BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 57 (2018)151-159

BOLETIN DE LA SOCIEDAD ESPANOLA DE

Ceramica y Vidrio

www.elsevier.es/bsecv

Influence of alumina and silica addition on the
physico-mechanical and dielectric behavior

of ceramic porcelain insulator at high sintering
temperature

Check for
updates

Niraj Singh Mehta®*, Praveen Kumar Sahu®, Pankaj Tripathi®, Ram Pyare®,
Manas R. Majhi®

@ Department of Ceramic Engineering, Indian Institute of Technology (BHU), UP, India
b Department of Electronics Engineering, Indian Institute of Technology (BHU), UP, India

ARTICLE INTFO ABSTRACT
Article history: The high-strength electrical porcelain insulator plays a vital role in the power industry.
Received 8 July 2017 The present study investigates the effect of alumina and silica addition on the physico-
Accepted 27 November 2017 mechanical and electrical properties of porcelain bodies over high sintering temperatures.
Available online 14 December 2017 The pallets were prepared in different shapes and dimensions with the help of hydraulic
press machine by pressing at 160 MPa for a period of 10-min. Different characterizations
Keywords: techniques such as; dilatometer, X-ray diffraction (XRD), and scanning electron microscopy
Density (SEM) used to evaluate the thermal, structural, and microstructural changes, respectively by
Dielectric constant and loss increasing the concentration of silica (0-20 wt.%) and decreasing alumina (45-25 wt.%) con-
Mechanical strength centration for the base composition of porcelain insulator. The measurement of mechanical
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The sample with a composition having silica 10wt.% of alumina 35wt.% and sintered at
1350°C, shows the maximum density of 2.55g/cc with water absorption of 0.94%. This
sample also shows the highest value of bending and compressive strength of 129+5 and
202 + 5 MPa respectively. The highest dielectric value of 5.75 and minimum dielectric loss
of 0.05 at a frequency (2-20 GHz) is achieved for the same composition with silica 10 wt.%
of alumina 35 wt.% sintered at 1350 °C. The composition having silica 10 wt.% with alumina
35wt.% sintered at 1350°C, has enormous potential to serve as a high strength refractory

and a dielectric ceramic material for microwave applications.
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Influencia de la adicién de alimina y silice en el comportamiento
fisico-mecanico y dieléctrico del aislador de porcelana ceramica a alta
temperatura de sinterizacién

RESUMEN

Palabras clave:

Densidad

Constante y pérdida dieléctrica
Resistencia mecanica
Porosidad

Expansion térmica

Los aisladores de porcelana de alta resistencia eléctrica juegan un papel vital en la indus-
tria de la energia. El presente estudio investiga el efecto de la adicién de la concentracién
de alimina y silice sobre las propiedades fisicomecénicas y eléctricas de los cuerpos de
porcelana a alta temperatura de sinterizacién. Se prepararon muestras con diferentes for-
mas y dimensiones mediante una prensa hidraulica a una presién de a 160MPa con un
tiempo de retencién de 10 minutos. Se utilizaron diferentes técnicas de caracterizacién
como dilatometria, difraccién de rayos X (XRD) y microscopia electrénica de barrido (SEM)
para evaluar los cambios térmicos, estructurales y microestructurales debidos al aumento
de la concentracién de silice en la alimina en la composicién base de la porcelana. Se midié
la resistencia mecénica y el comportamiento fisico para todas las muestras de diferentes
composiciones. A 1350° C, para la composicién que tiene silice 10% con alimina 35% en
peso. %, la densidad méxima de 2,55 g/cc con absorcién de agua de 0,94%. El valor mas alto
de flexién y resistencia a la compresién se encontré para la misma composicién siendo 129
y 202 MPa respectivamente a 1350° C. Para esta misma composicién se encontré el valor
mas alto de constante dieléctrica 5,75 y la pérdida dieléctrica minima de 0,05 a una fre-
cuencia (2-20 GHz) y temperatura ambiente. La adicién de 10% de SiO2 con 35% de Al203
sobre la composicién base de porcelana cerdmica tiene un enorme potencial para servir
como material refractario de alta resistencia y como ceramica dieléctrica para aplicacién

en microondas.

© 2017 SECV. Publicado por Elsevier Espafa, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Porcelain insulator introduced in 1909, it is well in use over
a century and also accepted by the industry. The application
of porcelain material has most often considered as a safe
choice. Ceramic porcelain insulator is widely used in electri-
cal applications such as power transmission and distribution.
Porcelain is made from natural raw materials like clay, quartz,
feldspar. Clays such as ball clay and kaolin are used as an
essential material for the porcelain insulator. This clay pos-
sesses different physical and chemical properties depending
on the geophysical and geological environment. The major
function of these ceramic porcelain insulators is to provide
insulation from electricity to the distribution lines. The main
constituents of electrical porcelain bodies are clays (as plas-
tic materials), fillers (such as silica and alumina) and feldspars
(Nap0Al,03-6Si0;) which act as a flux material. The raw mate-
rials used for porcelain fabrication have excellent interest
among the research community due to their availability and
low price compared to industrial chemicals. The ceramic
material insulators have a very long lifetime ranging from 10
to 20 years even some are over 70 years or more and consist of
all the significant characteristics of ceramics such as; insu-
lating capabilities, dimensional stability, hardness, thermal
resistance, and resistance to corrosion [1-3]. The filler mate-
rial plays a vital role in porcelain body to provide additional
strength by filling the pores of the insulator such as; quartz
(silica) which is unreactive at low temperatures and forms a
highly viscous liquid at a very high temperature of sintering.

