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Abstract

Insulators are essential components of power transmission network. With natural minerals such as bauxite and clay, we have fabricated ultra-
high-strength porcelain insulator (UHSPI) of electromechanical failure load 420kN determined by International Electrotechnical Commission
(IEC), and have put it into production. Compared with other UHSPI fabricating methods, in which industrial alumina is used, our method is
cost saving and rich in resources. The main objective of the study is to elucidate the relationship between microstructure (e.g. size, amounts and
distribution of particles) and mechanical property of the sintered UHSPI and thereby to explore a way to further improve the mechanical property of
UHSPI. The investigations of SEM, EDAX and XRD reveal that the strengthening mechanisms may be the combination of matrix reinforcement,
mullite reinforcement and dispersion strengthening; high porosity (9.9%) and abnormal pores are more possible to be the main factor hindering

electromechanical property improvement.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Insulators are essential components widely used on power
transmission network. As such, the properties of eligible insu-
lators are high mechanical strength, high resistivity, corrosion
resistance, etc.!> Before put into application, insulators must
pass the IEC specified 20 standard property tests (e.g. electrome-
chanical failure load test, flash test, power frequency sparking
test, more details in IEC 60383-1:1993 MOD standard), which
are generally accepted in the field of insulator. The tests involve
many aspects of insulator such as electromechanical properties
and external dimension. What’s more, the tests are strict to guar-
antee safety, and this is also the reason why it is difficult to get
the qualification certificate issued by IEC.

Porcelain insulators have been used more than 160 years.
During the period, three kinds of porcelain insulators had
appeared in the order of feldspar insulator, cristobalite insulator
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and alumina insulator.’> Alumina insulator belongs to UHSPIs
and is widely used in power transmission network due to its
advantages such as excellent mechanical properties and distin-
guished corrosion resistance. The electromechanical failure load
is one of the most important properties of insulator. The upper-
most electromechanical failure load enacted by IEC is 530 kN.
To the best of our knowledge, there is rarely a manufacturer
reaching this level, but we are on the way to this goal. Up to
now, we have successfully fabricated UHSPI of electromechan-
ical failure load 420 kN determined by IEC with natural minerals
such as bauxite and clay, and have put it into production. Com-
pared with other UHSPI fabricating methods in which industrial
alumina is used (e.g. UHSPI of the famous NGK Corporation
whose raw materials contains 20 wt% industrial alumina), our
method of UHSPI fabricating is cost saving and rich in resources.

As regards the mechanisms on enhancing the mechanical
properties of porcelain insulators, three mechanisms (i.e. mul-
lite strengthening theory, dispersion strengthening theory and
matrix reinforcement theory) had been presented.®’ The mul-
lite strengthening theory maintains that the strength of porcelain
insulator solely lies on the amount and size of mullite needles
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which act as interlocks in the matrix; the dispersion strength-
ening theory suggests that strength enhancing results from
microcrack propagating hindered by particles such as corundum
that dispersed in the vitreous phase of a porcelain insulator body;
the matrix reinforcement theory argues that mechanical property
benefits from compressive stresses indwelling in the vitreous
phase caused by difference in thermal expansion coefficients
between crystalline phases or particles and the surrounding vit-
reous phase. In addition, the glaze on the surface of UHSPI
is also of great effect on the mechanical strength of UHSPI,
which is confirmed in the study. The most popular approach
used to improve the mechanical property of UHSPI is to enhance
the amount of crystal phases such as mullite and corundum.
Moreover, decreasing the sizes of both particles and pores also
contributes to the mechanical property of UHSPL

In present work, an attempt is made to elucidate the relation-
ship between microstructure (e.g. size, amounts and distribution
of particles) and mechanical property of the sintered UHSPI
and thereby to explore a way to further improve the mechanical
property of UHSPL

2. Experimental procedure
2.1. Fabrication

The starting materials used for the green body of the sam-
ple were: 40 wt% bauxite (calcined at 1500 °C before mixing
for the purpose of getting more corundum), 35 wt% Qiantao
clay, 10 wt% Xiaohe clay, 15 wt% feldspar, while that of the
glaze were: 26 wt% feldspar, 10 wt% Qiantao clay, 11 wt% talc,
33 wt% quartz, 12 wt% Xiaohe clay, 7 wt% calcite. The raw
materials used were offered by our mines except quartz. Before
applying, they should be conducted with a few analyses such as
XRD, XRF for determining the contents of useful or detrimental
components such as Fe,O3 and TiO;. The composition purity
requirements for raw materials are presented in Table 1.

