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Abstract

The property of insulators is closely related to microstructures. In order to study the difference and similarity of two kinds of insulators
microstructure and thereby explore ways to improve the property of insulators further, a comparative study was carried out on three high strength
porcelain insulators by XRD, SEM and ceramography. The results indicate that there exists a negative linear relationship between the porosity
and the content of amorphous phase. Porosity is the main factor affecting the density of insulator body. Compared with alumina, the calcined
bauxite used as raw material will cause the increase of porosity. Microcracks usually appear in vitrified area and area around quartz particle where
mullite is rare, crack is obvious. Decreasing the amount of quartz in raw material and increasing the amount of mullite in vitrified area could

improve the mechanical strength of porcelain insulators further.
© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Insulators are essential components widely used on power
transmission and distribution network [1-3]. They are fabricated
by means of a series of minerals such as kaolinite and feldspar
going through a complicated process and then sintered under given
heating procedure. They have two basic functions: fastening
mechanically and insulating electrically the active components of
electric network [4,5]. As an eligible insulator, it is required to have
high resistivity, high dielectric strength, low loss factor, good
mechanical strength, excellent in heat radiation and insulating
components even in humid or corrosive situation [5—7].

The porcelain insulator is one of the three kinds of insulators,
i.e., porcelain insulator, glass insulator and composite insulator,
which possesses all the properties required as an eligible insulator
[8]. Porcelain insulators, having been put into application more
than 160 years since 1850 when insulators were introduced in the
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construction of power transmission network by Werner Von
Siemens, are the most prevalent insulators [2,6,9]. For porcelain
insulators, there are several excellent properties (e.g. high
mechanical strength, high resistance and corrosion resistance),
which could not be realized in other materials simultaneously
[2,6,10].

With increasing requirement on the strength level of porcelain
insulators in the field of electrical engineering, porcelain
insulators have undergone a development from feldspar insula-
tors to cristobalite insulators, and finally to alumina/bauxite
insulators [2,6]. The alumina insulators are such kind of product
in the formulation of which industrial alumina is added as a
dispersion strengthen phase, while that for the bauxite insulators
calcined bauxite is added as dispersion strengthen phase. From
the point of cost and resource, bauxite insulators are cost saving
and rich in resource than alumina insulators, which is the
advantage of bauxite insulators [2,6].

The property of insulators after sintering is depending on many
aspects: the constituent phases resulting from high temperature
reaction involving the mineral used; the microstructure formed in
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the body; the degree of densification; and the amount of
detrimental chemical composition remained in the body after
sintering. Among the factors mentioned above, microstructures
determine the mechanical property of final products to a consider-
able degree [11]. When it comes to the concept of microstructures,
it includes many aspects of material, such as type and amount of
phases existing in the body as well as their shape, size, orientation
and distribution. For ceramic material, microstructures mean all
parameters and data describing a given material. Crystallite
components, particle size, particle shape, porosity, melted phase
and texture are essential characteristics of microstructures [6,12].

Before putting into application, insulators must get the
qualification certificate issued by IEC, which involve many
property tests (e.g. electromechanical failure load test, flash
test, power frequency sparking test, more details in IEC 60383-
1:1993 MOD standard), having been accepted generally in the
field of insulator fabrication [2]. For the purpose of safety, the
IEC property tests are really strict, and this is why it is difficult
to get the qualification certificate. The electromechanical
failure load is one of the most important properties of
insulators. Hence, the electromechanical failure load is taken
as the grading standard of insulators. In brief, the electro-
mechanical failure load test is performing on samples with a
tensile tester accompanying a given power frequency voltage
until destroyed. The electromechanical failure load (E) is
expressed as follows:

E=FE—-3c (1)

where E is the average electromechanical failure load and o is
the standard deviation.

According to the electromechanical failure load grading
standard, insulators could be divided into 100 kN level,
200 kN level, 300 kN level, 400 kN level and 500 kN level.

