
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 3

:3
1:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Novel synthesis o
aDepartment of Electrical and Computer

Suwon 16419, Republic of Korea. E-mail: pd
bInterdisciplinary Program in Photovolta

University, Suwon 16419, Republic of Korea
cCollege of Information and Communication

Suwon 16419, Republic of Korea. E-mail: ju

Cite this: RSC Adv., 2022, 12, 2612

Received 9th November 2021
Accepted 4th January 2022

DOI: 10.1039/d1ra08223j

rsc.li/rsc-advances

2612 | RSC Adv., 2022, 12, 2612–2621
f a self-healing Ce based eco-
friendly sealing coating to mitigate corrosion in
insulators installed in industrial regions

Simpy Sanyal,a Taeyong Kim,a Matheus Rabelo,b Duy Phong Pham*a

and Junsin Yi *c

Overcoming hardware corrosion for high voltage insulators is a vital issue to prevent the sudden breakdown

of insulators. The development of an efficient, economical, and eco-friendly anti-corrosion coating is

essential to replace existing carcinogenic and toxic silicone-based coatings used by insulator industries.

This article investigates the anticorrosion performance of a novel cerium-based sealing coating for

insulator pins installed in highly corrosive (35 mm per year) industrial regions. The coating bath

parameters were optimized to improve the self-healing, thermal, crack, and corrosion resistance of the

coating. After immersion in a 60 000 ppm CeCl3$7H2O sealing coating bath for 60 minutes, a Ce-rich

and dense protective coating (24.4 mm) is formed on the pin surface. The specimens immersed in

a 60 000 ppm Ce sealing coating bath for 60 minutes show the lowest Icorr. The anticorrosion

performance is enhanced by 95% for coated pins than non-coated ones. The electrochemical

experiments, macroscopic and microscopic structural analysis confirm the anticorrosion performance of

Ce-based sealing coatings for high voltage insulator pins. This work will facilitate a new branch of eco-

friendly coatings for insulator and power industries.
1. Introduction

Insulators are one of the vital electrical elements in power
utility. The entire reliability of the electrical installation
depends on insulators. The ceramic insulator has been used
since its invention for 150 years. The porcelain insulator has
demonstrably higher resistance to degradation, electrical
strength, and thermal resistance compared to its non-ceramic
counterpart.1 Corrosion of porcelain insulators has proved to
be a signicant threat to the secure and steady performance of
power utilities. The losses resulting from corrosion are
considered to be 2–5% of the gross national product of any
country. The pin corrosion results in degradation of pin cross-
sectional zone and interfacial strength between the pin and
cement, which reduces the mechanical strength of the pin. Even
corrosion products surrounding the pin may enhance hoop
stress in the head of the insulator which results in cracking of
the dielectric shell. This situation leads to the sudden failure of
insulators and thus arise safety issues for power industries.2

Fig. 1 depicts insulators collected from Yeongnam Naeryuk,
Engineering, Sungkyunkwan University,
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Engineering, Sungkyunkwan University,
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Southern coastal and Capital region industrial area of Korea
with the same installation time, but varying corrosion rate from
10–35 mm per year. Fig. 1(a) shows the initiation of corrosion in
the insulator pin. However, Fig. 1(b) and (c) depict the critical
level of localized and surface corrosion in the insulator pin,
even if all specimens share the same installation time. Fig. 1(d)
presents the aer-effect of pin corrosion. Insulator hardware
mostly avails galvanized metal parts on account of their
successful history of corrosion resistance in almost all polluted
sites. In industrial sites, a severely contaminated environment
exacerbates the risk of corrosive attack for insulators. The
corrosion rate varies due to change in concentration of pollut-
ants, temperature, and pH of rainfall for various industrial sites.
The major pollutants found in industrial sites in Korea are SOx,
NOx, and Cl. The concentration of SOx, NOx and Cl vary in the
range of 0.54–4.7 mg m�3, 0.95–3.03 mg m�3, and 3.26–4.47 mg
m�3 respectively in the atmosphere. The pH of rain varies in the
range of 3.2–5.1 in extremely polluted industrial sites of
Korea.3–5 Under continuous exposure to an industrial environ-
ment, the galvanized lm of the insulator pin would be trans-
formed into other atmospheric products rapidly. These
corrosion rates would be faster enough to cover galvanized
surfaces with corrosion byproducts in no more than 5–10 years.
The steady exposure to an acidic environment due to the low pH
of rainwater, accelerate corrosion.6–8

