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Abstract

The hydrophobic characteristics of outdoor insulator surface have significant influence on the lifetime and per-
formance of the power transmission lines. In this research, a textured silica layer was dip-coated on the surface
using a tetraethyl-orthosilicate (TEOS) containing solution in order to create a hydrophobic surface. Subse-
quently, the created coating was modified by dipping it in an octadecyl-trichloro-silane/ethanol solution to de-
crease its surface energy. The coating was characterized by field emission scanning electron microscopy, X-ray
diffraction method, Fourier-transform infrared spectroscopy and atomic force microscopy. The microstructural
studies confirmed the formation of a uniform microstructure with the mean particle size of 19 nm and rough-
ness of less than 80 nm. The results demonstrated that by creating the hydrophobic coating, the contact angle
increased from 14 to 120°. The result of leakage current test at 10 kV showed that the leakage current of the
coated insulator was about 24.4µA, while that of the non-coated one was about 32µA. The adhesion strength
of the coating was 1.7 MPa.
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I. Introduction

Coating is one of the effective methods to modify the
properties of the surface. By preparing a uniform coat-
ing with controlled particle size, a surface with desired
properties could be achieved. Nowadays, the nanostruc-
tured ceramic coatings are widely used in different in-
dustrial fields. The nanostructured ceramic coatings im-
prove the hydrophobic and self-cleaning properties of
the outdoor insulators [1–4]. In different climate regions
and especially in the ones with a relatively high level of
pollution, the presence of particle contaminations has a
negative effect on the performance of the outdoor insu-
lators. Creating the nanostructured coatings on the sur-
face of outdoor insulators enhances the performance of
these devices by fixing the flashover phenomena, which
is one of the main problems in the polluted wet areas.
Moreover, the weak adhesion of the conventional coat-
ings to the substrate is not observed in the nanostruc-
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tured coating, which is the result of the small particle
size of this group of coatings. There are various methods
for the preparation of nanostructured coatings, including
PVD, CVD, sol-gel and co-precipitation [5]. The meth-
ods which involve high pressures and temperatures are
always encountered with different technical problems,
such as the phase transformations of the substrate dur-
ing densification of the coating and also thermal expan-
sion mismatch of the coating and the substrate [6]. How-
ever, the processing temperature in the sol-gel method
is relatively low and the synthesized coatings made by
this method are uniform. Sol-gel has been used for syn-
thesizing the crystalline and amorphous coatings. Super
hydrophobic surfaces can be obtained either by creating
a rough surface with low surface energy or by modifying
a rough surface by a material with low surface energy.

Silica is one of the most important materials for mak-
ing hydrophobic and self-cleaning coatings [7–9]. Ra-
mala et al. [10] applied silica coatings on porcelain insu-
lators. They reported that the contact angle of the coat-
ings was higher than 150° and had desirable adhesion
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to the substrate. Pantoja et al. [11] investigated the ef-
fect of the type of solvent on the hydrophobic properties
of silica and silane containing coatings. They showed
that the type of solvent has a significant effect on the
hydrophobic properties of the coating. The highest an-
gle which they reported was 90°. In another investiga-
tion, Dou et al. [12] investigated the photonic properties
of silica coating on the antireflective glass. They used
perfluoro-decyl-trichoxy silane for decreasing the sur-
face energy of the coating. They reported a contact an-
gle of 136°.

One of the shortcomings which restrict the applica-
tion of silica coatings is the weak adhesion of the coat-
ing to the substrate and also low hydrophobic property
due to the deposition of dust on the coating in work-
place. It has been found that by decreasing the coating
particle size, the adhesion of the particles to the sub-
strate increased [12]. Therefore, making the coatings
with small particle size leads to better adhesion and in-
creases the useful operating time. In this research, hy-
drophobic nanosized coatings with small particle size
were applied on glass substrates and also glazed outdoor
insulators via sol-gel method. In the applied method,
at first the substrate was coated by SiO2 nanoparticles
and then by a material with low surface energy (using
octadecyl-trichloro-silane solution) in order to modify
the rough surface.