In the present work, a comparative study was performed on
the type and amount of three 400 kN level insulator micro-
structures as well as their size, shape and distribution. An
attempt is made to explain the difference and similarity
between alumina insulators and bauxite insulators by taking
into account phase composition, porosity, densification degree,
and so on. It is a complementary information to elucidate the
relationship between microstructure and property. The other
purpose of this study is to provide a useful reference to peers in
the field of insulator fabrication.

2. Experimental procedure
2.1. Specimens
The specimens studied include three high strength insulators:

Specimen NGK: 400 kN level alumina insulator produced
by the world famous porcelain insulator company NGK
(Japan).

Specimen BJ: 400 kN level bauxite insulator produced by
Bijie Porcelain Insulator Company (Guizhou province,
China).

Specimen SZ: 400 kN level bauxite insulator produced by
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Suzhou Porcelain Insulator Company (Jiangsu province,
China).

According to the IEC 672-3 standard, they all belong to the
C130 group (high strength insulators) and the bending strength
of which must reach 140 MPa for unglazed bar and 160 MPa
for glazed bar at least. Although the amount of specimens is
limited, they are representatives since they were chosen
randomly from each batch and the manufacturers must
stabilize the process, composition and property of products
for safety.

2.2. X-ray diffraction analysis

A piece of each specimen was crushed and finely ground
with a pestle in an agate mortar. The diffraction patterns were
recorded with a diffractometer (model: D/Max 2000, Japan),
using nickel filtered Cu Ko radiation (1=1.54178 A). The data
was collected in the 26 range of 2-70°, in the mode of step-
scanning with 0.04° in step size and a counting time of 5 s per
step. Working voltage and current were 40 kV and 30 mA,
respectively. The identification of crystal phase in the speci-
mens was performed by comparing the pattern of the sample
with standard pattern of the phase possible to form in the
specimens.

2.3. Scanning electron microscopy observation

A small piece of specimen was cut from each insulator and
ground with abrasive papers of different fineness in the order
of 120 #, 400 #, 800 #, 1200 # and 2000 #. Then the specimen
was polished with polishing paper accompanying with dia-
mond paste (2.5 pm). Finally the specimen was etched with a
solution containing 20 vol% HF for 20 s and coated with a
carbon layer for crystal phase observation. The microstructure
observation was done on a scanning electron microscope
(model: JSM-6490LV, Japan).

2.4. Porosity calculation

Based on the assumption that pores were homogeneously
distributed in the body, the porosity of specimens was
measured by the area percentage of pores. To begin with,
one needs to choose a representative SEM photograph of
specimens and a mesh photograph which could be created by
MATLAB. Secondly, one needs to overlay the SEM photo-
graph of specimens with the mesh photograph in PHOTO-
SHOP. Thirdly, one needs to regulate the opacity of the mesh
photograph so as to divide the SEM photograph into many
grids. Finally, one could calculate the total grid number of the
SEM photograph and count the grid number of pores. Fig. | is
the porosity calculation schematic diagram. The porosity (P) of
specimens is expressed as follows:

P=N;/N (2)
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Fig. 1. Porosity calculation schematic diagram.

where N, is the grid number of the pores, and N is the total
grid number of the SEM photograph selected.

When taking a picture for porosity calculation, the magni-
fication of the picture should be appropriate relative to the size
of pores. If the magnification is too large relative to most of the
pores, the porosity calculated is not representative and hardly
equal to the porosity of the body. If the magnification is too
small with respect to most of the pores, the pores are too
obscure to measure. Both the cases mentioned above could not
get the porosity of a material accurately. This method used
above could be adopted for other measurement. But it has a
few limitations. For example, if the microstructure measured is
indistinguishable by naked eyes, this method is inoperative.