When zinc is exposed to SOx present in the atmosphere,
sulfur gas would be dissolved into zinc surface lms. The sulfur
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The microstructural analysis of insulator pins aged more than 5 years collected from industrial sites (a) corrosion initiation, corrosion rate
10 mmper year (b) localised corrosion, corrosion rate 20 mmper year (c) severe corrosion, corrosion rate 35 mmper year (d) macroscopic analysis
of crack propagation within insulator due to pin corrosion.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 3

:3
1:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
gas would oxidize to bisulfate, HSO3
� eventually. Consequently,

bisulte would be converted to sulfate ion by O3 or H2O2. Once
sulfate is formed, it is available to form zinc hydroxy sulfates
(see eqn (1) and (2). The formation of zinc hydroxy sulfates is
usually observed in industrial regions that are easily soluble in
weak acids

Zn2+ + SO4
2� + xH2O / Zn4SO4$xH2OY (1)

3Zn(OH)2 + ZnSO4 + xH2O / Zn4SO4(OH)6$xH2OY (2)

4Zn(OH)2 + ZnCl2 / Zn5(OH)8Cl2$H2OY (3)

Zn(OH)2(S) + 4Zn2+ + 6OH� + 2Cl� / Zn5(OH)8Cl2$H2OY(4)

When chloride enters the zinc surface through the incorpo-
ration of gaseous HCl or deposition of salt particles, sequential
combination reactions resulted in the formation of zinc hydroxy
chlorides. The zinc hydroxy chlorides were easily soluble in
weak acid solution (see eqn (3)–(8)). The removal of sacricial
coating (Zn) would accelerate corrosion for insulator pins.9–11

SO2 + H2O / SO3
2� + 2H+ (5)

SO3
2� + NO2 / SO4

2� + NO (6)

NO + 0.5O2 / NO2 (7)

SO2 + 0.5O2 + H2O / SO4
2� + 2H+ (8)

Corrosion of insulator pins is still controlled by conventional
approaches like the application of barrier coatings like paint,
plastic, and powder. Paintworks as a coating to protect insulator
hardware from electrochemical charges that promote corrosion.
The plastic and wax coatings are spread on insulator hardware
© 2022 The Author(s). Published by the Royal Society of Chemistry
to increase the corrosion resistance capability of insulator
hardware. Powders including epoxy, nylon, and urethane are
heated to form a protective layer on insulator hardware to
inhibit corrosion. The cons associated with barrier coatings is,
they needed to be stripped and reapplied aer a certain dura-
tion. Any damage in the paint surface led to an increased level of
corrosion.12 The volatile organic compound found in paints
form the ozone layer in the surroundings when interacting with
nitrogen oxide and carbon monoxide during daytime creates
a threat to the environment. Implementation of corrosion-
resistant alloys for pins is an expensive alternative where the
adjoining metals should also be compatible. While cathodic
protection is highly effective in low to a medium corrosive
atmosphere. It is not effective for sites with a corrosion rate of
more than 20 mm per year.13–15 The RTV silicone coating is
a recent and popular strategy utilized by the ceramic insulator
industry. Nonetheless, it is an extreme threat to the eyes,
inhalation system, skin, and carcinogenic. In addition, beyond
their contribution to oceans and water pollution from their
production and usage, synthetic polymer-based coatings are
a critical challenge on land.16