II. Experimental

High purity tetraethyl-orthosilicate (TEOS),
octadecyl-trichloro-silane (OTS), ethanol and HCl were
supplied by Merck. The coating was first prepared on
a glass substrate to determine the optimum conditions
and then on the insulator. At the first stage, in order to
create the coating, three TEOS and water solutions with
predetermined molar ratios were prepared according to
Table 1. Then HCl with concentration of 7.9×10−4 mol/l

Table 1. Molar ratios of precursors in the prepared solutions

Sample Distilled water Ethanol TEOS
S1 13 15 1
S2 13 22 1
S3 13 30 1

was added to the prepared solutions and the pH was
adjusted to 3. The prepared solution was stirred via
magnetic stirrer at 75 °C for 2 h. Subsequently, the
solution was stirred by magnetic stirrer with the rate of
150 rpm at room temperature for 24 h.

To coat the glass substrates, the samples were im-
mersed (dip-coated) in the prepared solutions with the
rate of 1 mm/s by an immersion coating apparatus for
10 min. The coated samples were dried at 70 °C for
15 min followed by heat treatment at 200 °C. The coat-
ing which was prepared from the S2 solution was ad-
ditionally dipped in the solutions containing 2, 5 and
7 vol.% of OTS in ethanol for 10 s. Then the specimens
were dried at 120 °C for 2 h. Finally, based on the ob-
tained results, the insulators were dip-coated with the
S2 solution.

The prepared coatings were characterized by X-ray
diffraction (XRD) using a Philips X-ray diffractome-
ter with Cu Kα radiation (λ = 1.540598 Å) within
the 2θ angle range from 10 to 80°. The morphol-
ogy and microstructure of the coatings were investi-
gated by Hitachi S4160 field emission scanning elec-
tron microscope (FESEM) equipped by energy disper-
sive spectroscopy (EDS) analyser. Atomic force micro-
scope (AFM, Veeco/CP-Research) was used to evalu-
ate the roughness of the coatings. Fourier transform in-
frared spectroscopy (FTIR, JASCO-410) was used to
obtain the infrared absorption spectrum of the coat-
ings in the range of 400–4000 cm-1. The thermogra-
vimetric analysis of the coatings was examined up to
1000 °C with a heating rate of 10 °C/min in nitrogen at-
mosphere. The adhesion strength of the coating to the
substrate was determined according to ASTM D 4541
standard. The contact angle was measured via protrac-
tor (OCA115/PLUS) equipped with a CCD camera. The
leakage current of the coated and uncoated insulator was
measured in an atmosphere with 80% humidity at 2.9 to
10 kV ranges.

III. Results and discussion

3.1. Characterization of the prepared SiO2 coatings

Figure 1 shows the FESEM micrograph of the surface
of different coatings before modification by the OTS so-

Figure 1. FESEM images of the surface of the prepared coatings in different solutions: a) S1, b) S2 and c) S3
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lution. The coating which was prepared via the S2 so-
lution shows a homogeneous distribution of submicron
particles. The acidic pH of the solution has led to the lin-
ear polymerization in which the monomeric units were
linked together to form straight chains. At these con-
ditions relatively small particles were formed. The ho-
mogeneity of a coating leads to a uniform self-cleaning
property of the coating [13,14]. The fine porosity on
the surface of the dried coating leads to the high sur-
face energy of this coating. According to FESEM im-
ages, the degree of agglomeration is the lowest in the
coating prepared from the S2 solution (having molar ra-
tio of ethanol to TEOS 22:1). It results in better homo-
geneity of the coating. Indeed, the lower concentration
of TEOS is responsible for the film homogeneity. At a
relatively low molar ratio of ethanol to TEOS (i.e. the
S1 solution), the insufficient volume of ethanol leads to
the incomplete TEOS hydrolysis and to the formation
of linear chains with organic groups. On the other hand,
increasing the molar fraction of ethanol in the solution
(i.e. the S3 solution) has led to the increased hydrol-
ysis reaction rate and also to the separation of the sol
particles which were formed at the hydrolysis stage. At
these conditions, a non-uniform sol structure with big
clusters was formed which led to the formation of a
weak gel structure with a decreased modulus. As a re-
sult, the aggregation of the gel increased. The results of
the adhesion test for different samples are given in Ta-
ble 2. According to the results, it can be declared that the
coating had good adhesion to the substrate. Based on
the microstructural investigations, among the prepared
samples by different solutions, the samples which were
coated via the S2 solution were considered for further
studies.

