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ABSTRACT Insulators serve bi-fold objectives of holding the conductor and electrical segregation from
the grounded structure. For reliable operation of utility, electrical and mechanical strength of insulators are
equally significant. The mechanical load is governed by weight of conductor, tension and environmental
conditions like wind, snow, rain and typhoons etc. However, electrical strength is determined by survival of
insulators against system voltage and transient over-voltages. A simulated power arc test was conducted on
porcelain insulator samples by passing 72 kA/cycle surge current to evaluate for sudden lightning conditions
after conducting insulation measurement of insulator samples. All cristobalite samples broke during power
arc test. Power arc test revealed the thermal expansion coefficient of cristobalite samples werel.6 times
higher as compared to alumina samples. Followed to arc test, X-Ray Diffraction (XRD), and Scanning
Electron Microscope (SEM) were performed on insulator samples to evaluate consequences of power arc test
on both cristobalite and alumina insulators. XRD reveals doubling of peak of cristobalite phase of fractured
cristobalite insulators due to flow of high surge current through insulator body. X-Ray Fluorescence (XRF)
was performed to investigate the elemental composition of Alumina and cristobalite porcelain insulators.
Results of XRF show 5% increased Al,O3 in alumina samples as compared to cristobalite samples. Finally
SEM was carried to study microstructure of samples before and after power arc test. SEM analysis depicts the
maximum pore size in cristobalite porcelain insulators were increased to 200 pm unlike alumina insulators.
This article outline layout of research strategy to study behavior of alumina and cristobalite porcelain

insulators.

INDEX TERMS Cristobalite insulators, Alumina insulators, Power arc test, XRF, XRD, SEM.

I. INTRODUCTION

The concept of insulators has been come into existence before
1942. Since the inception, it has been strictly managed as
international standards like ANSI and IEC [1], [2]. These
standards are globally acceptable [3]. Insulators must be ver-
ified to meet these international standards before installation.
Recent days polymeric insulators are more popular as com-
pared to porcelain due to hydrophobicity characteristics of
polymer insulators. In Korea 1,223,538 porcelain insulators
are in active state. The lifespan of porcelain insulators are
approximately 30 years. However, 65.19% of the existing
insulators had already completed 30 years [4]. For long time,
insulators were exposed to continuous electrical and mechan-
ical stresses such as lightning, wind, rain, ice etc. This kind
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of strain could lead to generation of defects, degradation
of electrical and mechanical performances and finally could
lead to insulator failure. Thus evaluation of aged insulator
samples is significant.

Detection of damaged insulators prior to failure is critical
from reliability point of view. Thus, proper prediction of
lifetime of aged insulators was required. Accurate methods
to determine and access extent of degradation are required to
predict rest over lifetime. Visual detection of damage is not
possible in all cases in insulators. Literatures reported several
devices such as UV and IR cameras have been excessively
used to detect damaged insulators [5]-[7]. However, such
techniques are highly dependent on illumination and quite
costly.

In case of cracks or micro-cracks present in the inter-
face or inside the porcelain insulators, SEM could be used
to investigate the micro-structural defect. The SEM studies
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could generate high resolution, three dimensional images
which provide topographical, morphological and composi-
tional analysis of sample. In past research were conducted
to determine electrical and mechanical tests and characteri-
zation of samples to estimate lifespan [6].

There are various factors which affect lifetime of insulators
such as direction and speed of wind, ice, rainfall, temperature
and location of installation of insulators. This is the reason
due to which more investigations are required regarding this
concern [7]-[9]. The nature of insulators is classified into
electrical and mechanical characteristics. The electrical and
mechanical strength degradation which is main reason for
failure was analyzed by simulating surge conditions. The
failure of insulators could occur due to degradation in cement,
metal or shell of insulators. In this article porcelain insulators
of various materials such as cristobalite and alumina were
studied and compared. Experiments such as power arc test
were conducted to simulate lightning surge condition. Power
arc test simulate thermal sock, surge current as well as high
mechanical stress conditions of natural lightning condition.
Mechanical and electrical strength as well as thermal expan-
sion coefficient were analyzed with the help of power arc
test. Due to difference in weight of material components the
behavior of both alumina and Cristobalite insulators would be
different [10]. XRF was carried out to understand the reason
of different behavior of both alumina and cristobalite insula-
tors. Consequently SEM was performed for micro-structural
analysis of alumina and cristobalite insulators [11], [12].
This article basically outlines a scientific study to compare
behavior of alumina and cristobalite insulators.