In recent decades, consciousness regarding environmental,
ecological, and health risks have developed among the present
generation. This has resulted in increased attempts to develop
a new series of eco-friendly and efficient green coatings to
inhibit corrosion in insulators. To continue with the approach
a novel, ecofriendly and efficient corrosion sealing coating is
reported for insulator hardware installed in severe corrosive
installation sites. The cerium is an economical, abundant, and
eco-friendly metal. Cerium-based oxides were utilized for
various technological applications due to the electronic struc-
ture of Ce. The Ce-based salts were reported in many applica-
tions such as electrochemical cells, UV absorbers, thermal
RSC Adv., 2022, 12, 2612–2621 | 2613
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barriers, and microelectronics.17–20 However, this has not been
reported in any application for the high voltage insulator
industry or power utilities. Here, a novel, eco-friendly and effi-
cient, Ce-based anticorrosion sealing coating for high voltage
insulators installed in severe corrosive (35 mm per year) instal-
lation sites. To keep the strategy simpler, economical, and fast,
3 step chemical conversion process is adapted for the synthesis
of novel Ce-based sealing coating on insulator pin. The sealing
coating bath parameters are optimized for the development of
awless, hard, self-healing, crack, and thermal resistive
protective sealing coating. The characteristics of sealing coating
are investigated by utilizing measurement techniques along
with optical imaging (OM), scanning electron microscope
(SEM), energy dispersive spectroscope (EDS), potentiodynamic
corrosion test, and X-ray photoelectron spectroscope (XPS).

2. Experimental setup
2.1 Specimen preparation

The galvanized mild steel insulator pin samples,10.7 cm in
length and coated with 180 mm of zinc were employed. Multiple
samples and corrosive media were considered for each set of
experiments to evaluate the repeatability and reproducibility of
the observed results. Before the experiment, the specimens were
stripped mechanically by SiC-500 and SiC-1000 mesh papers.
Consequently, it is cleaned with acetone, isopropyl alcohol
(IPA), and deionized (DI) water for 10 min each in an ultrasonic
bath. The pretreatment process also involves alkaline cleaning
by Turco 6849 (20 volume%) at 50 �C. Aer that, samples were
rinsed in DI water for 2 minutes. The conversion sealing coating
form by the following three steps: (i) oxide growth – the speci-
mens were immersed in an acidic solution (250 ml) containing
H2O2 (30 vol%, 2.5 ml) and HNO3 (65–67%, 5 ml) for 30 minutes
to initiate the growth of a metal oxide structure on the metal
surface. The pH of the acidic solution is 3.5. (ii) Thickening of
oxide – the specimens are dipped into DI water for 30minutes at
a temperature of 90 �C. The temperature was increased to
promote oxide thickening. (iii) Sealing oxide layer – the oxide
sealing solution was made by dissolving 10 000 ppm–

100 000 ppm CeCl3$7H2O (99.9%) to make a 500 ml sealing
coating solution. The specimens were treated for 60 minutes in
this solution at a temperature of 50 �C. The function of the
sealing layer is to infuse and seal the oxide layer. Between each
step of the pre-treatment and coating process, the specimens
were rinsed in a DI water bath. Aer the coating process, the
specimens were kept at room temperature for 24 h for drying in
ambient air.17–23 All the reagents used were supplied by Sigma
Aldrich, Korea.

For evaluating the anticorrosion performance of Ce-based
coating, bare and coated specimens were dipped in an indus-
trial corrosive medium for 30 days at 25 �C. The corrosive
solutions Sol I1 and Sol I2 were prepared by adding H2SO4 (95–
98%, 0.5 ml), HNO3 (65–67%, 0.3 ml), NaCl (99.0%, 6 g) and
H2SO4 (95–98%, 1 ml), HNO3 (65–67%, 1 ml), NaCl (99.0%, 10 g)
respectively maintaining corrosion rates as 35 mm per year and
35 mm per month. All the immersion tests were performed
under the conditions provided by the American Society for
2614 | RSC Adv., 2022, 12, 2612–2621
Testing and Materials (ASTM) G 31-72 and (ASTM) G1 standard
specications. The specication of Ce-based sealing bath and
corrosive media bath is described in Table 1.
2.2 Measurements

