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Abstract

The power line insulators are permanently exposed to various environmental pollutants such as
dust and fine particles. This may lead to flashovers and therefore widespread power blackouts and
heavy economic damage. One way to overcome this problem is to make the insulator surface
superhydrophobic. In this research, the superhydrophobic properties of the insulators were
improved by applying room-temperature cured composite coatings consisting of epoxy and
hydrophobic  nano-silica  particles.  Either octadecyl trichlorosilane (ODTS) or
hexamethyldisilazane (HMDS) was used to coat the silica nanoparticles and make them
hydrophobic. Then, the hydrophobic silica was added to a mixture of epoxy resin and hardener.
The suspension was applied on the surfaces of a commercial porcelain insulator and cold cured at
ambient temperature. The coating increased the water contact angle from 50° to 149°. Even after
244 h exposure to the UV light, the samples preserved their hydrophobic properties. The adhesion
of the coating was rated as 4B according to the ASTM D3359 standard. The coating decreased the
leakage current by 40% and increased the breakdown voltage by 86% compared to the uncoated

sample and showed promise for making power line insulators self-cleaning.
Keywords: Ceramic Insulator, Flashover, Hydrophobic Coating, Nano silica

1- Introduction

In polluted and humid areas, the deposited pollution on insulator surfaces causes the formation of
thin electrolytic conductive layers on the surfaces [1]. This conductive path forms due to the high
potential difference around the current cables connected to the insulator. This current leakage and

the formation of dry band arcs lead to insulator failure and power cuts. The discharge of current
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occurs in two forms; electric arcs or creep currents, which ultimately destroy the insulator and
interrupt the electric current [2]. Common methods of washing and removing pollution and
moisture are expensive and short-lived. Therefore, it is necessary to use a method that can provide
water repellency or so-called hydrophobicity, and thus cleanliness on insulator surfaces.

1-1- The Science Behind Hydrophobicity and the Lotus Effect

The term hydrophobic comes from two Greek words: hydro (water) and phobos (fear).
Hydrophobicity refers to the physical property of a material that repels water [3]. Hydrophobic
materials are characterized by having low surface energy, meaning they do not readily interact
with water molecules [4]. This can be attributed to the molecular structure of these materials, which
typically consist of nonpolar or weakly polar components.

When a droplet of water lands on a hydrophobic surface, it forms a nearly spherical shape due to
the cohesive forces between its molecules [5]. These forces cause the droplet's surface tension to
overcome any adhesive forces between it and the surface underneath it. As a result, instead of
spreading out over the surface as it would on a hydrophilic material (one that attracts water), it
beads up into droplets that roll off easily.

This phenomenon is commonly encountered in nature, where plants and animals have evolved
mechanisms to prevent moisture from sticking to their surfaces. One such example is the lotus
plant, which has inspired scientists and engineers for decades due to its remarkable ability to
remain dry and clean even when submerged in mud and dirty water.

The lotus effect is named after the lotus plant's unique ability to repel dirt and moisture from its
leaves. When rain falls on a lotus leaf, rather than being absorbed or sticking around as puddles, it
quickly rolls off, taking any dirt particles with it along with anything else on top. Scientists have
discovered that this self-cleaning mechanism is in part due to the hierarchical micro/nanoscale
intrusions called papillae covering each leaf epidermis combined with wax-like compounds
secreted onto them creating an uneven surface making adhesion difficult for most substances
including liquids.

As previously mentioned, this natural phenomenon has inspired researchers worldwide who aim
at developing new technologies that mimic the lotus effect. Applications of this technology include

self-cleaning coatings, anti-icing surfaces, and even waterproof fabrics.
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Hydrophobicity and the lotus effect are fascinating scientific phenomena with numerous
applications in various fields. From preventing moisture damage to creating innovative products,
these properties have inspired researchers for decades and will continue to do so in the future as
they seek new ways to harness their potential.

1-2- Methods for Creating Super Hydrophobic Surfaces
The development of superhydrophobic surfaces has been achieved through two primary
approaches, i.e., top-down and bottom-up methods [6].