Il. EXPERIMENTS

Porcelain insulator Samples were collected from different
utilities in South-Korea. These were removed for laboratory
evaluation from different utilities. First of all insulation resis-
tance was measured with the help of FLUKE 1507 Insulation
tester to analyze the integrity of insulator.

In addition, 10 insulator samples were randomly chosen
for Power arc test. This test is performed on insulators as per
IEC 61467:2008 standard to ensure mechanical and electrical
strength of insulators after a power arc was applied. Set-up for
power arc test was arranged as depicted in Figure 1.

Power arc test is a simulation of natural lightning flashover
condition. Power arc test imitate thermal sock, surge current
as well as high mechanical stress conditions of natural light-
ning. Mechanical and electrical strength as well as thermal
expansion coefficient were analyzed with the help of power
arc test. Test current supplied was single phase alternating
current 45-65 Hz and asymmetry was limited to 30% initially.
Surge current, 12 kA was supplied for 0.1 second or 6 kA for
0.2 second.

The product of arc current and duration were 72 kA/ cycle
4 10%. The arc was initiated by single or multiple strands
of fusible wire made with low resistance material and cross-
sectional area lower than 1 mm?. Due to high current, peeling
of glaze and burning of glaze were seen in samples evaluated.
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FIGURE 1. Schematic diagram of arc test for attaching test porcelain
insulator.

It was accepted till it does not affect the function of insulators.
Temperature was varied from —40 °C to 500 °C by increasing
5°C in every step. Coefficient of thermal expansion could be
measured from changes in length due to thermal shock by
using Seiko Ecstar6000 (TMA6100). In case of cristobalite
8L = 7.6 um (average), Ly = 5Smm, @ = 8 x 1076 (/K)
however in case of alumina insulators §L = 4.9 um (average),
Lo = 5mm and & = 4.78 x 10~° (/K).

The Thermal expansion coefficient could explain the frac-
tional change in size of device with varying temperature.
Especially, it estimates the fractional change in size per
degree change in temperature under non varying, same pres-
sure. Following to Power arc test, XRD studies were carried
out for investigating the consequences of power-arc test on
crystalline phases of porcelain. Results of XRD analysis
could be used to analyze change in crystalline phases of alu-
mina and cristobalite material before and after power arc test.
D8 Discover Gadds model with 10mm diameter of X-Ray
beam was used for XRD analysis. For studying normal and
aftershock affect of microstructure of porcelain insulators
SEM studies were performed by using Hitachi &Horiba /
S4800 device. Resolution used was 1nm at 15kV, with higher
and lower magnification 20~2000X and 100~800,000X
respectively. For proceeding with SEM, samples were pre-
pared by cutting sample into a cube shape with volume
of 1cm? with the help of water jet. To avoid charging effect
and making surface smooth, porcelain samples were polished
with SiC paper and dipped into aqueous solution of hydroflu-
oric acid for at most 60 sec. A 15nm layer of Pt was deposited
over polished sample to make surface conductive. Finally
XRF was performed by using same D8 Discover Gadds
model and 10mm diameter of X-Ray beam. It was performed
to investigate the elemental composition of Alumina and
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TABLE 1. Specifications of evaluated porcelain insulators.

Sa?];p le Re[s;/s[tg]lce ;i:fo(fi Materials Remarks
A 84 40 Al Degraded L.R
B 172 38 Al Degraded I.R
C 630 48 Cb Degraded I.R
D 950 48 Cb Degraded I.R
E 13,300 40 Cb Damaged
F 14.600 48 Cb Damaged

cristobalite porcelain insulators to understand the difference
in cristobalite and alumina insulators.