An OM (Korean Scientic Inc. UCMOS03100KPA) and SEM
equipped with an EDS (FESEM III/EDS, JSM7500F) were
employed to analyze the surface morphologies and chemical
conguration of the bare and coated specimens before and aer
exposure to corrosive media. The corrosion performance of bare
and cerium-based coated specimens was evaluated by using
polarization curves. The potentiostat/galvanostat model WIZEIS
– 1200 PREMIUM, was employed for electrochemical experi-
ments. A three-electrode system with electrolyte (I4) was utilized
for corrosion experiments. The Ag/AgCl, platinum, and galva-
nized steel (specimens) were employed as a reference, counter,
and working electrode sequentially. The polarization parame-
ters were calculated by using Tafel extrapolation. The potential
was scanned at 1 mV s�1. The XPS was performed by employing
Thermo, ESCALAB250 device. The base pressure in the UHV
chamber was kept at 10�9 bar. The spectra were acquired at 15
kV and 20 mA with the line of Mg Ka (1253.6 eV) radiation to
study the surface composition of specimens. The C 1s were
considered as the reference for internal binding energy. The
thickness of the specimens pre and post immersion to corrosive
media was measured using an Elemetron thickness gauge
meter.
3. Results and discussions
3.1 Coating synthesis

The sealing coating features were analyzed aer removal from
the coating bath and dried for 24 hours. The microscopic
features of Ce coated insulator pins obtained aer immersion
in various CeCl3$7H2O concentration solutions are shown in
Fig. 2. Fig. 2(a) and (b) present the scanned microscopic
micrographs of coated insulator pins aer 60 minutes immer-
sion in 10 000 ppm and 30 000 ppm Ce salt sealing coating bath
respectively. A non-uniform and aky lm were formed in both
cases. This lm has not covered the full surface continuously.
The reason may be the insufficient concentration of CeCl3-
$7H2O in the sealing coating bath solution.21 The experiments
were performed by increasing time of immersion to 180
minutes. However, the results did not show progress even with
increasing the immersion time. Fig. 2(c) depicts continuous and
uniform protective lm formed on the specimen surface. In the
case of Fig. 2(d) the cracks can be observed on the sealing
coating surface. The reason may be tension developed due to
the formation of a very thicker sealing coating.21 The strain
developed within the sealing coating led to crack propagation
on the coating surface. To add more insights EDS was per-
formed. Fig. 3 presents the EDS analysis of the coated insulator
pin specimens. EDS conrms the presence of Fe, Zn, Ce, O, and
Cl in the sealing coating. Fig. 3(a) and (b) present the EDS
analysis of specimens immersed in 10 000 ppm and 60 000 ppm
sealing coating bath respectively. The weight (%) of Zn
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of inhibition and corrosive media

Solutions Type Condition pH C. R.

Sol-A Sealing coating solution Ce/10 000 ppm/60 min N/A
Sol-B Ce/30 000 ppm/60 min
Sol-C Ce/60 000 ppm/60 min
Sol-D Ce/100 000 ppm/60 min
Sol-I1 Industrial corrosion media H2SO4 (0.5 ml), HNO3 (0.3 ml), NaCl (6 g) 5.1 35 mm per year
Sol-I2 H2SO4 (1 ml), HNO3 (1 ml), NaCl (10 g) 3.2 35 mm per month
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decreased by 65.7% and Ce enhanced by 84.4% with the
formation of a protective sealing coating, conrm Ce enriched
thick and uniform protective sealing coating for pin immersed
in 60 000 ppm coating bath. Fig. 4(d) shows an increasing trend
for the weight (%) of Ce, O and decreasing weight (%) of Zn with
an increase in the concentration of Ce in the sealing coating
bath.21 This assures the existence of cerium-based oxides/
hydroxides in the protective lm formed over insulator pin
specimens.

For reproducibility of the results, 5 specimens were tested for
each coating condition. Further sealing coating thickness was
measured for all specimens to make the process scalable. Fig. 4
presents a normal distribution plot for sealing coating thick-
ness measured by the Elemetron thickness gauge meter. The
sealing coating thickness is normally distributed. The sealing
coating thickness varies from 5.1 to 38.9 mm for specimens
immersed in 10 000 ppm to 100 000 ppm Ce-based sealing
coating solution sequentially. For specimens immersed in
a 60 000 ppm sealing coating bath, the average sealing coating
thickness is 24.4 mm.
Fig. 2 Scanned micrographs of specimens immersed in cerium salts se
100 000 ppm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Inhibition performance of Ce based protective sealing
coatings