2.5. Density determination

The bulk density of each specimen was calculated by
Archimedes method. The measurement includes two steps:
mass measurement with an electronic scale and volume
measurement with a measuring cylinder. In order to improve
the reliability of the data measured, each item was measured
five times and the average was taken.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of specimens NGK, SZ and BJ are shown
in Fig. 2. The qualitative analysis results show that the three
specimens are mainly composed of corundum (PDF#83-2080),
mullite (PDF#79-1458), quartz (PDF#46-1045) and feldspar
(PDF#76-1238) as well as amorphous phase.

The semi-quantitative analysis of the specimens was carried
out with the software JADE 5 in the order of background
correction, smoothing, amorphous peak fitting, crystal peak
fitting and calculation. The content of amorphous phase is
related to the area ratio of the hump to the total area of the
pattern [13,14]. The total content of crystal phase equals to the
rest of 100% deducting the content of amorphous phase. The
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Fig. 2. XRD pattern of samples NGK, SZ and BJ processed with JADE 5;
C: corundum; M: mullite; Q: quartz; F: feldspar; and A: amorphous phase.

content of each crystal phase contained in the body of
specimens was calculated by the K-value method. The formula
is expressed as follows:

o w /K ®

2iLi/Ki

where W; is the content of phase i, W is the total content of
crystal phase, [; is the intensity of the strongest peak of phase i,
n is the number of composition phase, K; is the RIR value of
phase i which could be obtained from PDF cards or experi-
ence. In this calculation, the RIR value for corundum
(PDF#83-2080), mullite (PDF#79-1458), quartz (PDF#46-
1045) and feldspar (PDF£76-1238) is 1, 0.85, 3.41 and 0.6,
respectively. The semi-quantitative analysis results of the three
specimens are shown in Fig. 3. Minor phase such as
cristobalite was ignored. The two bauxite insulators are close
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Fig. 3. XRD semi-quantitative analysis results of specimen NGK, specimen
SZ and specimen BJ.

in the total content of crystal phase (58 wt% for specimen BJ
and 62 wt% for specimen SZ), while different in the content of
corundum. In terms of the phase composition, the major
difference between bauxite insulators and alumina insulators
is the total content of the crystal phase. Specimen NGK has the
lowest content of crystal phase (50 wt%) and corundum
(26.1 wt%). The three specimens are close in the content of
mullite. The content of each phase in specimen SZ is close to
that in the C130 high strength bauxite insulator of Siemens
reported by Liebermann [15].

3.2. Pores and porosity

Pores are inevitable in the body of insulators because of the
decomposition of organic and inorganic compounds in raw
material such as carbonate and sulfate as well as other reasons.
The pore size, shape and distribution as well as total porosity
are of great importance on the property of insulators. The pore
condition of specimens NGK, SZ and BJ is showed in Fig. 4.

Most of the pores in specimen NGK are circular or quasi-
circular, with a size range of < 30 pm, and homogeneously
distributed in the body. There seldom exists interconnected
pore or large pore. The total porosity of specimen NGK
measured by the method above is 8.9%. The pores in specimen
SZ are various in shape such as circular, elliptical and
irregular. Most of the pores are within the size range of
< 35 pm. Large pores with a size above 40 pm and a few
clusters of pores are observable. The total porosity of specimen
SZ measured by the method above is 11.3%. The shape of the
pores in specimen BJ is similar to that of specimen SZ. Most
of the pores are within the size range of < 35 pm. Large pores
with a size above 40 pm are observable. Irregular pores,
interconnected pores and pore cluster are common. The total
porosity of specimen BJ measured by the method above
is 10.5%.

For the pore condition, the major difference between
alumina insulators and bauxite insulators is that, most of the
pores in alumina insulators are circular or quasi-circular while
that in bauxite insulators are various such as circular, elliptical
and irregular; large pores with a size above 40 pm and a few
clusters of pores are observable in bauxite insulators, while
that is rare in alumina insulators; the size and distribution of

Y. Meng et al. / Ceramics International 40 (2014) 10677—-10684

Fig. 4. SEM micrograph of pores in specimens NGK, SZ and BJ.

pores in alumina insulators are more homogeneous than that in
bauxite insulators; the porosity of the alumina insulator is the
lowest among the three insulators.