1-2-1- Top-Down Approach

The top-down approach involves modifying an existing surface structure by etching or coating it
with hydrophobic materials [6]. This method is widely used because of its simplicity, cost-
effectiveness, and ease of implementation. Surface modification techniques like laser ablation,
micro-machining, photolithography, sandblasting, templating, and leaching can be used to create
hierarchical structures on a material's surface that promote superhydrophobicity.

Laser ablation is one technique used in the top-down approach to create micro/nanostructured
surfaces that exhibit superhydrophobic properties [7]. Researchers have used femtosecond laser
pulses to generate periodic arrays on metal substrates such as copper [8]. The resulting structures
had a hierarchical pattern consisting of nanospikes (30-50 nm) on microspikes (10 um). The
contact angle was measured at around 165°.

Micro-machining techniques like photolithography are also commonly employed in creating
micro/nanostructures on surfaces. Liu et al., created silicon-based substrates using PECVD
followed by deep reactive ion etching (DRIE) [9]. Such structures mimic natural lotus leaves'
roughness range from 100 nm to several micrometers in diameter/depth resulting in high contact
angle values (~160°), low sliding angles (<5°), and excellent self-cleaning abilities.

By creating nanograsses on the surface of silicon, Shieh and his colleagues [10] created surfaces
with superhydrophobic properties, with a large contact angle and low friction. First, the
nanocolumns were created using the electron beam lithography process and dry etching, then they
were converted into nano grass using the hydrogen plasma etching method, and finally, the

hydrophobic property was created using CHF3 plasma.
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Using a combination of electron beam lithography and plasma etching, Martines and his colleagues
[11] created an arrangement of low and high nanoscale structures on the surface of the material,
and when this surface was covered with octadecyl trichlorosilane, the surface showed
superhydrophobic properties.

Sandblasting is another technique that has been utilized for creating superhydrophobic surfaces
through controlled modification of substrate morphology [12]. In this process, sand particles are
blasted onto a surface under high pressure which results in the formation of random
nano/microscale protrusions that increase surface roughness leading to enhanced water-repellency
properties.

Qian and Shen [13] obtained superhydrophobic surfaces from polycrystalline metals (aluminum,
zinc, and copper) by chemical etching. By being treated with fluorine alkyl silane, they reached a
contact angle of 153°. Coulson and his colleagues [14] used the plasma etch method to roughen
polytetrafluoroethyl (PTFE) substrates. He coated the substrate with polymer layers, which have
low surface energy, by plasma, which increased the surface repulsion and superhydrophobic
properties on the surface. Mauer and his colleagues [15] made silicon nanograsses using the
process of etching and layering fluorocarbon by SF6, which reached an angle of 170°. Ming and
his colleagues [16] made a superhydrophobic epoxy film with this method. First, they made a
Mingamine epoxy film that had unreacted amine groups, then they coated silica particles that had
amine groups on the surface of the layer and reached a suitable wetting angle. First, the silica

particles were functionalized using amine groups, then they were layered on the epoxy film.

1-2-2- Bottom-Up Approach

The bottom-up approach involves the synthesis of new materials with tailored properties from
scratch [17,18]. In this method, researchers use organic or inorganic compounds to form
nanostructures on a substrate that exhibits superhydrophobic behavior when assembled into
ordered arrays. The bottom-up methods include self-assembling monolayers (SAMs), colloidal
crystal templates, chemical vapor deposition (CVD), and layer-by-layer.

SAMs can be formed by chemisorption of alkanethiols onto gold substrates which results in well-
ordered layers with tunable thickness and surface chemistry. These SAMs can then be
functionalized with hydrophobic groups such as perfluorinated chains to create superhydrophobic

surfaces [17].
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Colloidal crystal templates have also been utilized for creating periodic Nano arrays via dip-
coating methods [18]. The resulting structures were highly uniform over large areas up to
centimeters squared, exhibiting robust water repellency even under harsh environmental
conditions.

Sun et al. [19] used a lotus leaf as a template and created a pattern by applying a layer of
polydimethylsiloxane on the lotus leaf, creating a negative template. They used the negative
template and applied polymethylsiloxane on it, to make a positive template. In this way, they
created a super hydrophobic layer with a water contact angle (WCA) of 160°.