The bauxite used was processed in the industrial flow of
mining, separating from impurities, crushing into small pieces
<50 mm, pressing into compacts, calcining at 1500 °C for 24 h
in rotary kiln, crushing, micronizing. The bauxite used mainly
composed of diaspore (Al,O3-H,O) with small amount of kaoli-
nite (Al,03-25i0,-2H,0), pyrophyllite (Al,03-4Si0;,-H,0),
etc. The heating process up to 1500 °C could be divided into
two stages.®? The first stage (7'< 900 °C) is dehydration, includ-
ing diaspore dehydration (400-580 °C), kaolinite dehydration
(400-700 °C) and pyrophyllite dehydration (700-900 °C), etc.
During this stage, a-AlpO3 is produced directly by dehydra-
tion of diaspore, and is of high specific surface area and lower
crystallinity.lo In the second stage (9001500 °C), the a-Al, O3
will become denser with the increasing of calcination temper-
ature. The a-Al, O3 particle resulting from diaspore is usually
characterized by a few pinholes in itself.

The chemical compositions for green body and glaze are
presented in Table 2. The sample was fabricated at the Bijie
Highland Porcelain Insulator Limited Liability Company, in
the industrial flow of raw materials mixing, ball milling, stir-
ring, sieving, deironing, pug milling, staling, shaping, drying,

glazing, sintering. Particles size distribution for ball milled mix-
tures was: >5 wm accounting for 45-50%, >10 pm accounting
for 25-30%, >20 p.m accounting for 5-10%, >50 pm account-
ing for 0%. The glazed green body was sintered in drawer-like
kilns under the control of computer with given procedures. The
average heating rate was 9.1 °C/h up to the upmost sintering
temperature 1270 °C, and then the sample was furnace cooled
to ambient temperature with an average rate of 19.2°C/h. In
particular, the cooling rate at the temperature of 3—a transfor-
mation of quartz (around 573 °C) should be low. To summarize,
the average variation rate of temperature was low for the purpose
of making the sample sintered completely.

The heating process above could be classified into two major
stages by resultant state. The first stage (7'< 980 °C) is mainly gas
exhaust, namely, the decomposition of hydrate, organics, sulfide
and carbonate, etc.® During this period, a great deal of heat is
required. The heating rate should be moderate as much as possi-
ble, otherwise the deformation of the samples would be serious.
The second stage (980-1300 °C) is mainly the stage of mulliti-
zation and densification. Based on the previous literatures®!1:12
and mineral compositions of our porcelain, the potential phase
evolutions of the body on the second stage were summarized as
follows:

When T~980°C, 3(Al;03-2Si0;) (metakaolinite)
— 3A1,03-25107 (primary mullite) +4SiO, (amorphous)
(1); or Al,03-2Si0; (metakaolinite) — 2A1,03-3Si0;

(spinel) + SiO, (amorphous) (2); or Al,03-2Si0; (metakaolin-
ite) - Al O3 (y-alumina) + 2510, (amorphous) (3).

When 7T>1100°C, 3(Al,03-4SiO») (pyrophyllite relict)
— 3A1,03-25107 (primary mullite) + 10SiO;, (amorphous) (4);
3(2A1,03-35107) (spinel) — 2(3A1,03-2Si0;) (primary mul-
lite) + 5Si0, (amorphous) (5).

When T>1150°C, K,0-Al;03-6Si0; (orthoclase) — K;O-
Al,03-4510,  (leucite) +2Si0,  (glass) (6); Al,O3z  (y-
alumina) + 25103 (amorphous) — 2(3A1,03-2510,) (secondary
mullite) (7); SiO, (amorphous) — SiO; (cristobalite) (8). The
existence of feldspars could lower melt temperature and
viscosity of liquid phase, which in turn contributes to the
nucleation and growth of secondary mullite crystals and thus
increases the final density of porcelain body.