Aer the sealing coating synthesis inhibition characteristics of
the sealing coatings were evaluated by utilizing polarization
curves. The electrochemical behavior of the cerium-based
sealing coatings aer immersion in industrial corrosive media
(Sol-I1) for 30 days is shown in Fig. 5. The anodic and cathodic
polarization branches predict the Tafel behavior of these spec-
imens. To select the optimized concentration of cerium in the
sealing coating bath, corrosion kinetic parameters at a concen-
tration range of 10 000 ppm–100 000 ppm was evaluated and
inhibition efficiencies were calculated. Themaximum corrosion
current density (Icorr) is observed for uncoated specimens. This
conrms the superior corrosion resistance properties of coated
pin specimens. The corrosion current density (Icorr) of coated
specimens decreases with the increasing concentration of Ce
salts in the sealing coating bath. The specimens immersed in
a 60 000 ppm Ce sealing coating bath show the lowest Icorr.
However, the Icorr increases when the concentration of
aling coating bath (a) 10 000 ppm (b) 30 000 ppm (c) 60 000 ppm (d)

RSC Adv., 2022, 12, 2612–2621 | 2615
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Fig. 3 EDSmeasurements of specimens immersed in cerium salts sealing coating bath (a) 10 000 ppm (b) 60 000 ppm (c) trend of weight (%) of
Zn, Ce, and O with increasing concentration of cerium salts.

Fig. 4 Normal plot for sealing coating thickness of coated insulator
pins.

Fig. 5 Tafel curves for insulator pins in industrial corrosive media.

Table 2 Corrosion kinetic parameters of insulator pins with various
concentration of cerium salts in industrial corrosive media (Sol-I1)

Quantity (ppm) Ecorr (V) Icorr (A cm�2)
Corrosion rate (mm
per year) P (%)

0 �0.573 4.61 � 10�6 5.41 � 10�2

10 000 �0.598 3.34 � 10�6 3.92 � 10�2 28.3
30 000 �0.51 1.32 � 10�6 1.55 � 10�2 71.37
60 000 �0.56 2.34 � 10�7 2.80 � 10�3 95
100 000 �0.612 1.10 � 10�6 1.29 � 10�2 76.08
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CeCl3$7H2O reaches up to 100 000 ppm. This shows an exces-
sive concentration of Ce salts added in the sealing coating bath
could have degraded the crack resistance and consistency of
protective sealing coating. Table 2 provide corrosion kinetic
parameters of insulator pin specimens with various concen-
tration of cerium salts in industrial corrosive media (Sol-I1). It is
observed from Table 2, the corrosion current density (Icorr) and
corrosion rate degrade by 3 times (approx.) for coated speci-
mens concerning non-coated ones. The specimens immersed in
a 60 000 ppm Ce sealing coating bath show the lowest Icorr,
corrosion rate, and highest inhibition performance efficiency (P
(%)). The inhibition performance efficiency P (%) was calculated
by using the following

P ð%Þ ¼ IcorrðuncoatedÞ � IcorrðcoatedÞ
IcorrðuncoatedÞ

(9)
2616 | RSC Adv., 2022, 12, 2612–2621
While the inhibition efficiency degrades by 1.2 times with Ce
concentration increasing to 100 000 ppm. Another explanation
might be aer 60 minutes of immersion in 10 000 ppm and
30 000 ppm Ce salt sealing coating baths, the coated insulator
pins had a non-uniform and aky covering on the pin surface.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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This coating did not continuously cover the entire surface. The
reason might be a lack of CeCl3$7H2O concentration in the
sealing coating bath solution. Immersion in a 60 000 ppm
coating bath solution for 60 minutes demonstrates the forma-
tion of a continuous and homogeneous protective layer on the
specimen surface. With the creation of a protective sealing
coating, the weight (%) of Zn reduced by 65.7% and Ce
increased by 84.4% (Fig. 3(b)), conrming Ce enriched thick
and uniform protective sealing coating for pin submerged in
60 000 ppm coating bath. However, fractures on the sealing
coating surface can be seen aer immersion in a 100 000 ppm
coating bath solution. The cause might be strain caused by the
creation of a much thicker sealing layer. As a result, immersion
in a 60 000 ppm coating bath solution for 60 minutes results in
the lowest Icorr (2.8 � 10�3).

