano composite
structure is still significantly improved compared with the SHP-
0, and still shows a higher icing delay performance.

Coating durability and wear resistance test

Durability of the SHP-20 was evaluated by exposing it to the air
for 180 days.*® Fig. 10(b) shows the WCA and SA slightly
changed by less than 7.0° + 3.4° during air exposure for 6

Spraying time ()

Spraying time (s)

Fig. 9 (a) The pre-cooling time of water droplets on —9 °C, —12 °C,
—15 °C, and —18 °C with different spraying time; (b) the growing time
on -9 °C, —12 °C, —15 °C, and —18 °C with different spraying time.
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Fig. 10 (a) Abrasion resistance test of SHP-20 specific wearing steps;
(b) water contact angles and sliding angles of SHP-20 exposed to the
air for 180 days; (c) results of SHP-20 after 50 times of sandpaper
friction cycle test.

months, which indicates that the SHP-20 coating has long-term
stability in the air. On the other hand, to test the wear resistance
of the superhydrophobic coating, 50 sandpaper friction cycle
tests were carried out according to the scheme of ref. 37 and 38.
Fig. 10(a) shows the water contact angle of the coating was
tested respectively, and Fig. 9(b) shows the specific steps. It can
be seen from Fig. 10(c) that after 40 times sandpaper friction
cycle test, the WCA can maintain above 140.9° & 1.8° and the SA
change to 21° £ 2.1°, indicating that the coating has possessed
good abrasion resistance.

Conclusions

We have fabricated a super hydrophobic aluminum surface in
which SiO, nanoparticles and HFTMS combine to form low
surface energy substance and mixed with EP and PAI by one-
step spraying method by adjusting spraying time. Our results
show the performance of the coating with different spraying
time changes in surface morphology and surface roughness,
SHP-20 shows the highest water contact angle of 160.4° £ 1.3°
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and a sliding angle of 4.1° £ 1.0°. Due to their different wetta-
bility, we designed experiments and proved that the coatings
have anti-icing performance with different wettability at —15 °C
by simplifying the theory heat conduction. At the same time, the
lower surface temperature can greatly short the icing time. The
SHP-20 surface coating also shows good mechanical properties
and durability performance. This study provides a low cost
produced method to study the influence of surface morphology
on wettability and anti-icing properties for various applications.
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