Zhiging Yuan and his colleagues made the copper surface hydrophobic using a lotus leaf as a
template. They reached a WCA of 153° With the same pattern, Xue and his colleagues [20] made
high-density nanostructured polyethylene using an anodic aluminum oxide pattern and by
adjusting its diameter and surface pressure, they made super hydrophobic polyethylene nanofibers
with an angle of 160.

Ci and his colleagues [21] created rows of carbon nanotubes with a large diameter vertically on
the surface and a contact angle of 170° using a chemical vapor deposition process.

Lao and his colleagues [22] modified the surface of carbon nanotubes with vertical arrangement
by plasma chemical vapor deposition (PECVD) method and created a superhydrophobic surface
of carbon nanotubes.

Cai and his colleagues [23] prepared hydrophobic and anti-reflective Nano silica coatings with a
low reflection coefficient using the sol-gel method. They used TEOS as a starting material and
MTES as an improvement of hydrophobicity. Methyl groups were substituted with hydroxyl
groups and it gave hydrophobic properties. Its wetting angle was 7.108° and its radiation intensity
was 1.15.

Using TEOS and MTES as coating precursors, Xu and his colleagues [24] obtained a coating with
a wetting angle of 152 and a transparency of 99.8%. This angle was created due to the replacement
of the hydrophobic methyl group (-CH3) instead of the functional hydroxyl group (-OH) on the
surface of nano-silica particles.

Philipacicius and his colleagues [25] used MTMS and HMDS as surface modifiers to create a
hydrophobic nano silica coating. Better hydrophobic properties were created by using HMDS.
Ramalla and his colleagues [26] investigated the hydrophobic properties of insulators using

hydrophobic nano-silica produced by the sol-gel method. A suspension of silica gel and nano-
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silica powder of 20-30 nanometers was applied by spraying on 3 sub-layers of bushing insulator
porcelain insulator and silicon wafer. The sub-layers were annealed at 117° for 1 hour. The wetting
angle was 8.158 and the hysteresis was 8°.

Su and his colleagues [27] applied the hydrophobic coating in two steps. A mixed suspension of
Nano silica sol and Nano silica particles with a particle size of 20 nm was applied on the surface
of the insulator. Chemical modification of the coating was done with perfluorodecyltriethoxysilane
PDTS and finally, the annealing process was performed at 117°. The prepared coating had a
wetting angle of 163.6° and a hysteresis of 1.4°, and the resistance to freezing was improved.
Erika et al. [28] made silica nanoparticles by sol-gel process. TEOS was combined with NHsOH
and hydrolyzed. HMDS was added into the tube and the resulting tube was aged. Hydrophobic
nano colloidal silica was created and finally reached a wetting angle of 150.7°.

Goswami et al. [29] dissolved TEOS in methanol and added NH4OH. HCI was added to it to make
pH = 8 and the tube was produced and aging was done and nano-silica was created. HMDS was
modified by n-Hexane and added to the composition. They applied hydrophobic Nano-silica on
the surface of the glass insulator and reached a wetting angle of 168°.

Since the insulator surface has the most contact with pollution, applying a hydrophobic coating of
nano-silica particles on the surface may result in improving the [30]. Ceramic nanostructure
coatings are widely used to improve surface properties and create hydrophobicity and self-
cleaning, which are unique features of ceramic coatings [31].

Since many working insulators have no coating, a method must be used to apply a hydrophobic
coating in situ without removing these insulators from the transmission lines and without the need
for heat treatment.

One of the most effective ways to improve the performance of insulators is the use of hydrophobic
coatings of silica nanoparticles. Coatings containing Nano silica particles are suitable candidates
for covering the surface of insulators due to their super hydrophobic properties and resistance to
aging to prevent their premature destruction and interruption of electricity flow.