To obtain more details on the inhibition properties of Ce-
based sealing coating, XPS studies were performed for speci-
mens post immersion in industrial corrosive media (Sol-I1).
Fig. 6(a) represents the survey spectra for both bare and
coated specimens. The main elements detected for coated
specimens were Zn, Ce, Cl, Na, and C. However, for non-coated
specimens, the main elements are Zn, Cl, Na, C, and S.22-23 The
presence of carbon in both specimens is due to the presence of
CO2 in the atmosphere. The Zn 2p peak (Fig. 6(b)), associated at
binding energy 1045.7 eV, and 1022.01 eV depicts ZnO type
compound in specimens. Similarly, the Zn 3s peak at 140.09 eV
also depicts the presence of ZnO or ZnO type compound in
specimens. The O 1s display overlapped peaks indicating the
presence of both zinc–oxygen and cerium–oxygen at 532.16 eV.
Fig. 6 Results of XPS analysis post immersion in industrial corrosivemedi
(b) narrow spectra of Zn 2P (c) narrow spectra of Ce 3d (d) atomic weig

© 2022 The Author(s). Published by the Royal Society of Chemistry
In the case of coated specimens, the O 1s peak (532.2 eV) may
contribute to cerium-oxides/cerium hydroxylated compounds.
However, for bare specimens, it indicates the presence of ZnO
(531.5 � 1 eV). The rst peak corresponding to Ce 3d (Fig. 6(c)),
at binding energy 881.45 eV indicates Ce2O3. The second peak
corresponded to Ce 3d5/2 spectra having binding energies 881.7
� 0.5 eV may indicate CeO2. The peak at 917 eV predicts the
presence of CeO2 again. Comparing the theoretical Ce spectra
values reported in the literature it can be suggested that
Ce(OH)3, CeO2, and Ce2O3 were found in the Ce coated speci-
mens.22 Fig. 6(b) and (c) also indicate the existence of minimum
intensity of ZnO and maximum intensity of Ce compounds on
the protective lm for specimens immersed in 60 000 ppm
sealing coating bath post immersion to Sol-I1 for 30 days. Thus,
ensures the highest inhibition efficiency. The XPS studies also
conrm the presence of cerium compounds on all coated pin
surfaces post immersion in industrial media (Sol-I1) for 30 days.
Fig. 6(d) indicates with the increase in the concentration of Ce
to 60 000 ppm in the sealing coating bath, the atomic weight
(%) of Ce increased from 2.08 to 12.42 indicating the formation
of insoluble cerium compounds on the pin surface. However,
excessive concentration of Ce in the sealing coating bath would
result in cracks in the protective lm. Thus, reducing the
corrosion resistance of the protective lm.
3.3 Activity of protective sealing coating towards scratched
surface

To evaluate the activity of sealing coating towards scratched
surface, the specimens showed excellent inhibition
a, Sol-I1 for 30 days (a) survey spectra of bare and coated pin specimens
ht (%) of zinc and cerium present in the protective sealing coating.
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performance (60 000 ppm) was investigated by XPS, with and
without manual scratch post immersion in industrial corrosive
media Sol-I1. O 1s spectra shown in Fig. 7, indicate an increase
in the intensity of Ce-hydroxylated, Ce(III) and Ce(IV) groups for
scratched specimens concerning unscratched specimens post
immersion in Sol-I2. Aer contact between electrolyte and pin
specimens, the following reaction occurs.