2.2. Characterization

2.2.1. SEM, EDAX and XRD analyses

The microstructure of the sample was investigated by Scan-
ning Electron Microscopy (model: JSM-6490LV, Japan) on
samples polished, etched with a solution containing 20 vol% HF
for 30's and coated with a carbon layer, combined with Energy
Disperse Spectroscopy (model: EPMA-1600, Shimadazu Ltd.,
Japan) for chemical analysis. Crystal phases identification for
the body of sample was performed by X-ray diffraction with
a diffractometer (model: D/Max2200, Japan) using nickel fil-
tered Cu Ka radiation (L =1.54178 A). Working voltage and
current were 40kV and 30 mA, respectively. The pattern were
recorded in the 26 range of 3—60 °, in the mode of step-scanning
with 0.04° in step size and a counting time of 5 s per step. The
crystalline phases in the resulting sample were determined by
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Table 1
Composition purity requirements for raw materials (wt%).
Bauxite Quartz Clays Feldspar Calcite Talc
Requirements  Al,O3 >85%  SiO; >99%  (Fe,03, TiO) <3.5% Fe 03 <1%; (KapO, Nay0) >12%  Fep O3 <1%; CaO >54%  Fe, 03 <1%; MgO >30%
Table 2

Ratio (wt%) of chemical compositions for green body and glaze of the sample determined by XRF.

Al O3 SiOy K,O TiO, Fe, 03 Na,O CaO MgO Ablation ratio
Green body 45.30 45.10 2.85 1.75 0.81 0.74 043 0.35 35
Glaze 14.40 68.60 3.12 0 041 0.75 4.11 3.15 4.90

comparing their XRD patterns with the standard patterns of vari-
ous crystalline phases which were possible to form in the sample
under the given conditions. The phase identification and content
calculation were carried out with software JADE 5.

2.2.2. Bending strength test

For the purpose of investigating the effect of glaze on the
bending strength of sample, two groups of bars (one group was of
a glaze 0.3 mm in thickness, while the other was not; each group
including 15 one) of @1.5cm x 10.7 cm (length) were prepared
for bending strength test on a universal materials tester (model:
W-60, Jinan, China). The starting materials and processing of
the bars were same with the sample.

2.2.3. IEC tests

80 samples were sent to CHINA NATIONAL CENTER FOR
QUALITY SUPERVISION AND TEST OF INSULATORS
AND SURGE ARRESTERS (one of the actuators of IEC) for
the IEC specified standard 20 property tests. All the samples
passed the tests and got the qualification certificate (Grant No.
WI-301-2008). Electromechanical failure load is one of most

important properties of insulator. Hence, the electromechanical
failure load is taken as the grading standard of insulator. The
electromechanical failure load test was performing on the sam-
ple with a tensile tester accompanying a 40 kV Power Frequency
Voltage until destroyed. 10 samples were tested.

3. Results and discussion
3.1. XRD analysis

XRD pattern for the body of the sample is displayed in Fig. 1.
The phase identification and content calculation were carried out
with the software JADE 5. The content of the amorphous phase
in the sample is calculated in the order of smoothing, background
correction, amorphous peak fitting, crystal peak fitting, calculat-
ing (ratio of hump area to total area). The content of amorphous
phase within the sample worked out to be 70 wt%. That is to say,
the total content of crystalline phases is 30 wt%.

The content of each crystalline phase in the body of the
sample was determined by K-value method in which K-value
(i.e. RIR) could be gotten from PDF card or experiment. With
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Fig. 1. XRD pattern (processed by JADE 5) for the body of the sample.
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Fig. 2. SEM micrograph of the etched sample polished with a polishing paper
accompanying with diamond paste (2.5 wm). Q, quartz; C1, corundum (a-
alumina); C2, pinhole alumina; M, mullite.

K-value and intensity of characteristic peak of each crystalline
phase, we could get the percentage of each crystalline phase
to total amount of the crystalline phases. Finally, the content
of each crystalline phase was worked out: 12 wt% corundum,
11 wt% mullite, 4 wt% quartz and 2 wt% feldspar.

3.2. Determination of grain class by EDAX and effects of
grains on property

The composition of different spots in Fig. 2 (i.e. Q; C1; C2;
M) is presented in Table 3 by EDXA. From the results it is obvi-
ous that Q is quartz; C1 is corundum; C2 with pinholes in itself
may be y-alumina, so-called active alumina, having a huge spe-
cific area larger than 200 m?/g. There only exist small amounts of
v-alumina according to quantitative analysis results. So most of
the pinhole alumina was a-alumina resulted from calcined baux-
ite, which is usually characterized by a few pinholes in itself.
The pinhole of alumina could absorb gases in itself before sin-
tering. Later when increasing temperature, gases in the pinhole
may diffuse and expand, which facilitates pores formation. So
the pinhole is detrimental in this sense. This is one imperfection
of this fabricating method needing improvement.