One of the other methods that can be investigated and used to achieve this goal is the synthesis of
cold-cured polymer composites containing hydrophobic Nano silica particles so that in addition to
providing hydrophobic properties, it can also be applied in situ on the insulators of power

transmission lines.
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Among the various polymer materials, epoxy resin is a suitable candidate for making Nano silica
composite, due to its low price, availability, high mechanical resistance, electrical current
insulation, non-absorption of any dust or pollution, long-term durability on the surface, resistance
to UV rays, inability to be affected by any kind of moisture, water, oil, etc. Therefore, based on
the above-mentioned cases, in this research, we will apply room-temperature cured Nano-silica-

epoxy hydrophobic coatings on commercial insulators to make them hydrophobic and self-clean.
2- Experimental Procedure
2-1- Raw Materials

The raw materials used in this research and their specifications are given in Table 1.

Table 1. The raw materials used in this research

No. Name Composition Code Supplier | Purity (%)
1 Nano Silica SiO; 7631-86-9 | China 99.5
2 Epoxy Resin E06 CisH1s0, | 24969-06-0 | China 99
3 Acetone C3HsO 67-64-1 | Aldrich 99.9
4 Ethanol C,HsOH 64-17-5 Aldrich 80
5 Hexamethyldisilazane CesH19NSi> 999-97-3 | Aldrich 99
6 | Octadecyltrichlorosilane | C1gH37ClsSi | 112-04-9 | Aldrich 90
7 toloene CeHsCH3 108-88-3 | Aldrich 99

2-2- Coating Procedure

Coating the substrates was conducted in four steps: hydrophobization of the nano-silica powder,
making the nano-silica/epoxy suspension, applying the coating on a commercial 3kV porcelain
power line insulator, and cold curing the coating. The details of the coating procedure are given
below.

Octadecyltrichlorosilane (ODTS) and hexamethyldisilazane (HMDS) were used to hydrophobize
the silica nanoparticles. The silica nanopowders had a particle size of 20-30 nm.

To do this, 0.5 ml ODTS or HDMS was dissolved in 50 ml toluene in a round-bottom flask using
a magnetic stirrer. 2 g dried nano silica powder was added to the solution and refluxed at 100°C
for 24h. Then the functionalized nano silica was filtered and dried at 110°C for 24 h.
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The hydrophobic nanoparticles were added to acetone with a weight ratio of 1 to 8 mixed by a
magnetic stirrer for 1 h and ultrasonicated for 30 min. Then 5 to 60 wt% hydrophobic nano silica
was added to epoxy resin as an adhesive and stirred with a magnetic stirrer and ultrasound. After
mixing, a hardener was added. The main reason for choosing epoxy was its special properties, such
as thermal insulation, electrical insulation, good mechanical properties, high-temperature
resistance, resistance to acids, proper adhesion. Compared to self-hardening adhesives such as
polyurethane, epoxy resin adhesive is more resistant to UV ray. The presence of silica nano powder
also increases the UV resistance by absorbing some of the UV radiation

Before applying the coating, the surface of the insulators was washed several times with distilled
water and acetone to remove any kind of dirt and grease. Then the hydrophobic coating was
immediately applied on the insulator surface using a spraying gun. To cure and stabilize the
coating, it was kept at room temperature for 24 h.

2-3- Characterization and Property Measurement

Fig. 1 shows the methods of characterizing and property measurement used in this research.
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The hydrophobicity of the applied coatings was evaluated through water contact angle (WCA)
measurement. This was measured using an automatic video contact-angle testing apparatus (Kriiss
model DSA 100 Expert). Besides the WCA measurement, the hydrophobicity class of the coatings
was also determined according to the IEC TS62073 standard. In this method, water is sprayed on
the sample for 10 to 30 seconds at an angle of 45°, while maintaining a distance of 10 £ 2.5 cm

from the surface of the sample, and then its hydrophobicity class (HC) is determined according to

XED

FESEM
Phase, microstructure and topography
analysis FTIR
| AFM
Hydrophobicity .
measurement WCA

L Electrical discharge test (IEC60333)
Characterization

methods

Leakage current test (IECG60060-1)

Adhsion test

UV stability test (IS04892.2)
|

Fig. 1. Characterization methods to characterize the coated samples

Table 2 [32].

