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Abstract: The present study aims to prepare a room temperature cured hydrophobic and self-cleaning nano-coating
for power line insulators. As a result, the installed insulators operating in power lines can be coated without being
removed from the circuit and without the need to cut off power. For this purpose, hydrophobic silica nanoparticles
were synthesized by the sol-gel method using TEOS and HMDS. The synthesized hydrophobic silica nanoparticles
were characterized by XRD, FTIR, SEM, and TEM analyses to investigate phase formation, particle size, and
morphology. Then the surface of the insulator was cleaned and sprayed with Ultimeg binder solution, an air-dried
insulating coating, as the base coating. Then the hydrophobic nano-silica powder was sprayed on the binder-coated
surface and left to be air-cured at room temperature. After drying the layer, the contact angle was measured to be
149°. A pull-off test was used to check the adhesion strength of the hydrophobic coating to the base insulator. UV
resistance and fog-salt corrosion tests were conducted to evaluate the effect of environmental factors. The results
showed that 150 hours of UV radiation, equivalent to 9 months of placing the samples in normal conditions, did not

significantly reduce the hydrophobicity of the applied coatings.
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1. INTRODUCTION

The fabrication of self-cleaning nano-coating is
one of the main developments in surface-
modified materials. Applying this type of coating
on insulators used in different environments with
harsh weather conditions, especially in highly
polluted areas, can strongly contribute to the
elimination of the flashover phenomenon. That is
one of the main problems of insulators in polluted
and moist areas [1-4].

The occurrence of some phenomena such as
widespread dust storms, slight rainfalls,
decreased wind, and muggy weather reduces the
insulator's breakdown voltage and leads to dry
surface band arcing and flash overdue to the
inevitably increased creepage current (leakage
current). This can cause a power outage and,
consequently property damages or even
casualties [5].

This research aims to produce a hydrophobic
nano-silica coating, which is stable and applicable
in-situ in a power supply line, at ambient
temperature, without any heat treatment.
Hydrophilicity or hydrophobicity of the surface is

the desire for water molecules to bind with atoms
or molecules of the surface via physical or
hydrogen bonds. When a water droplet
thoroughwets the surface or becomes adsorbed, it
will have a zero contact angle with the substrate.
The surface, which tends to bind with the water
molecules and adsorb them, is called a
hydrophilic surface. Hydrophilic materials have
polar bonds and molecules just like water.
Appositely, when water does not wet the surface
or completely is rejected by the surface, it will
have a contact angle of about 180° with the
substrate. The surface, which does not tend to
bind with the water molecules and rejects them, is
called a hydrophobic surface. Hydrophobic
materials usually have non-polar bonds. Fig. 1
represents a 2D sketch of different states of the
interaction between a water droplet and the
surface [6-9].

According to Fig. 1, water is distributed on the
hydrophilic surface, and the contact angle
between the surface and water is less than 90°, and
the surface becomes wet. In this state, the water-
soluble pollutants on the surface find better
conditions for dissolution in water and removal
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from the surface with the current water flow. But
on a hydrophobic surface, a water droplet rolls on
the surface, separates the pollutants and removes
them. Fig. 2 shows the schematics of a hydrophilic
surface with a conical roughness in collision with
a water droplet over time [7, 10, 11].

0=90°
Full wettablhty 8=0° 9=180"°

Fig. 1. The different states of the interaction between
a water droplet and the surface.
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Fig. 2. Schematics of a hydrophilic surface with a
conical roughness in collision with a water droplet
over time.

According to Fig. 2, if the surface is hydrophilic,
the contact angle decreases with the increase of
surface roughness. In other words, a water layer
is formed on the surface, and the contact between
water and the basic surface increases as much as
possible.

Fig. 3 shows the schematics of a hydrophobic
surface with a conical roughness in collision with
a water droplet over time.

According to Fig. 3, if the surface is hydrophobic,
the contact angle increases with the increase of
surface roughness. The water molecules
accumulate and become spherical as much as
possible. This form decreases contact between
water and the surface to the minimum level [4, 15-
17].

1 Ultimeg 2000/372, Anti-tracking Varnish GOLDEN

: B

This research aims to produce a hydrophobic
nano-silica coating, which is stable and applicable
in-situ in a power supply line, at ambient
temperature, without any heat treatment, and
without the need for power cut-off.

In this study, without any heat treatment, a stable
hydrophobic and self-cleaning coating was
applied on the surface of installed insulators
operating in power lines. This coating can be
applied without removing the circuit and needing
to cut off power. As a result, in addition to the low
cost of this method, ancillary costs caused by
shutting down the power line are also avoided.