Figure 2 shows the result of FTIR analysis of the
coating which was calcined at 200 °C. The absorption
peaks, detected at 563.14, 786.85 and 925.70 cm-1, cor-

Table 2. Adhesion strength of the prepared coatings to the
substrate

Applied solution Adhesion strength [MPa]
S1 1.7
S2 1.7
S3 0.9

Figure 2. FTIR spectrum of the prepared coating using S2
solution

respond to the stretching and bending vibrations of
Si−O. Also, the peak with 453.21 cm-1 wavenumber
is related to the surface vibrations of Si–O binding
[15]. The presence of Si–O vibrations at 1060.43 cm-1

wavenumber confirms the main structure of SiO2. Fur-
thermore, some impurity vibrations can be detected in
the spectrum with their intensity being lower than that
of the main SiO2. Moreover, the sharp and broad peaks
at 1640.79 and 3505.91 cm-1 are assigned to the trans-
formation and O–H stretching vibration of water, re-
spectively. Also, the low intensity peaks at 2904.41 and
2998.03 cm-1 relate to the symmetric stretching vibra-
tion of alkyl groups (i.e. −CH2 and −CH3). It is worth
noting that the presence of –OH group is ascribed to
the water molecules adsorbed from the air or during the
sol-gel process. Apart from the adsorbed water, the syn-
thesized coating is pure SiO2.

Figure 3 shows the XRD patterns of the coatings
calcined at different temperatures. The broad peak ob-
served in the pattern of the calcined coating may be as-
signed to the low crystallite size and defective structure

Figure 3. XRD patterns of the coatings prepared using S2
solution calcined at different temperatures

Figure 4. TGA curve of the dried SiO2 gel
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Figure 5. FESEFM micrographs of the samples modified by OTS and ethanol containing solutions with: a) 2, b) 5 and
c) 7 vol.% of OTS

of the dried gel. Dubey et al. [16] reported that the broad
XRD peak confirms the existence of a high volume per-
cent of non-organic particles in the dried gel. The SiO2
coating has not been crystallized by calcination at tem-
peratures up to 1200 °C, which is in good agreement
with the results of other researchers [17].

Figure 4 shows the corresponding TGA curve of the
dried SiO2 gel at room temperature. The curves may
be divided into two stages. The first stage from 25 to
∼150 °C may be attributed to the gradual evaporation of
molecular water and alcohol. The second stage is in the
range of 150 to ∼775 °C and it is possibly due to the
decomposition of the organic compounds. In the second
stage, decomposition of the alkoxide-hydroxide and ag-
glomeration of hydroxyl groups occurred on the surface
of SiO2 (Si–OH), respectively. Ek et al. [18] reported
that the silane groups are stable up to 500 °C, where they
start to alkoxidize. Dugas and Chevalier [19] reported
that the absorbed water at the surface is mainly evap-
orated at about 200 °C and just silane groups remain
at the surface. At 450 to 500 °C water molecules are
formed by the condensation of adjacent silane groups.
Above 775 °C, no significant weight loss can be de-
tected, which confirms the decomposition of the silane
at lower temperatures. As a result, it can be concluded
that the weight loss of the modified sample is due to the
decomposition of the alkoxide groups on at SiO2 sur-
face.

3.2. Modification of the prepared coating

Figure 5 shows the FESEM micrographs of the coat-
ings modified by the dipping in the OTS containing so-
lutions. It can be observed that the coating which was
dipped in the 5 vol.% OTS solution shows more homo-
geneous dispersion of particles than other two samples.
On the other hand, in the sample which was dip coated
in the 7 vol.% OTS solution, due to the aggregation of
particles and decreased viscosity, the volume percent
of pores increased and the particles were agglomerated
(Fig. 5c). The mean particle size of the coating modified
by the 5 vol.% OTS solution was 19 nm. Figure 6 con-
firms that the thicknesses of the primary and secondary
coating were 21 and 43 nm, respectively.