Table 2. The criteria for evaluation of HC [32].

HC

Description
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1  Only discrete droplets are formed. 6 = 80° or larger for the majority of droplets.

2 Only discrete droplets are formed. 50° < 0 < 80° for the majority of droplets.

3 Only discrete droplets are formed. 20° < 6 < 50° for the majority of droplets. Usually,
they are no longer circular.

4  Both discrete droplets and wetted traces from the water runnels are observed. (i.e. 6 = 0°).
Completely wetted areas <2 cm?. Together they cover <90% of the tested area.

5  Some completely wetted areas >2 cm?, which cover <90% of the tested area.

6  Wetted areas cover >90%, i.e., small un-wetted areas (spots/traces) are still observed.

7  Continuous water film over the whole tested area.

X-ray diffraction (XRD, Philips, Model 1730PW with an accelerating voltage of 40 kV and a
current of 30 mA), Fourier transform infrared spectroscopy (FTIR, Thermo Co., Model Avatar),
Field emission scanning electron microscopy (FESEM, Tescan, Model Mira3), and Atomic force
microscopy (AFM, Csinstruments Co., Model Observer-Nano) were used to study the phase
composition, the chemical bonds and functional groups, and the microstructure, and topography
of the coated samples, respectively. An scratch tester (FMC, Model 240) was used to measure the
adhesion of the coatings to the surface, based on the ASTM D 3359 standard. To investigate the
stability of the coatings against UV based on the 1SO 4892-2 standard a stability test device (Lib
Xi'an, Model UFT-340) with a Xenon lamp with a wavelength of 300-400 nm was employed. This
test simulated the actual weather conditions on the sample. In this test, the samples were exposed
to ultraviolet radiation, heat, and humidity in three rotation cycles and the changes in their
properties were investigated. The samples were exposed for 72, 144, and 240 h, the latter being
equivalent to 18 months in natural environmental conditions. The electrical discharge test of the
3kV porcelain power line insulators, was performed at dry and wet conditions based on DIN 42539
porcelain power line insulators discharge test. In the dry electrical discharge test, the voltage was
applied between the electrodes of the insulator and gradually increased until it reached a certain
value, then the insulator was kept at this voltage for one minute, and finally the voltage increased
until the electrical discharge stage. In the wet condition a humidity of 5.9 mSiemens/cm was used.
The electrical test of power frequency voltage resistance was performed according to IEC 60383
standard and the results were compared with the uncoated insulators. The wet condition is the same

as the dry condition, except that the water stream was poured on the insulator at an angle of 45°.
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The rainy and insulating conditions were kept at a certain voltage for 30 seconds, then the voltage
was increased to the electrical discharge stage. In general, the electrical test of the insulators was
conducted as an experimental electrical test, the device used was a Mess Wandler-Bau brand made
in Germany.An electrical resistance test against power frequency voltage was performed according
to the IEC60383 standard.

The leakage current test was performed on the coated and uncoated insulators according to the IEC
60060-1 standard. The applied humidity was 5.9 mS/cm with an angle of 45° on the insulator. The
leakage current was taken by a desktop ammeter of the Leader model, manufactured in Taiwan.
Leakage current research was conducted on coated and uncoated surfaces based on the IEC60060-
1 standard.

3- Results and Discussion

3-1- Results of hydrophobized silica nanoparticles

The FTIR patterns of silica nanoparticles, and silica nanoparticles hydrophobiczed with ODTS and
HDMS are compared in Fig. 2a-c. The peaks at 466.7, 801.5, and 1097.3 cm™ belong to the
bending vibration, symmetric stretching vibration, and asymmetric stretching vibration of the Si-
O-Si bond, respectively. The peak at 951.5 cm™ is attributed to the stretching vibration of the Si-
OH bond. The peak at 1634.8 cm™ is indicative of the H-O-H bending vibration bond of the water
molecule. The peaks in the range of 3000-3800 cm™ represent the stretching vibration of different
models of hydroxyls and the remaining absorbed water [33]. The bands Si-O-Si, Si-OH, and H-O-
H are indicative of unbaked silica, including Si-O bonds with surface hydroxyls (-OH).