Cathode:

2H2O + O2 + 4e� / 4OH� (10)

O2 + 2H2O + 2e� / H2O2 + 2OH� (11)

H2O2 + 2e� / 2OH� (12)

Anode

Zn / Zn2+ + 2e� (13)

The reaction of the OH� ions with Ce(III) and Ce(IV) ions
existing in the sealing coating23,24

Ce3+ + 3OH / Ce (OH)3 (14)

2Ce(OH)3 4 Ce2O3 + 3H2O (15)

Ce4+ + 4OH� / Ce(OH)4 (16)

Ce(OH)4 4 CeO2 + 2H2O (17)

The indissoluble Ce species, observed in the XPS study are
responsible for the curing of cerium-based protective lm.
Similar studies were reported for PMMA-silica hybrid coating
modied with various concentrations of Ce(IV) ions for carbon
steel, PMMA-silica hybrid coating developed on mild steel,
silane coatings modied by CeO2 nanoparticles, and Ce(III) ions
developed on steel alloy.23,24
Fig. 7 XPS O 1s spectra of unscratched and scratched specimens
immersed in industrial corrosive media.

2618 | RSC Adv., 2022, 12, 2612–2621
3.4 Surface analysis

The surface analysis of uncoated and coated specimens (60 000
ppm), post immersion in industrial corrosive media (Sol-I2) is
investigated in this section. The specimens immersed in
corrosive media (Sol-I2) accelerated the corrosion phenomenon
seems to occur in a year by using Sol-I1, to a month. The Sol-I2
was used to understand the surface-morphological changes in
detail.

As a complementary conrmation technique galvanized
layers of pin specimens were measured aer exposure to
corrosion media (Sol-I2) for both bare and coated specimens to
conrm the inhibition efficiency of the proposed sealing
coating. Fig. 8 presents results of galvanized coating thickness
for both bare and coated specimens, post immersion to corro-
sion media (Sol-I2). During 1–4 weeks of exposure to corrosion
media, the bare galvanized pin specimens present 35.2 mm of
coating loss. Under such an extremely corrosive environment
the lifetime of the galvanized layer would be 5.1 years only.
However, the optimized coated specimens present almost
negligible coating loss aer exposure to corrosive media for 4
weeks. The coated specimens depict 40 times (approx.) better
corrosion protection to insulator pins concerning uncoated
galvanized insulator pins.

Fig. 9 presents the macrographs and micrographs of
uncoated pin specimens, post immersion to corrosive media for
30 days. The SEM results are in line with coating thickness
measurement results for pin specimens. Aer 7 days the
uncoated specimen comprises faded metallic luster and minor
signs of dissolution of top Zn layer at some sites as presented in
Fig. 9(a) and (e). Aer 14 and 21 days of immersion, most of the
metallic luster faded away with major signs of dissolution of
galvanized coating as shown in Fig. 9(b) and (c). The micro-
graphs of the corresponding specimen present pitting/localized
corrosion aer 21 days of immersion as shown in Fig. 9(g). Aer
the exposure time exceeds 30 days the specimen shows signi-
cant corrosion. The pin surface lost all the metallic luster and
Fig. 8 Measurement of coating thickness for bare and coated pin
specimens (60 000 ppm) post immersion to corrosive media (Sol-I2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Optical macro and micro graphs for uncoated pin specimens post immersion in industrial corrosive media for (a) 7 days (b) 14 days (c) 21
days (d) 30 days (e) 7 days (f) 14 days (g) 21 days (h) 30 days.

Fig. 10 Optical macro andmicro graphs for coated pin specimens (60 000 ppm) post immersion in industrial corrosivemedia for (a) 7 days (b) 14
days (c) 21 days (d) 30 days (e) 7 days (f) 14 days (g) 21 days (h) 30 days.
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faded to brown color. The dark brown colored corrosion prod-
ucts spread on the pin surface as shown in Fig. 9(d) and (h).

Fig. 10 presents the macrographs and micrographs of coated
pin specimens post immersion to corrosive media for 30 days. It
can be seen from Fig. 10(a) and (e) that even aer 7 days of
exposure to corrosive media, the yellow protective lm devel-
oped on the pin surface initially aer sealing the coating does
not show any damage or color change. Aer 14, 21, and 30 days
of exposure as shown in Fig. 10(b)–(h) the yellow color sealing
coating of specimens transformed to milky white and nally to
transparent white. The simultaneous redox reactions may be
the reason for color change. No signicant etching of the
protective sealing coating or initiation of corrosion is observed
in the coated specimens.