The quartz particle always has a melted rim around itself for
the reason that when above 1200 °C, quartz starts to melts, and
a glass rim emerges. During the cooling, there is a significant
B—a transformation of quartz at 573 °C resulting in a 2%
decrease of the volume of quartz particle.!® This will give rise

Table 3
Composition of different spots (at%) determined by EDXA.
Q Cl C2 M

AL O3 0 100 100 48.35
Si0, 100 0 0 45.60
K,O 0 0 0 00.87
TiOy 0 0 0 03.13
FeO 0 0 0 02.05

Fig. 3. SEM micrograph of abnormal pore in the sample.

to a compressive stress to the matrix, which is beneficial to
improve bending strength according to the matrix reinforcement
mechanism. It was also observed that quartz particles with a size
larger than 30 pm always have circumferential crack, which
is detrimental. It was reported that the optimum size range for
quartz particles is 5-20 um,’ so further improving mechanical
strength should pay close attention to factors related to size
distribution of quartz particles.

Alumina and quartz particles are almost uniformly distributed
in the matrix with a size range of <25 wm, while there occasion-
ally exist some abnormal particles which are large, irregular,
and even having a few aggregations of pinhole alumina par-
ticles which are detrimental to the bending strength of sample.
The presence of the particles such as corundum embedded in the
glassy matrix, serve as hard barrier and thereby cause the deflec-
tion of crack when loading. As a result, more energy is needed
for cracking. This is one of the reasons behind high strength,
namely dispersion strengthening mechanism. !4

3.3. Morphology, distribution and amount of pores

Most pores are spherical or elliptic, and homogeneously
distributed in the matrix, while a few pores are elongated or inter-
connected. The size of most pores is in the range of 1-25 pm.
It was reported’-1>16 that spherical, uniformly distributed pores
less than 20 wm have a positive effect on the bending strength
of porcelains, which may be one of the reasons behind high
strength. But there still occasionally exist some abnormal pores
(Fig. 3) which are large or irregular or interconnected. Those
abnormal pores are detrimental to the mechanical property of
the sample because they may serve as the origin of fracture.
Pores are inevitable because of the decomposition of organic and
inorganic compounds in the green body, or for other reasons.

Based on the observation that pores were homogeneously
distributed in the matrix, the total porosity (9.9%) was calcu-
lated by the area percentage of pores. The existence of pores
in the matrix immediately hinders body densification resulting
in the decrease of effective loading area and dielectrical prop-
erty. Crack is rare in the body of the sample, while the body is
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Fig. 4. SEM micrograph of the etched sample about mullite. S, secondary
mullite; P, primary mullite.

of a high porosity (9.9%) and abnormal pores which are large
or elongated or interconnected. So pores may be the main fac-
tor hindering electromechanical properties improvement.!>-10
To improve the properties of the sample, one should decrease the
porosity as much as possible. It was reported!” that finer milled
raw materials with a narrow size distribution could both reduce
the amount and size of pores. So milling processes should be
taken into account for further improvement of electromechanical
properties.

3.4. Class, morphology and effect of mullite

Two kinds of mullite were observed (Fig. 4) in the body of the
sintered UHSPI, namely primary mullite and secondary mullite.
The primary mullite resulted from transformation of metakaolin,
pyrophyllite, etc., is dense and short, while the secondary mul-
lite produced by reaction between clay and feldspar relicts at
~1200°C'81920 js needle-like and interlocking with a size
range of 1-15 wm in length. The interlocked structure of mullite
with acicular morphology favors the promotion of mechanical
properties according to the mullite strengthening theory. What’s
more, the formation of mullite from clay matrix will increase vol-
ume by 10% (compared to precursor of mullite).?! The increase

Fig. 5. Representative optical micrograph of fracture surface of the bars. O,
origin of the fracture.

in volume could heal up cavity or porosity or crack formed due
to shrinkage or other reasons. It is observed that in areas where
mullite is abundant, the size and amounts of pores or cracks
are small, which is in accordance with the mullite strengthening
theory. The stoichiometric formula of mullite is 3A1,03-2Si0,
where the ratio of aluminum to silicon is 3:1, while the ratio
of aluminum to silicon of raw materials is 0.6:1 (smaller than
3:1). This may be one of the reasons why the content of mul-
lite (11 wt%) is relatively low. Further improving the content of
mullite is a significant way to enhance the mechanical properties
of UHSPIL.