The peak at the range of 1100-1280 cm™ is related to Si-(CH3)n bonds and the peak at 700-840 cm’
1is related to the bonding of Si-(CHs). and Si-(CHs)s, which show the presence of hydrophobic
agents in silica nanoparticles [34,35].
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Fig. 2. The FTIR patterns of a) silica nanoparticles, b) silica nanoparticles hydrophobized
with ODTS, and c) silica nanoparticles hydrophobized with HMDS

Fig. 3 shows the hydrophobicity of nano silica powders hydrophobized by ODTS and HDMS. It

was observed that ODTS is more effective than HDMS, hence it was used to continue the research.
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Fig. 3. The nano-silica powders hydrophobized by (A) ODTS and (B) HMDS

3-2- Results of hydrophobized silica nanoparticles/epoxy composites

Fig. 4 shows the effect of silica loading of the coating suspension on the WCA of the coatings. As
observed, the higher the silica-to-resin ratio, the higher the WCA.. To have a hydrophobic surface,
at least 25 wt.% silica loading is needed, and to have a superhydrophobic surface at least 35 wt%
silica loading is required.

Unfortunately, with increasing the silica content, the adherence of the layer decreased. Hence, to
compromise between WCA and adherence, the samples with 31, 33, and 35 wt% silica were found
to be optimized. Therefore, the next stages were conducted using these three compounds, named
S31, S33 and S35, respectively. They showed a WCA of 140, 150 and 151°, respectively.

180
160
140
120

100

WCA (°)

80
60

40
0 10 20 30 40 50 60 70

Silica loading (wt%)

Fig. 4. The effect of silica loading of the coating suspension on WCA
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The porcelain insulator, coated with 33% hydrophobic nano-silica had the hydrophobicity class of
HC2 (Fig. 5), and was considered superhydrophobic based on the standard. The result obtained

compared to the research of Zolriyastin et al. [36] showed a better performance.

Fig. 5. The coated insulator after water spray

The XRD patterns of samples S31, S33, and S35 are shown in Fig. 6. The broad peaks seen at
the 20 angle of about 21° correspond to the amorphous plane (101) (JCPDS card 01-082-1554),
indicating the presence of nano-silica particles. As the percentage of the hydrophobic silica
increased, the intensity increased.
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Fig. 6. The XRD pattern of the samples S31, S33 and S35.

Fig. 7 shows the FESEM images of the samples S31, S33, and S35. The formed rough coating
increased the effective contact surface and intensified the hydrophobicity. The presence of
hierarchical micro/nano protrusions on the surface formed by the nano-silica particles, together
with the non-polarity of the silica nanoparticles, almost resembles the surface of lotus leaves. The
thickness of the created coating is about 52 um. A higher thickness results in cracking and peeling

due to drying shrinkage (Fig. 8).
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Fig. 7. FESEM images of the coatings, (A) S31, (B) S33, (D) S35, and (C) the cross section of
S33 on the glazed porcelain insulator
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Fig. 8. Cracking and peeling of the coating, when thicker than 60um.

Fig. 9 and Table 3 show the topographical results of the samples, obtained by AFM. The
protrusions on the surface of the samples had a height of about 1 um. The unevenness on the
surface caused by the presence of silica nanoparticles caused an increase in the specific surface
area and as a result a relative increase in the hydrophobicity. In sample S33, the particles are more
cohesive and the percentage of porosity of the hydrophobic silica coating has decreased and the
coating has become denser. It also showed a more homogeneous distribution on the surface than
the other two coatings, which is in good agreement with the field emission scanning electron
microscope results.