Figure 6. FESEM micrograph of the cross section of SiO2

coating modified by 5 vol.% OTS solution

Figure 7 shows the AFM micrographs of the modi-
fied samples. The AFM results confirm the formation
of a nanostructured coating on the surface. The coating
modified by 5 vol.% OTS solution was more homoge-
neous than other samples. No defects like porosity or
cracks can be detected on the surface. Furthermore, the
surface roughness is 80 nm which is lower than 270 re-
ported by Du et al. [12].

3.3. Hydrophobic and electrical properties

Figure 8 shows the images of the water droplets on
the glass substrate and on the coatings which were pre-
pared using the S1, S2 and S3 solutions. By applying
SiO2 coating, the contact angle increased. However, the
contact angle of the coating prepared via the S2 solution
(51°) was the highest among the samples. According to
the FESEM and AFM images, the absence of fine poros-
ity and the uniform roughness of this coating have led
to the decrease of the surface energy and to the increase
of the wetting angle.

Figure 9 shows the image of a water droplet on the
coatings which were prepared and modified via the S2
and OTS containing solutions. As it is observed, by
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Figure 7. AFM images of the samples modified by:
a) 2, b) 5 and c) 7 vol.% of OTS

Figure 8. The images of water droplets on: a) glass substrate
and the coatings prepared by b) S1, c) S2 and d) S3 solutions

Figure 9. Image of a water droplet on the coatings prepared
with S2 solution and modified by: a) 2, b) 5 and c) 7 vol.% of

OTS

modifying the coating, the contact angle increased sig-
nificantly due to the decrease of the surface energy and
the presence of functional groups. In other words, ac-
cording to the Young’s equation, by modifying the coat-
ing, the surface tension of the glass/water droplet inter-
face increased and the shape of the droplet changed to a
hemisphere like the one in Fig. 9.

Figure 10 shows the images of the uncoated and
coated outdoor insulators. As observed, the surface of
the uncoated insulator has been wetted completely by
water droplets. However, the water droplets on the sur-
face of the coated insulator are spherical and the hy-
drophobic property of the prepared coating is obvious.
Figure 11 shows the image of a water droplet on the sur-

Figure 10. The uncoated and coated outdoor insulators
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Table 3. Results of leakage current test of the uncoated and coated insulators

Insulator specification
Applied voltage Leakage current Break down voltage

[kV] [µA] [kV]

Without coating
2.9 8.8

24
10 32

Coated with silica nanoparticles, 2.9 6.8
24

modified by OTS solution 10 24.4

Figure 11. A water droplet on the surface of a coated
outdoor insulator after working in an air atmosphere under

sunlight for sixty days (contact angle is about 120°)

face of a coated outdoor insulator after working in an
air atmosphere under sunlight for sixty days. The mea-
sured contact angle was 120°, implying good hydropho-
bic property of the coating.

Table 3 shows the results of the leakage current tests
of the uncoated and coated insulator. It can be declared
that by coating the insulator, the leakage current, one
of the main factors in the destruction of insulators, de-
creased for about 25%, which is a remarkable improve-
ment. However, the break down voltage did not change.

IV. Conclusions

In this research, modified silica containing coating
was created on the glass and insulator substrates via
the sol-gel process. The mean particle size of the sil-
ica within the microstructure of the coating was 19 nm.
Also, the thickness of the coating was 65 nm after
modification by OTS. The topographic investigations
by AFM showed a uniform and homogeneous coating
without any cracks and porosity with low roughness
variations. The results showed that by creating the coat-
ing, the contact angle increased from 14 to 51°. How-
ever, by modifying the created coating, the contact an-
gle was increased to 119°. Also, the contact angle of the
created coating on the outdoor insulator was determined
to be 120° after 60 days in atmospheric conditions. It
was shown that by creating a silica coating on the sur-
face of the insulator, the leakage current decreased for
about 25%.
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