: ’
Fig. 3. Schematics of a hydrophobic surface with a

conical roughness in collision with a water droplet
over time.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

The raw materials for the synthesis of
hydrophobic nano-silica powder were high purity
Tetraethyl orthosilicate (Sigma-Aldrich 333859),
Ammonium Hydroxide (Sigma-Aldrich 338818),
Hydroxytyramine Hydrochloride (Sigma-Aldrich
H8502), Hexamethyldisilazane (Sigma-Aldrich
H8502), Ethanol (Sigma-Aldrich 32221-M), and
Ultimeg? binder.

2.2. Synthesis of hydrophobic nano-silica
powder

The sol-gel method was used for the synthesis of
hydrophobic nano-silica powder. 4 mL of TEOS
solution was mixed with 50 mL ethanol and was
magnetically stirred for 10 min until full
homogenization was achieved. Then, 3 mL
ammonium hydroxide was added to the solution,
and it was magnetically stirred for 5 hours at room

Q.D., Advanced Electrical Varnishes, U.K.
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temperature. Then, 0.3 g dopamine
hydrochloride and 8 mL HMDS? were added to
the solution while stirring. After one hour,
the hydrolysis reaction between TEOS
and HMDS was completed. The solution
was dried at 110°C.

The dried powder was washed twice with ethanol.
After drying, the hydrophobic nano-silica powder
containing the brown HMDS-dopamine
hydrochloride particles was obtained. Fig. 4
shows the hydrophobic nano-silica powder
synthesis flowchart.

TEOS (Si(OC:Hs)4)

2.3. Applying the hydrophobic coating
Initially, the surface of the substrate was washed
with water and dried. Ultimeg binder was used as
the base coating to avoid electrical leakage and to
provide moisture resistance. The binder was
sprayed to the surface from a distance of 10 cm.
Depending on the ambient temperature, sufficient
time was given for the binder to set. Then the
hydrophobic nano-silica powder was sprayed on
the binder-impregnated surface, and the applied
coating was well-dried after 6 hours at the
environment temperature.

Ethanol (C:HsOH)

Stirring (10 min)

Ammonium Hydroxide (NH3.H20)

Stirring (5 hours at room temperature)

HMDS ((CH3);SiNHSi(CH3)3)

Dopamine Hydrochloride (CsH;1NO;)

Stirring (1 hours at room temperature)

Powder separation and drying

Hydrophobic nano-silica powder

Fig. 4. Hydrophobic nano-silica powder synthesis flowchart.

2Hexamethyldisilazane (HMDS, (CH3);SiNHSi(CHz)3)
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2.4. Characterization

X-ray diffractometry (XRD, Philips PW 1730)
was performed to determine the type of phases
formed in the hydrophobic nano-silica. To
ensure the formation of the desired atomic
bonds, the hydrophobic nano-silica powder was
examined by Fourier transform infrared
spectroscopy (FTIR-BRUKER Vector 22). The
morphology and size of the synthesized
hydrophobic nano-silica powder was examined
by scanning electron microscopy (SEM, FEI
Quanta 200E) equipped with an elemental
analysis system (EDS) and transmission electron
microscopy (TEM, Philips EM 208S). Coated
samples were observed by atomic force
microscopy (ARA, AFM Vacuum Standard
Model) to examine the surface topography. For
testing the water contact angle, a small drop of
water was gently placed on the surface and
photographed using a microscope (VEHO USB
Microscope 400x). To check the adhesion
strength of the hydrophobic nano-silica coating
on the surface, the pull-off test was performed at
2370 and a humidity of 45% according to ASTM
D4541. To increase the accuracy of the results,
each pull-off test was repeated 4 times. A UV
resistance test was performed by a carbon
filament lamp at a 300 to 400 nm UV wavelength
range and 20 W to investigate the effect of
sunlight on the applied hydrophobic coating. The
relative humidity of the laboratory environment
was 50 = 5, and the temperature was kept
constant at 35(1.

The test was performed using the "SHT-214D"
device for 150 hours. According to ASTM
standard, every 200 hours of exposure to the
mentioned conditions is equivalent to 1 year of
exposure of the sample to natural sunlight in
working conditions. The nozzle of the spray
resistance test device in fog-salt conditions was
selected according to the "ASTM B117" standard.
To create the test conditions, the spray device's
nozzle was placed in the bottom of the chamber
to ensure upward spraying and fog formed on the
top of the sample.