The morphology of the coated specimens was further
studied with SEM. Fig. 11 depicts micrographs of the coated
specimen aer 30 days of exposure to corrosive media (Sol-I2).
The SEM micrographs are also in agreement with the previous
© 2022 The Author(s). Published by the Royal Society of Chemistry
results. Any sign of coating damage, crack or the initiation of
corrosion process is not observed for coated pin specimens in
Fig. 11.

The proposed sealing coating has been synthesized uniquely
and has not been used for insulators previously. Due to its high
melting point (1060 K), low thermal conductivity (2 W mK�1),
high crack resistance and easily tailored structure the proposed
sealing coating have a high potential to function as sealing
coating material for insulator pin as well as all-metal acces-
sories used in power utilities in future.25 This work would pave
the way to utilize cerium-based eco-friendly and highly efficient
coatings for high voltage insulator and power industries.
4. Conclusion

In this study, the anti-corrosion performance of sealing coating
against corrosion has been investigated. The immersion of
specimens for 60 minutes in a 60 000 ppm Ce salt sealing
RSC Adv., 2022, 12, 2612–2621 | 2619
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Fig. 11 SEM micrographs of coated specimens (60 000 ppm) post exposure to corrosion media (Sol-I2) at various magnifications (a) 500� (b)
1000� (c) 5000�.
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coating bath developed a uniform and continuous protective
lm over the pin surface unlike those immersed for 60 minutes
in 10 000 ppm and 30 000 ppm sealing coating bath. The
specimen immersed in a 100 000 ppm sealing coating bath for
60 minutes showed cracks in the protective lm because of
tension developed due to the formation of a very thicker sealing
coating. The EDS reveals the weight (%) of Zn decreased by
65.7% and Ce enhanced by 84.4% with the formation of
a protective sealing coating, conrming Ce enriched thick and
uniform protective sealing coating for pin immersed in
60 000 ppm sealing coating bath. The increasing trend for the
weight (%) of Ce, O and decreasing weight (%) of Zn with an
increase in the concentration of Ce in the sealing coating bath,
assure the existence of cerium-based oxides/hydroxides in the
protective lm formed over the insulator pin specimens. The
sealing coating thickness varies from 5.1 to 38.9 mm for speci-
mens immersed in 10 000 ppm to 100 000 ppm Ce-based seal-
ing coating solution sequentially. For specimens immersed in
a 60 000 ppm sealing coating bath, the average sealing coating
thickness is 24.4 mm. The polarization curves conrm the
specimens immersed in 60 000 ppm Ce sealing coating bath
show the lowest Icorr, corrosion rate, and highest inhibition
performance efficiency. While the inhibition efficiency
degrades by 1.2 times with Ce concentration increasing to
100 000 ppm. The XPS conrms the existence of Ce(OH)3, CeO2,
and Ce2O3 in the protective sealing lm. Further, it indicates the
existence of minimum intensity of ZnO and maximum intensity
of Ce compounds on the protective lm for specimens
immersed in 60 000 ppm sealing coating bath post immersion
to industrial corrosion media (Sol-I1) for 30 days. Thus, ensures
the highest inhibition efficiency of the specimen. The indis-
soluble Ce species, observed in the XPS study for manually
scratched specimens are responsible for the self-healing prop-
erty of cerium-based sealing lm. The thickness gauge meter
conrms during 1–4 weeks of exposure to corrosion media, the
bare galvanized pin specimens present 35.2 mm of coating loss.
However, the optimized coated specimens present almost
negligible coating loss aer exposure to corrosive media for 4
weeks. Themeasurement suggests, the coated specimens depict
40 times (approx.) better corrosion protection to insulator pins
concerning uncoated galvanized insulator pins. The
2620 | RSC Adv., 2022, 12, 2612–2621
micrographs revealed the bare pin specimens, lost most of the
metallic luster and major signs of dissolution and pitting of
galvanized coating aer 14 and 21 days of immersion, unlike
coated specimens. Any sign of coating damage, crack or the
initiation of corrosion process is not observed for coated pin
specimens. Thus, it can be concluded that due to the combi-
nation of inhibition efficiency, self-healing ability, economical,
and eco-friendliness Ce-based sealing coatings are promising
alternatives to silicone coatings for extending the service life of
insulators.
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