The height deviation from the average height, which is the average surface roughness (Ra), was
measured. Rms is the root mean square roughness, and Rsk is the skewness parameter that shows
the symmetry and flatness of the surface profile around the mean line. Now, if the height
distribution is symmetrical, Rsk=0, and if it is not symmetrical and Rsk is a positive number, the
number of peaks is more than the valleys, which according to the results obtained in the coated
samples, this value is positive and indicates superhydrophobicity of the surface and the successful
creation of the lotus mechanism by the coating. The higher the percentage of hydrophobic silica,
the bigger the Rsk, and the lower the Rms value, the smoother the sample surface. According to
this fact, sample S33 has the best hydrophobicity and adhesion. Since the coating was cured at
room temperature, it naturally created a relatively rough coating, but still, the average roughness
of the surface was 348 nm. The Rms value of S33 is less than S35, which is indicative of the
smoothness of S31 compared to S35. At the same time, it has a needle-like surface from the
microscopic point of view, which is appropriate for providing superhydrophobic conditions. The
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presence of very thin peaks with very narrow valleys between them has caused the roughness of
the surface and the creation of a hydrophobic surface on the substrate, in sample S33, peaks of the
same size were created due to the uniform dispersion of silica nanoparticles on the surface.
Besides, the presence of the hydrophobic CHs group on the tips of the protrusions contributed to
the superhydrophobicity of the surface. In general, the more hydrophobic silica was loaded, the
sharper protrusions with a shorter distance were formed, which has a direct effect on increasing

the wetting angle, as a result of air pocket entrapment.

(@)

- (b)
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(c)

Fig. 9. AFM image of the coatings: (a) S31, (b) S33 and (c) S35

Table 3. The quantitative results of the AFM

Sa (Ra)
(Roughness
Sample
Average)
nm
S31 391.5392
S33 348.7128
S35 431.5392

The results of the adhesion test based on the ASTM D3359 standard on the surface of the coated
samples S31, S33, and S35 are given in Table 4. The coatings with a higher silica nanoparticle
loading have less adhesion to the substrate and vice versa. This result was expected as the resin
plays the role of binder and its reduction diminishes adhesion. On the other hand, with increasing
resin content, hydrophobicity is ruined, hence a compromise is necessary. It seems that in the
present condition, sample S33 is the optimal sample. This type of coating does not have the
adhesion problems of non-nanostructured coatings and silicone rubber that separate from the

surface of the insulator after some time, and it has high strength and adhesion with the substrate

[37, 38].

Sqg (Rms)
(Root Mean

Square)
nm
506.0594
429.9795
546.0594

Ssk
(Surface

Skewness)

1.510673
1.498355
1.510673

Sku (Rsk)
(Surface

Kurtosis)

2.466704
2.49667
2.466704


http://dx.doi.org/10.22068/ijmse.3558
http://civil.iust.ac.ir/ijmse/article-1-3558-en.html

[ Downloaded from civil.iust.ac.ir on 2024-09-21 ]

[ DOI: 10.22068/ijmse.3558 |

Table 4. The adherence test of the coatings

No.  Nano-silica content Adhesion Class
(%)
S1 31 0% separation (5B)
S3 33 5% separation less than (4B)
Ss 35 50% (OB) separation more than

The effect of UV irradiation on WCA is presented in Fig. 10. As expected, before exposure, S31
and S35 had the lowest and highest WCA, respectively, corresponding to their silica content.
Interestingly, long UV exposure had a minor effect on the hydrophobicity of sample S31 and a
major effect on the hydrophobicity of sample S35. S31 and S33 show a slow WCA reduction after
long exposure to UV. However, S35 demonstrates a sharp drop in WCA. This is believed to be
due to the low adhesion of the coating, which results in peeling after long exposure. Our results
show improvement compared to other researchers, e.g. Jiang et al. [39]. Their sample showed a
reduction of WCA from 155 to 150°, only after 36 h exposure to UV irradiation. Also, Compared
to the work of Soroori et al. [40], the hydrophobic coating of our research has been more resistant
to UV rays. Their hydrophobic coating faced a decrease in hydrophobicity after 9 months. The
chemistry of some coatings, such as epoxy, is very sensitive to these radiations, therefore, the
resistance to ultraviolet radiation of many coatings is significantly improved with stabilizing
additives, which in this research is by adding silica nanoparticles in the epoxy substrate and their
presence upon the layer of epoxy chains helped to increase its resistance and stability against UV.
However, the higher the amount of glue compared to nanoparticles, the lower is the stability of the
glue against UV. and the higher the amount of nanoparticles and the glue, the lower the adhesion
is. Hence the best resistance to UV and adhesion was observed in S3.