IIl. RESULTS AND DISCUSSIONS
The insulators evaluated were removed from utilities operated
at 154 kV. This article focused on comparing 6 Alumina
and 4 cristobalite insulators starting from A to F having
mass 25000 Ibs respectively. The insulation resistance was
measured before the power arc tests. Both alumina (A, B) and
cristobalite insulators (C, D) depicted decrease in insulation
resistance. After the power arc test, all of the cristobalite insu-
lators show high damage unlike alumina insulators. Higher
degree of degradation due to aging could be possible reason
for failure of cristobalite insulators. Tablel summarizes spec-
ifications and relevant observations during measurement of
insulation resistance and power arc testing on insulators under
evaluation. LR represents insulation resistance and damaged
refers damaged after power arc test. Three kind of damages
could be observed in evaluated insulators after power arc test
represented in Figure 2. During Power arc test surge current
flows through pin to metal cap of insulator. Thus, fracture
occurred closest to the centre as represented by Figure 2(a).
Six insulators among 18 represented such kind of damage.

Due to surge current, higher electrical and mechanical
forces were applied simultaneously on insulators. As a result
detachment of metal part and shell occurred as represented
in Figure 2(b). In case of Figure 2(c) failure caused due to
weak porcelain-cement interface resulting in detachment of
shell and metal parts [5], [13], [14]. Among all insulators
evaluated 4 of the samples shown lower insulation resistance.
Alumina insulators with very lower insulation resistance such
as 172 M2 and 84 M2 did not fail power arc test. However all
cristobalite insulators failed power arc tests. Power arc test is
basically a simulation of lightning process. When lightning,
thunderstorm or any such kind of disaster take place. Out-
door insulators which include both cristobalite and alumina
insulators undergo a thermal shock due to flashover besides
electrical and mechanical thrust.

During conduction of power arc test due to flow of surge
current the lower most insulator was fractured. The sur-
face of middle and topmost insulator was burnt as depicted

75588

FIGURE 2. Difference in thermal expansion coefficient depending on
materials.

FIGURE 3. Difference in thermal expansion coefficient depending on
materials.

in Figure 3. Due to it, the dielectric part of insulator expanded
thermally and damaged. This situation may cause detach-
ment of porcelain insulators from transmission lines. Ther-
mal expansion coefficient measurement was carried out to
further analyze causes of damage Figure 4 represented obser-
vations for the coefficient of thermal expansion. The average
coefficient of thermal expansion of alumina and cristobalite
material was calculated as 4.78 x 107%/K and 8 x 107/K
respectively. It was observed that Cristobalite insulators were
almost 1.6 times more sensitive to thermal shock as compared
to alumina insulators [15], [16]. The observations regarding
thermal expansion coefficient is represented in Figure 4.
In case of cristobalite insulators there is difference between
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FIGURE 4. Difference in thermal expansion coefficient based on
materials.

TABLE 2. X-ray fluorescence (XRF) analysis of porcelain samples.

Elemental concentrations (wt%)

Chemical
composition A B c D E F
SiO, 654  65.1 71.8 71.7 71.9 71.5
ALOs 282 284 234 232 232 23.4
K,0 4.09 4.1 1.89 1.95 1.71 1.84
Fe,0; 1.08 1.03 1.18 1.17 1.22 1.28
Na,O 0.608 0.775 1.06 1.18 1.23 1.24
TiO, 0.383  0.37 0.48 0.59 0.56 0.58
MgO 0.192  0.181 0.154  0.169  0.141 0.129
Rb,O 0.033  0.029 0.011 0.014  0.012 0.012
P,0s 0.014 0.015 0.025 0.027 0.027 0.019

thermal expansion coefficients of quartz grains and matrix
surrounding them.

This difference in the value develops tensile stress in the
quartz grains and compressive grains surrounding the body
led to intensify stress during temperature variation of device.
This leads to generation of micro-cracks. Consequently, XRF
was performed for investigating elemental composition anal-
ysis of cristobalite and alumina porcelain insulators to study
the reason of better performance of alumina insulators.

Table 2 depicts results for XRF analysis. XRF analysis
revealed elemental composition of materials. All porcelain
insulators both cristobalite and alumina revealed presence
of oxides such as SiO;, AlL,O3, K»>O, Fe,0O3, Na,O, TiO»,
MgO, RbyO and P,0Os. It could be observed from XRF
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FIGURE 5. Analysis of component peaks of porcelain by X-ray diffraction
from sample Ato F.

studies that samples A, B (alumina insulators) showed 5%
additional increase in Al,O3 and 6.48% drop in amount of
SiO; in average. XRF also revealed average weight (%) of
Fe> O3 in the samples A, B, C, D were 1.08% and 1.12% in
E, F respectively. Fe,O3 acted as an impurity in the shell.
Other components except Al,O3 and SiO, are not directly
responsible for mechanical strength of porcelain insulators.
The rise in weight (%) of Al,O3 could be considered as reason
for better mechanical and thermal performance in alumina
insulators [17], [18]. Following the elemental analysis with
the help of XRF analysis, XRD was performed to determine
difference in crystalline phases of insulator samples.