The spraying was not done directly on the surface
of the sample, and a solution with standard
concentrations of deionized water and NaCl was
used. Finally, after placing the samples in the
mentioned standard conditions for 150 hours, the
results were analyzed according to "ASTM

D714" and "ASTM D1654" standards. The
fracture voltage test was performed in
environmental conditions with a temperature of
25.500, humidity of 35%, and a pressure of 875.3
hPa, five times according to IEC international
standard.

3. RESULTS AND DISCUSSION

3.1. Phase determination of the synthesized
hydrophobic nano-silica powder

Fig. 5 shows the X-ray diffraction patterns of the
synthesized hydrophobic nano-silica powder.

As observed in Fig. 5, only tetragonal silica phase
with JCPDS No. 01-079-0430 in
o-cristobalite structure that has a= 20.0647 [,
b=20.0647 [, c=13.4082 [1 and o= B=y=90° is
specified.

The pattern has characteristic peaks at 26= 15°,
23°,32°, and 46 °. The hill-like shape of the graph
confirms that the silica powder is nano-sized (Fig.
7).

3.2. FTIR spectroscopy of the synthesized
hydrophobic nano-silica powder

The obtained FTIR spectrum from the
synthesized nano-silica powder is shown in Fig.
6.

As shown in Fig. 6, the observed peaks in the
wavenumbers of 467 cm’, 1637 cm’, and
947 cm’! are related to the moisture or the -Si-OH
bonds. The determined peaks at 800 cm™ and
1100 cm™ are related to Si-O-Si and hydroxyl
groups on SiO,. The peaks at 3423 cm’,
2920 cm’!, and 1393 cm™' are attributed to the
hydrophobic OH, CH3, and Si-C bonds formed on
SiO, as a result of Hexamethyldisilazane and
dopamine with Tetraethyl orthosilicate. This
indicates the optimal formation of hydrophobic
functional groups on silica [3].

3.3. Microstructural investigation of the
synthesized hydrophobic nano-silica powder

Fig. 7 shows the Scanning electron microscopy
(SEM) images of the synthesized hydrophobic
nano-silica powder in the Backscattered Electron
mode (BSE).

According to Fig. 7, the diameter of the
synthesized silica particles is less than 100 nm.
The nano-sized nature of the synthesized
hydrophobic silica is the reason for the XRD
hill-like graph (Fig. 5).
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Fig. 5. XRD pattern of the synthesized hydrophobic nano-silica powder.
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Fig. 6. FTIR spectrum of the synthesized nano-silica powder.
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Fig. 7. SEM images of the synthesized hydrophobic nano-silica powder.

Fig. 8 shows the synthesized hydrophobic nano-  Dispersive X-ray Spectroscopy (EDS) mode of
silica sample analysis using the Energy-  the SEM microscope.
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Fig. 8. EDS diagram of the synthesized hydrophobic nano-silica sample.
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According to Fig. 8, the scanned area contains
silicon, oxygen, and nitrogen. Table 1 shows the
weight and atomic percentages of the obtained
elements from the analysis in Fig. 8. According to
table 1, the hydrophobic silica sample is
synthesized without pollution.

Fig. 9 shows the Transmission Electron
Microscope (TEM) image of the synthesized
hydrophobic nano-silica powder. According to
Fig. 9, the synthesized hydrophobic nano-silica
particles were spherical, and their size was less
than 100 nm. This spherical shape increases the
powder flowability, leading to the suitable
distribution of powder on the surface.

YO

Fig. 9. TEM image of the synthesized hydrdphobic
nano-silica powder.

3.4. Microstructural investigation of the
applied hydrophobic nano-silica coating

Fig. 10 shows the SEM images of the coated
surface of the sample using the synthesized
hydrophobic  nano-silica powder in the
Backscattered Electron mode.According to Fig.
10, the spray-coating process resulted in an
appropriate and uniform coating. The porous
layer increases the efficient contact surface and
intensifies the hydrophobicity property.

Fig. 11 shows the SEM images of the cross-
section of the coated sample by the synthesized
hydrophobic ~ nano-silica  powder  with
Backscattered Electron mode. According to Fig.
11, the obtained coating tightly adheres to the
ceramic substrate. Also, the thickness of the
coating in this experiment is about Spum.

Fig. 12 shows the non-contact mode Atomic
Force Microscopy (AFM) images of the sample's
surface topography using the synthesized
hydrophobic nano-silica powder.According to
Fig. 12, the existing asperities on the coated
surface are about 4 um high. These asperities on
the coated surface have increased the specific
surface area and consequently the hydrophobicity
property [3]. Using the spray method is one
reason for forming such a surface with a
controlled roughness.

Table 1. The weight and atomic percentages of the obtained elements from the EDS experiment.

