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Fabricating large-scale super-hydrophobic surfaces for commercial applications is challenging due to certain limitations. In this
paper, a simple and inexpensive method is developed to fabricate super-hydrophobic surfaces on silicone rubbers. Rough micro-
structures were prepared on the mould’s inner surfaces and then sample super-hydrophobic surfaces on silicone rubbers with
different surface roughness were achieved using the standard moulding process. Furthermore, the effects of roughness on the
wettability were investigated. The results showed that by controlling the roughness, the fabricated surfaces exhibited a static
contact angle of 150.9° and a sliding angle of 8°. Finally, the property of hydrophobicity recovery for the silicone-rubber sam-
ples was also studied. The surfaces of the samples could recover well after a sand-blasting experiment. The proposed method is
low-cost, environmentally friendly and suggests promising industrial applications.
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Izdelava obseznih superhidrofobnih povrSin za komercialne namene je zaradi doloCenih omejitev zahtevna. V ¢lanku je razvit
preprost in poceni nacin za izdelavo superhidrofobne povrsine na silikonskih gumah. Grobe mikrostrukture so bile pripravljene
na notranjih povrsinah kalupa in nato je bila doseZena vzor¢na superhidrofobna povrSina na silikonski gumi z razlicno hrapavo
povrsino z uporabo standardnega postopka modeliranja. Nadalje so bili raziskani u¢inki hrapavosti na omocljivost. Rezultati so
pokazali, da so s krmiljenjem hrapavosti izdelane povrsine razstavljene pod staticnim kontaktnim kotom 150.9° in drsnim kotom
8°. Nazadnje je bila preucevana tudi lastnost okrevanja hidrofobnosti vzorcev silikonskih gum. PovrSine vzorcev se lahko dobro
obnovijo tudi po poskusu s peskanjem. Predlagana metoda je poceni, okolju prijazna in kaZe obetavne moznosti apliciranja v

procese v industriji.

Kljuc¢ne besede: tanke plasti, prevleke, kemijske tehnike, povrSinske lastnosti

1 INTRODUCTION

Superhydrophobic surfaces, with a water contact
angle (CA) greater than 150° and a sliding angle (SA)
less than 10°, have aroused increasing research interest
for their promising applications.!"* By observing the
microstructure of a lotus leaf surface, it was found that
the combination of micro papilla and a thin wax film
leads to the self-cleaning properties.* L. Jiang et al.' dis-
covered that on top of the micro papilla also exist
branch-like nanostructures and pointed out that the
micro- and nanoscale hierarchical structures were the
fundamental mechanism for lotus leaf’s unique wetting
properties. There were two main measures to fabricate
superhydrophobic surfaces:

1) preparation of a rough surface followed by a low
free-energy material coating step,

2) creation of a rough surface from low-surface-energy
materials.!

Up to now, many approaches to fabricate rough sur-
faces had been developed, including the template
method’, phase separation®, self-assembly®, vapour-phase
deposition'®, chemical etching'!, laser etching'?, hydro-
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thermal method'?, and electrospinning'. In the power
system, the surfaces of insulators always work under
high voltage and the sand-dust climate condition. How-
ever, some superhydrophobic coats (especially rubber-
based coatings) synthesized by techniques on large-area
and environmentally friendly cannot meet the operating
requirements of composite insulators.!>-!7 Therefore, it is
a good way to solve this problem by synthesizing a
superhydrophobic surface on the basis of not changing
the insulator material. Silicon rubber was a hydrophobic
material; therefore, a superhydrophobic surface could be
created by only forming a special nm-um geometry
structure. The template method was a simple and con-
venient technique that could be used as a method to
prepare superhydrophobic surfaces, and the quality of
this method was easy to control; therefore, template
method was suited for industrial production.

In this study, to fabricate a superhydrophobic surface
on the composite insulators, a silicone-rubber super-
hydrophobic surface was developed with a facile tem-
plate method. The creation of a rough structure on the
inner surface of the mould and a special geotroy mor-
phology was prepared on the silicone-rubber surface
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through a conventional moulding process. The surface
microstructures were investigated by a roughness tester
and scanning electron microscope (SEM). It was found
that the superhydrophobic silicone-rubber surface could
be attained by creating the appropriate roughness sur-
faces, which lead to the lotus-leaf-like surface morphol-
ogy. After samples suffered the artificial sandstorm
testing, the property of hydrophobicity recovery for
superhydrophobic and a common silicone-rubber surface
have also been studied in this paper.