3.5. Effect of glaze on bending strength of bars

The bending strength of glazed and unglazed bars is shown
in Table 4. The average bending strength of glazed and unglazed
bars is 186 MPa with a standard deviation (11.2MPa) and
143 MPa with a standard deviation (11.6 MPa), respectively.
Compared with bending strength reported by Chan et al.
(75.7MPa)?! and Alarcén et al. (125 MPa),!8 it has been greatly
improved; compared to the unglazed bars, the bending strength
of the glazed bars is improved by 30%. It was observed that the
fracture of the bending bars always started from area near the
surface (e.g. Fig. 5). The reason behind this may be that area
near surface suffered a bigger stress than other area did when
loading. There is rarely a crack observed in the body, while there
is a high porosity (9.9%) and abnormal pores which are large
or elongated or interconnected in the body. Large pores near
the surface area are therefore more possible to serve as the ori-
gin of fracture.!> The glaze could effectively fill the pores on
the surface and retard cracking, Thereby promoting the bending
strength of the bars.

3.6. Electromechanical failure load

The results of the electromechanical failure load test are
shown in Table 5. The average electromechanical failure load
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8 9 10 11 12 13 14 15

Table 4
Bending strength of glazed and unglazed bars (MPa).

1 2 3 4 5 6 7
Glazed 181 165 190 180 193 196 198
Unglazed 135 150 142 131 132 162 127

182 167 205 186 178 187 198 184
134 126 145 149 147 156 152 157

Table 5
Electromechanical failure load (E) determined by IEC.

1 2 3 4 6 7 8 9 10
E (kN) 479 510 496 518 468 529 539 527 514

Table 6
Differences between our porcelain and porcelain of Chan et al. [21].

Our porcelain

Porcelain of Chan et al.

Main compositions
Bauxite (calcined)

45.30 wt% Al03, 45.10 wt%SiO;
40 wt% bauxite was added in

22.64 wt% Al 03, 70.03 wt%SiO,
Without bauxite/industrial alumina

Max sintering temperature 1270°C 1350°C
Crack Rare Very common
Porosity About 9.9% Small
Major particle Corundum Quartz
Secondary mullite Rich Rare
Mean bending strength 143 MPa (unglazed) 75.7MPa
Major defect High porosity and abnormal pore Mass crack and high SiO; content

(E) is 506 kN with a standard deviation (o) value (24 kN). The
safety level determined by IEC is 420kN. E — 3*0 = 434kN >
420kN. Still there is many other IEC tests information about
this sample. Due to the length limitation, we just present this
one here.

3.7. Comparisons with work of peers

The research on porcelain insulator has continued more than
160 years since 1850 when insulator was introduced in the
construction of power transmission network by Werner Von
Siemens.? A series of fabrication methods were developed by
companies and institutes. It could be helpful to make compar-
isons with previous work of peers for further improvement of
fabrication method. The differences between our porcelain and
porcelain of Chan et al.?! are presented in Table 6.

4. Conclusions

The sample of electromechanical failure load 420kN was
fabricated successfully with natural minerals such as bauxite
and clay. Compared with other UHSPI fabricating methods,
in which industrial alumina is used, our UHSPI fabricating
method is cost saving and rich in resources. Most particles
such as alumina and quartz with a size range of <25 pum, which
are almost uniformly distributed in the matrix, serve as hard
obstacles hindering the propagation of cracks when loading.
Most pores with a size range of <25 wm are spherical or elliptic
and homogeneously distributed in the matrix. Mullite with
a size range of <15 um is needle-like acting as interlocks.
Abnormal pores and high porosity (9.9%) are more possible

to be the main factor hindering electromechanical properties
improvement. The glaze could effectively fill the pores on the
surface and retard cracking, Thereby promoting the bending
strength of the bars. The strengthening mechanisms of the
sample may be the combination of matrix reinforcement,
mullite reinforcement and dispersion strengthening.
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