It is reported that [16] circular and uniformly distributed
pores have a positive effect on the mechanical strength of
material, while irregular pore have a stress concentration
around the pore when loading which will serve as the fracture
origin. In this point, alumina insulators have an advantage over
bauxite insulators.
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Table 1
Density of the three specimens.

NGK BJ SZ

Density (g/cm’) 2.80 2.60 2.58
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Fig. 5. Relationship between density and porosity.

3.3. Relationship among porosity, amorphous phase and
density

The existence of pores in the body of insulators directly hinders
the densification of the body resulting in the decrease of efficient
loading area and dielectric property. The denser the material is, the
higher is the mechanical strength. In this point, material density is
of great importance on the mechanical strength [17].

The densities of the three specimens are shown in Table 1. The
density of specimen NGK is the maximum (2.80 g/cm’), while
that for specimens BJ and SZ are 2.60 g/cm® and 2.58 g/em’,
respectively. According to the XRD quantitative analysis result,
specimen SZ has the lowest content of amorphous phase and the
maximum content of corundum, while its density is the lowest.
On the contrary, specimen NGK has the maximum content of
amorphous phase and the highest density among the three
specimens. The relationship between density and porosity is
presented in Fig. 4. Although the three specimens came from
different plants, underwent different process route as well as had
different phase contents, it is very evident that the density of
insulators has a negative relationship with the porosity. To sum
up, the porosity of insulators is of great influence on the density
of insulators, and the use of calcined bauxite observably increases
the total porosity of insulators. Besides, there exists a negative
linear relationship between the porosity and the content of
amorphous phase (Fig. 5). The reason behind this might be that
the amorphous phase is composed by low melting point
substances and has a low viscosity when sintering, which could
fill the pores in the body of insulators [18,19]. To some extent,
the more the content of amorphous phase is, the lower is the
porosity of the body Fig. 6.

3.4. Corundum particle analysis

Both in alumina insulators and bauxite insulators, corundum
particle is the major crystal phase. Corundum has high Young's

10681

12

154 SZ (36, 11.3)

11 4
105 4 & BI(42,10.5)

10 A

Porosity (%)

951 NGK (50, 8.9)

9 4

8.5 T T T T T T T )
35 37 39 41 43 45 47 49 51

Amorphous phase (wt%)

Fig. 6. Relationship between porosity and amorphous phase.

modulus, high hardness and high melting point as well as low
expansion coefficient. It is the ideal mineral composition
improving the strength of insulators [4,6]. During the sintering
process, corundum hardly melted since the sintering tempera-
ture (around1300 °C) of insulators is lower than its melting
temperature (about 2000 °C). As a result, it remained in the
body of insulators, serving as hard barrier, thereby causing the
deflection of crack when loading, namely, dispersion strength-
ening [16,20].

Most of the corundum particles in bauxite insulators are
irregular, with a size range of <20 pm (Fig. 7), and there
occasionally exist a few large corundum particles or particle
cluster especially in specimen BJ. A typical characteristic of
the corundum particle in bauxite insulators is that many
corundum particles are porous (Fig. 7). The reason may trace
back to the technology of bauxite calcining. Because of the
small pores existing in the corundum particles, it could absorb
water or gas in the state of green body. When temperature
increases, water will vaporize and gas in the pore will diffuse
and expand, which facilitates the formation of pores. This may
be one of the reasons why specimen SZ has the largest amount
of corundum, while it has the lowest density and the maximum
porosity among the three specimens.

Most of the corundum in alumina insulators is columnar and
dense, with a size range of < 10 pm, and the distribution of
which is really homogeneous in the body of alumina insulators
(Fig. 7). There seldom exist abnormal corundum particles in
the body of alumina insulators.

Generally, the size and distribution of corundum in alumina
insulators is more reasonable than that of bauxite insulators,
which is another advantage of alumina insulators over bauxite
insulators.