2 EXPERIMENTAL PART

Templates with different rough structures were pre-
pared first. Silicon carbide particles of (63, 21, 15, and
10.5) um in diameter were obtained by using test sieves
of 80, 240, 600, 800 and 1200 mesh, respectively. A uni-
form layer of resin binder-epoxy resin was sprayed on
the inner surface of a cubic mould with dimensions of 3
cm X 3 cm x 3 cm after treating with a silane coupling
agent N-f-aminoethyl-y-aminopropyl trimethoxysilane.
The prepared silicon carbide particles were evenly
sprayed on the inner surface of the mould and dried at
room temperature. Then rough silicon rubber samples
were prepared through a conventional moulding process.
Liquid silicone rubber was poured into the mould, the
mould was taken off after consolidation, and thus sili-
cone-rubber surfaces with different surface morphologies
were obtained. To avoid the superhydrophobic surface
being destroyed during the mould unloading, the moulds
were treated with a release agent(methyl-silicone oil).
For a comparison, the smooth silicone rubber was
prepared with a smooth mould.

To analyses the morphology and microstructures of
the sample surfaces, SEM and a roughness tester were
used. The morphological characterization was observed
with a SEM (VE-9800, Keyence). The surface roughness
R, was measured with a handhold roughness tester
(TR200, Times Run Bao). The roughness tester was
placed at 20 different locations of the sample surface un-
der investigation and the average value was taken as the
surface roughness.

The water contact angles were investigated using a
measurement system (JC2000C4, POWEREACH). Be-
fore the test the samples were washed with deionized
water and ethanol, respectively, and then naturally dried.
Five different locations of the sample surface were mea-
sured, and the average value was used.

The property of hydrophobicity recovery for both the
superhydrophobic and the common silicone-rubber sur-
face were tested in the artificial experimental platform,
and the sand-dust sample was also prepared, as described
in 8. Samples of superhydrophobic silicone rubber and
the common silicone rubber were placed horizontally in
the experimental platform. The surfaces of the samples
and the wind direction were parallel. The wind speed
was 15m/s. The samples were in the artificial sandstorm
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for 1 h. To accelerate the process of hydrophobicity re-
covery, the heat treatment for the sample was carried out
in an oven at 75 °C.

3 RESULTS AND DISCUSSION

Figure 1a to 1f show SEM micrographs of surface
morphologies for the different silicone-rubber surfaces.
A very flat microstructure can be seen from the surface
prepared with the smooth template (Figure la). After
preparing with templates, the surfaces have spongy-like
rough structures and this confirmed that the morphology
of the mould surface was successfully replicated. It can
be seen that rough structure units (number and decrease
in scale) increase with decreasing silicon carbide particle
size. The silicone-rubber surface prepared with a tem-
plate of particle size 63 um has an average diameter of
200 pm irregular protuberances and pits (Figure 1b), the
surface distributes on average a diameter of 100 um ir-
regular papilla (Figure 1c), and the surface prepared
with template of particle size of 15 pm in diameter has a
diameter of about 40 pum irregular pits and protuberances
(Figure 1d). Figure le to 1f are higher-resolution
micrographs of Figure 1d. Figure 1f and show that the
randomly distributed papilla morphology (observed in
Figure 1le) consists of sub-micron structures, which
implies two-length-scale hierarchical structure on the
surface. Therefore, the Cassie-Baxter superhydrophobic
state was well formed.

e
20,000x 500m, W= 9 Tmm 20KV, 2012/02/23 10:38:26 S,

1,500% B166um WDz 8.

Figure 1: SEM micrographs of surface prepared with templates of dif-
ferent diameter silicon carbide particles: a) smooth, b) 63 pm,
c) 21 pym, d) 15 pm, e) the high magnification of d), and f) the high
magnification of (e)
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Figure 2: Relationship between particle size and surface roughness R,

Figure 2 shows the roughness of the surface mor-
phology. The surface roughness of the smooth silicone
rubber surface was 0.42 um. When the templates are
made by different silicon carbide particles of (10.5, 15,
21, and 63) um in diameter, the surface roughness of the
samples made by different templates are (10.88, 14.63,
17.32 and 33.61) um, respectively. The results show that,
after roughening with a rough template, the surface
roughness of the silicone rubber increases with the in-
creasing particle size of the sprayed silicon carbide.

Figure 3 shows the relationship between the surface
wettability and the surface roughness. It is clear that the
contact angle of the smooth silicone rubber surface is
110.2° and the sliding angle is about 90°. While rough-
ening with rough templates, the surface wettability is
greatly improved (the contact angle is larger than 140°
and the sliding angle is from 8° to 50°). The higher
contact angle of the rough silicone-rubber surface can be
attributed to the formation of the Wenzel wetting state
(Figure 4a). According to Wenzel model (cos 6" = r cos
0, where 6" is Wenzel apparent contact angle, 6 is the
intrinsic contact angle of the ideal smooth material,
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Figure 3: Relationship between static contact angle and surface
roughness
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which also called as Young’s contact angle, and r is the
ratio of the actual area to the projected area), rough
structures can amplify the natural wettability tendency of
the surface. Since silicone rubber is hydrophobic, the
surface hydrophobic property will be improved by
roughening the surface; its new contact angle becomes
greater than the intrinsic contact angle. The contact angle
reaches to 150.9° with a very small sliding angle of 8°
for samples with a surface roughness of 14.63 um. This
can be explained by the formation of the Cassie-Baxter
wetting state (Figure 4b), for it has a lotus-leaf-like
surface morphology (Figure 1d to 1f). It is because of
that that there is such a micro-submicron hierarchical
structure on samples, which is like the structure of the
lotus leaf.!* If a water droplet is placed upon the surface,
air can be entrapped in both the hollows and interstices,
resulting in the formation of a high area fraction of
air-liquid interfaces. According to the Cassie-Baxter
equation (cos 6, = fi cos — f», where 0, is the apparent
contact angle on a rough surface, f; is the area fraction of
the solid-liquid interface, and f; is area fraction of the
air-liquid interface), the contact angle can larger than
150° when the rough surface attains a large area fraction
of air-liquid interface. With regards to the sliding angle,
a surface exhibiting the Wenzel wetting state usually
shows a larger sliding angle due to the pinning effects
(Figure 4a). In contrast, a surface following the regime
of the Cassie-Baxter wetting state (Figure 4b) allows a
water droplet to roll off easily with a sliding angle of less
than 10°.