Element Atomic percentage Weight percentage
Nitrogen 16.38 11.56
Oxygen 49.01 39.49
Silicone 34.61 48.95

Fig. 10. SM age of the coated surfce by the syntheszed hydrphobic nan-silica powdr in he

environment (a) surface with 500 um magnifying and (b) the same surface with 20 um magnifying.
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Fig. 11. SEM images of the cross-section of the coated sample by the synthesized hydrophobic nano-silica
powder in the environment. (a) and (b) show the boundary between coated layer and base and (c) coated layer.

* 0.38 ym
7 000 um

0.40 pm
P-" 0.00 pm

Fig. 12. The non-contact mode AFM images of the surface topography of the s;fnple using the synthesized
hydrophobic nano-silica powder.

3.5. Investigation of the coating properties
Fig. 13 shows the surface of the insulator after the
adhesion strength test by the "pull-off" method
with ASTM D4541.

The pull-off test was repeated 4 times to increase
accuracy. According to Figs. 13 a and b, the
adhesion strength of the uncoated and coated glazed
insulator was 3.32 and 2.87 MPa, respectively,
and the error coefficient was 0.015 MPa.

Fig. 14 shows the water contact angle of the
coated surface before the UV radiation.
According to Fig. 14, the applied hydrophobic
coating before UV radiation resulted in a water
contact angle of 149°. Also, Fig. 14 shows the
water contact angle of the coating after 150 h UV
radiation in the SHT-214D device according to
ASTM standard conditions.

o Bk

According to Fig. 14, 15 hours of exposure to UV
radiation, which equals 9 months of exposure to
the natural sunlight under working conditions, has
decreased the contact angle of a droplet from 149°
to 144°. The decrease of water contact angle under
working conditions is negligible, indicating the
appropriate stability of the applied coating under
UV radiation.

Fig. 15 shows the coated sample after 150 hours
of exposure to the salty-fog conditions according
to ASTM-B117. According to Fig. 15, 150 hours
of exposure to the conditions indicated in the
standard ASTM B117 10% of the applied coating
has remained, and the coating was detached from
the substrate. The optimum life of the synthesized
hydrophobic nano-silica coating is about 9
months under working conditions.
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Fig. 13. The surface of the insulator after the adhesion strength test by the "pull-off" method (a) before coating
and (b) after coating.

Fig. 14. The water contact angle of the coated surface (a) before UV radiation. (b) after 150 h UV radiation in
SHT-214D device according to ASTM standard conditions.

Fig. 15. The coated sample after 150 hours of

emplacement under the salty-fog conditions
according to ASTM-B117.

Fig. 16 shows the breakdown voltage experiment
on a KN120 insulator without coating according
to the international standard of

IEC-60383-01.

Fig. 16 shows the breakdown voltage experiment
according to the international standard of IEC-
60383-01. According to this test, the safe voltage
operating range that can be applied to the
insulator without coating was 62 kV at the
maximum point.

Fig. 17 shows the breakdown voltage experiment
on a KN120 insulator with a coating according to
the international standard of
IEC-60383-01.

According to Fig. 17, the KN120 insulator coated
with the hydrophobic nano-silica coating started
sparkling after 5 repeats of the experiment at an
average voltage of 72 kV. Consequently, the
applied hydrophobic nano-silica coating has
improved insulator properties and increased the
average required voltage for the initiation of
sparkling.
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Fig. 17. The breakdown voltage experiment according to the international standard of IEC, (a) the coated insulator
before the experiment, (b) voltage application on the insulator and increase of the voltage till the initiation of the
sparkling on the surface, (c) the insulator surface after the sparkling experiment and the maximum working voltage.
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4. CONCLUSIONS

Due to the importance of electricity in all areas of
daily life and various industries, a short-term
power outage can cause significant damage. To
solve this problem, this study, for the first time,
examines a practical solution to increase the
efficiency of the operating insulators on power
lines. This study aims to create a hydrophobic
surface on insulators, which causes the insulator
to be self-clean, and increases its lifetime and also
its efficiency. The coating studied in this research
is stabilized and used at ambient temperature
without using heat treatments. This can prevent
power outages by repairing the insulators. Silica,
the main material used to create this hydrophobic
coating, is a low-cost and available material in the
industry and it has increased the breakdown
voltage of the insulator used from 62 kV to 72 kV.
The contact angle between the water and the
coated surface with the synthesized hydrophobic
nano-silica was measured at 149 degrees. This
indicates the acceptable hydrophobicity of this
coating in environmental conditions. Also, the
lifetime of the created coating is 9 months in
harsh environmental conditions and intense UV
radiation of sunlight.
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