3.5. Mullite crystal analysis

Both primary and secondary mullites were observable in bauxite
insulators and alumina insulators (Fig. 8). Primary mullite
(3Al,03 - 2Si0,) resulted from the transformation of metakaolin,
pyrophyllite, etc., is short and dense, while secondary mullite
(2A1,05 - Si0,) resulted from the reaction between melt and clay
relics is needle-like and interlocking [1,2,11]. The size of secondary
mullite is more uniform in specimen SZ than that in the other two
specimens. The secondary mullite in specimen NGK is diverse in
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Fig. 7. SEM micrograph of corundum in specimens NGK, SZ and BJ; the left column was taken at low magnification; the right column was taken at high

magnification.

sizes, and some crystals are of high aspect ratio. This indicates that
the mullite crystal grows well in specimen NGK.

The body of insulators could be regarded as a composite of
glass phase, mullite, corundum, etc. Glass serving as the
continuous phase is of a low mechanical strength. It is the
weak part of the body. Mullite, especially secondary mullite of
high aspect ratio, which is needle-like and interlocking, usually
appears within the glass phase. It has high bending strength
(about 100 MPa) and similar thermal expansion coefficient

with the glass phase (4.5 x 10~° for mullite, 3.0 x 10~ ° for
glass) [15]. It could improve the strength of glass phase and
has a better compatibility with glass phase. So mullite is of
great importance on the property of insulators [21,22].

3.6. Microcrack

A common phenomenon was observed from the SEM
micrographs (Fig. 9) of the three specimens, i.e., microcrack
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Fig. 8. SEM photograph of mullite in specimen NGK, SZ and BJ.

within 0.5 pm in width usually appeared in vitrified area as
well as area around quartz particle. Crack is more obvious in
the area without mullite (Fig. 9). The reason might be that
vitrified area usually contains more amount of alkaline or
alkaline earth element which could lower the sintering
temperature than other area. During the cooling process, the
solidification of vitrified area is later than area around it.
The vitrified area will contract when cooling from liquid state,
but there is no enough melt to offset the volume reduction
caused by cooling since the area around the melting area is
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Fig. 9. SEM photograph of crack in specimens NGK, SZ and BJ; Q: quartz.

solidified. As a consequence, inner-stress causes the appear-
ance of cracks. As for crack around quartz particle, the reason
is that there exists a significant p—o phase transformation of
quartz particle at 573 °C during the cooling process, causing
volume jump (volume reduction 2% relative to the precursor)
[I1]. As a result, inner-stress gives rise to circumferential
cracks around the quartz particle. Why crack is more obvious
in the area without mullite? The reason might trace back to the
nature of mullite: high strength, acicular and interlocking
morphology.
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Among the three specimens, cracks in specimen NGK are
more obvious than that in the two other specimens, which is a
disadvantage of alumina insulators. The reason behind this
might be that the contraction of specimen NGK was more
serious during the cooling process than that of the two other
specimens since it has the maximum content of amorphous
phase.

4. Conclusions

A comparative study has been carried out on two kinds of
high strength porcelain insulators by XRD, SEM and ceramo-
graphy. From the analysis above, we could draw a few
conclusions as follows.

Porosity has a negative linear relationship with the content
of amorphous phase. To some extent, the more the content of
amorphous phase is, the lower is the porosity of the body.
Porosity is the major factor influencing the density of porcelain
insulators, which has a negative relationship with the density
of the body. Compared with alumina, the calcined bauxite used
as a raw material will cause the increase of porosity. Micro-
cracks usually appear in vitrified area and area around quartz
particle where mullite is rare, crack is obvious. Generally, the
size and distribution of microstructures such as corundum
particles and pores are more homogeneous in alumina insula-
tors than that in bauxite insulators. Decreasing the amount of
quartz in raw material and increasing the amount of mullite
in vitrified area could improve the mechanical strength of
porcelain insulators further.
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