Ultraviolet rays only affect the epoxy paint and make the color of the epoxy resin coating yellow
and amber. Still, when we use nanoparticles in its composition, it increases the mechanical strength
and resistance. When the epoxy is in contact with UV for a long time, the photodegradation process
occurs because the epoxy network's transverse bonds are destroyed and the physical and
mechanical properties decrease. Now we have increased the resistance and strength in another way

by using silica nanoparticles as a reinforcing phase next to the epoxy chain. In fact, with the
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passage of time and the effects of ultraviolet rays on the epoxy structure, its adhesion on the
insulating porcelain substrate decreases, and when the coating is peeled off and cracked, the
hydrophobicity decreases, but with the use of nanoparticles in the epoxy substrate The mechanical
strength of the adhesive is increased in addition to the hydrophobicity and the hydrophobic coating

is fixed on the substrate without destruction.

155

S31

150

145

WCA (°)

140

135
0 50 100 150 200 250

UV Exposure Time (h)

Fig. 10. The Effect of UV irradiation on WCA

The best sample, S33, was tested for breakdown voltage and leakage current. The experimental
setup and results are shown in Fig. 11 and Table 5, respectively. The results indicated that the
hydrophabic coating on the insulator surface increased the breakdown voltage of the insulator. In
the wet state, the average breakdown voltage increased from 15 kV for the uncoated sample to 28
kV for the coated sample after three repetitions. This represents a ~86% increase compared to the
uncoated sample. In the dry state, the hydrophobic coating did not affect the electric discharge
voltage and the corona occurrence, and the results were similar to those of the uncoated sample.
The breakdown voltage was 28 kV in the dry state. Under a voltage of 10 kV, the leakage current
in the wet state was 103 pA for the uncoated sample and 62 pA for the coated sample (S33). This
shows that the coating reduced the leakage current by 40%. Our results are better than those of

many other researchers. For example, Zolriyastin et al. [36] coated insulators with nano-silica
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containing RTV and found no significant improvement in the leakage current (383 YA for the

uncoated sample and 382 A for the coated sample).

Fig. 11. The setup for the breakdown voltage test (a) the uncoated and (b) the coated (S33)

samples, together with the setup for the leakage current test (c)

Table 5. The results of (a) the breakdown voltage and (b) the leakage current tests of the
uncoated and coated (S33) samples

Test Break Down Voltage | Current Leakage
Sample .
Conditions (kV) (nA)
Uncoated 15 103
Wet
Coated (S33) 28 62
Dry Uncoated 28 0.02

4- Conclusions

This research achieved the following main outcomes:
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1- Hydrophobic silica-epoxy composite coatings with 5 to 60 wt% nano silica loadings were
prepared, and the optimal loading was 33 wt% (S33) in terms of hydrophobicity (WCA= 150°)
and adhesion.

2- The coating had 4B adhesion according to the standard, which means less than 5% coating
separation. This solved the problem of low adhesion of RTV coating.

3- The breakdown voltage of the insulator increased from 15 to 28 kV after applying the coating.

4-  The leakage current decreased from 103 to 62 pA, which was more than a 40% reduction,
which improved the lifespan and performance of the insulator.

5-  The UV exposure for 240 h reduced the WCA from 149 to 140, which was a ~6% reduction,
indicating the excellent weathering resistance of the coatings.

6- The FESEM and AFM studies showed that the coatings had good homogeneity and integrity,
with a suitable roughness for hydrophobicity, and a microscopic needle-shaped structure that
explained the superhydrophabicity of the coating.

In summary, the composite coating of 33% superhydrophobic nano silica-epoxy with a particle

size of 20-30 nm of silica and a surface roughness of less than 52 nm had good hydrophobic

properties for porcelain insulators. The coating did not show a noticeable decrease in
hydrophobicity over time due to aging or pollution accumulation. Therefore, the results of this

research suggest a promising future for the improvement and progress of the energy industry.
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