XRD results were presented in Figure 5. The diffraction
pattern reported the existence of alumina (Al,O3), Quartz
(S8i0y), B-cristobalite and mullite. Peaks were recognized
with the help of JCPDS database. When amount of silica was
increased and alumina decreased the sharp peaks related to
alumina was decreased because of dissolution of alumina in
glassy phase.

With increasing Silica in the composition of porcelain
insulators, B-cristobalite phase began to generate and caused
major peak intensity in sample C and D as represented in
Figure 5. Intensity of crystalline phases of insulators with
different materials was observed by varying 2 Theta (degree)
from 21 to 70 degree. In case of samples A and B crystalline
peaks of alumina was highest. Mullite and Quartz were also
found in samples A and B with Al,O3 [19]. In case of sample
C and D large amount of Al;O3 was added to increase the
mechanical strength. Therefore, peak of alumina was highest
in case of A and B. In case of sample C and D peak of the
cristobalite peak was highest unlike alumina [20]. When cur-
rent of 72 kA/cycle passed through E and F insulators, peak
of crystal phase of fractured cristobalite insulators doubled as
compared to C and D. The microstructure of insulator sam-
ples A, B, C, D, E and F were shown in Figure 6. Sample A
and B are alumina porcelain insulators, contained with higher
amount of Al,O3. Due to higher amount of Al, O3, voids were
very small. Electrical characteristics of the alumina samples
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FIGURE 6. Analysis of component peaks of porcelain by X-ray diffraction
from sample Ato F.

were excellent. Thus it did not get affected with high surge
current. In case of C and D intensity and depth of pores
increases with aging. Most of the pores found in insulator
samples C and D were approximately 50 um in diameter.
Microstructure of C and D were more porous as compared
to A and B. However E and F gained higher porosity with
larger pores of 100m-200um and degraded microstructure
as compared to C and D. The reason could be passage of surge
current, 72 kA/cycle through E and F [21], [22]. Increasing
porosity in the micro-structure decreases bulk density and
increases the chance of moisture or water accumulation in
insulators. Thus from the above experiments it could be
confirmed that with increasing Al,O3 in the microstructure,
the mechanical and electrical properties as well as bulk den-
sity enhanced.

IV. CONCLUSION

Insulator samples with alumina and cristobalite were studied
to understand the difference in electrical and mechanical
properties. During power arc test all cristobalite insulators
were damaged due to large thermal expansion coefficient,
8x 1070 (/K) which is almost 1.6 times more than alumina
insulators. All Alumina insulators passed power arc test.
This power arc and high surge current were responsible to
increase the porosity of shell as depicted by SEM which
could lead to dielectric breakdown of cristobalite insulator
samples. Alumina insulators did not get affected by power
arc test due to superb mechanical strength and lower thermal
expansion coefficient of alumina, 4.78 x 107°. Thus it is
evident that during lightning condition possibility of failure
of cristobalite insulators were quite higher than alumina. XRF
revealed cristobalite insulators had 5% lesser Al,O3 and as
compared to alumina insulators. Whereas alumina insula-
tors revealed 6.42% lower SiO; as compared to cristobalite
insulators. XRF also revealed average weight (%) of Fe,O3
in the samples A, B, C, D were 1.08% and 1.12% in E,
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F respectively. However, Fe;O3 acted as an impurity in the
shell and affect lifespan of insulator in very long run. Thus,
the rise in weight (%) of Al,O3 could be considered as reason
for better mechanical and thermal performance in alumina
insulators. XRD depict in case of samples A and B crystalline
peaks of alumina was highest, for sample C and D peak of
the cristobalite peak was highest and for E and F (fractured
insulators) peak of cristobalite phase doubled due to flow of
high surge current through insulator body. SEM suggested
pore size found in insulator samples A and B were minute,
C and D were approximately 50 um in diameter. However
E and F depicted larger pores of 100 to 200 um in SEM
analysis. Thus, the rise in weight (%) of Al,O3 could be
considered as reason for better mechanical and thermal.
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