Figure 3 shows that surface roughness plays an im-
portant role in the surface wettability. Since all the sili-
cone rubber samples are prepared with a similar template
structure (but different roughness), the samples present a
similar surface morphology (Figure 1b to 1d). For
samples with surface roughness R, of 10.88 um and
14.63 um, the contact angle exceeds 150°, with a negli-
gible sliding angle of about 8°. The contact angles
reaches to a maximum value of 151.8°, when the surface
roughness is 10.88 um. When the surface roughness is
larger than 10.88 um, the contact angles decrease with
increasing surface roughness. For the samples with a
surface roughness (R,) of 17.32 um and 33.61 pm, the
contact angles are 146.9° and 140.8° respectively, while
both of them show a sliding angle of about 50°. It is
known that the micro-scale and nano-scale hierarchical
structures affect the contact angle greatly. The micro-
scale and nano-scale hierarchical structures can be

Figure 4: Various wetting state model sketch of a droplet on a rough
surface: a) Wezel state, b) Cassie-Baxer state and ¢) combined
Cassie-Baxter/Wenzel state
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Figure 5: The recovery curve for the hydrophobicity of the sili-
cone-rubber samples

quantified by the surface roughness; therefore, the effect
of surface structures on the contact angle can be studied
by the surface roughness.!” Compared with the contact
angle, the sliding angle is more affected by the surface
roughness. This can be attributed to the formation of the
combined Cassie-Baxter and Wenzel wetting state model
(Figure 4c¢).22! As seen, the area fraction of air-liquid
interfaces from the combined Cassie-Baxter and Wenzel
wetting state model changes little (compared with
Cassie-Baxter wetting state model); therefore, the con-
tact angle will be larger than 140°. However, the sliding
angle is greatly increased due to a certain extent by the
pinning effects (Figure 4c¢). With respect to promising
applications, such as anti-icing of superhydrophobic sur-
faces, both the contact angle and the small sliding angle
are very important; therefore, the sliding angle also plays
a important role.?> Superhydrophobic surfaces with
negligible sliding angle can be obtained by controlling
the surface structure and the roughness.

Figure 5 shows the changes of the contact angle after
the sandstorm experiment and the hydrophobicity recov-
ery experiment. Because of the effects of the sand-dust,
both of the contact angles decrease by approximately
20°. At the beginning of the recovering process, the hyd-
rophobicity of samples recover quickly. Then the speed
of the recovery slows down. After 24 h in a high-tem-
perature treatment, the hydrophobicities of both super-
hydrophobic and common silicone rubber have basically
recovered to the level of the primary sample.

The sand-dust on the silicone rubber is hydrophilic,
which results in hydrophobicity degradation of the
samples. Inside the silicone rubber, the large molecules
polysiloxane are cracked into smaller molecules poly-
siloxane. And the high temperature can accelerate the
cracking process. The small molecules polysiloxane with
a low surface tension can migrate to the surface of the
silicone rubber and cover the sand-dust particles.?32*
Therefore, the hydrophobicity can be recovered after the
high-temperature treatment. Considering that the contact

786

angle of the superhydrophobic silicone rubber has recov-
ered to almost 150°, it shows that the micro-submicron
hierarchical structure of superhydrophobic surfaces can
almost not be destroyed.

4 CONCLUSIONS

Superhydrophobic surfaces were successfully fabri-
cated on silicone rubbers through a facile template
method. The contact angle for the surfaces can reach a
maximum of 151.8° (sliding angle about 8°) with a sur-
face roughness of 10.88 um. When the surface roughness
is larger than 10.88 um the contact angle decreased with
increasing roughness, and when the surface roughness is
less than 10.88 um, the contact angle increased with
increasing roughness. The micro/sub-micron hierarchical
structures of the surface were responsible for the high
water contact angle and the low sliding angle. The
wetting ability of the various surface roughness was
different, and it could be explained by the different
wetting state model. The sandstorm testing and the
hydrophobicity experiment showed that the contact angle
of both superhydrophobic and the common silicone
rubber sample could recover.
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