In the previously reported paper substitution of quartz in alu-
mina has yielded alumina-based porcelain insulators, which
is noted for its better strength [1,4-6]. The alumina addition
increases the electrical resistivity and reduces the loss tan-
gent (tan §). The study of composite materials, i.e., mixtures
consisting of at least two phases of different chemical com-
positions, has been of great interest from both a fundamental
and a practical standpoint. The primary goal in recent decade
is to develop a high voltage insulator with the properties such
as; an insulator having excellent mechanical strength, high
electrical insulation, and exceptional thermal properties in
the presence of harsh environments [7-9]. The present work
mainly focuses the effect of alumina-silica (Al,03-SiO3) mix-
tures on the base composition of porcelain starting powders
and sintering on the mechanical and electrical properties. The
dielectric constant and loss tangent are important electrical
properties of the porcelain insulator [10]. A dielectric mate-
rial, also known as an electrical insulator, gets polarized with
the application of electric field. The introduction of an electric
field across the dielectric insulator allows the dielectric polar-
ization to come into existence due to which positive charges
shifts toward the applied electric field and negative charges
move away from the applied field. The dielectric polarization
does create a dipole effect but reduces the overall field inside
the dielectric material [11-14].

The motive of the present work is to prepare a mechanically
and electrically strong porcelain insulator by mixing an opti-
mum amount of low-cost clay (up to 45wt.%) and remaining
substituents by silica and alumina to reduce the cost of raw
materials. To achieve aforementioned, we increase the silica
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Table 1 - Particle size distribution.

Raw materials Particle size (um)

Kaolin 120

Ball clay 120
Feldspar 120

Silica 80
Alumina 80

Table 2 - Show the code for the formulation applied
and corresponding level of addition.

Code Kaolin Ball clay Feldspar Silica Alumina
Al 25 20 10 0 45
A2 25 20 10 5 40
A3 25 20 10 10 35
A4 25 20 10 15 30
A5 25 20 10 20 25

content and decrease the concentration of alumina in base
porcelain composition (i.e., ball clay, feldspar, and kaolin).
Alumina-based ceramics have high strength, low thermal con-
ductivity as compared to other ceramics.

Materials and experimental

Material preparation

The base composition for developing a ceramic porcelain insu-
lator is prepared using 25 wt.% of kaolin, 20 wt.% of ball clay,
10 wt.% of feldspar with varying wt.% of alumina (Al,03) and
silica (Si0,) contents. Due to hygroscopic nature of raw mate-
rials such as; feldspar, kaolin, and ball clay are placed in an
oven ata temperature of 105 £ 5 °C for 24 h to remove the mois-
ture content present in it. Afterwards, the raw materials are
passed through 120 pm mesh sieve to obtain a uniform parti-
cle size of 120 um. Similarly, silica and alumina contents are
passed through 80 pm mesh sieve to obtain a particle size of
80 pm. The distribution of particle sizes of raw materials is
shown in Table 1. For developing ceramic porcelain insulator,
five different compositions (A1-A5) are prepared using varying
concentration of silica and alumina; as listed in Table 2. The
compositions are prepared using following steps:

1. Weighted raw materials were putinto agate and thoroughly
hand mixing for 30 min with the help of pestle.

2. Homogeneous mixing is achieved by yttrium stabilized zir-
conia ball of 2:1 weight ratio was used for mixing the
materials for 30 min in ball mill to reduce the particle size.
To obtain the homogeneity in particle sizes, above proce-
dures had been repeated up to 8-10 times.

3. Four drops of 5% polyvinyl alcohol (PVA) is used as a binder
in prepared composition and again mixing up to 30 min.

4. Prepared compositions compacted by hydraulic press
machine with pressure load of 160 MPa for making test-
ing pellets (samples). Each pellet of circular shape (30 mm
diameter and 10mm thickness) and rectangular pallets
having a dimension (40mm x 10mm x 10 mm) were pre-
pared by pressing for a constant holding time of 10 min at
pressure 160 MPa.

Each prepared pellets are having different compositions
(A1, A2, A3, A4 and AS) sintered at 1250°C and1350°C, using
sintering rates of 5 °C per minute with a soaking period of 2 h.

Characterizations

Various techniques were used to investigate the physical,
mechanical, thermal, and morphological characteristics of
sintered samples. For physical behavior such as apparent
porosity and bulk density were determined by Archimedes
method according to ASTM C20 [15]. Linear shrinkage was
measured according to the method described by ASTM
C356-10 [16]. The mechanical resistance such as; bending,
compressive and tensile strength of the sintered samples
of different compositions measured by Universal testing
machine (UTM). Dielectric constant (¢/) and the dielectric
loss (tan §) were measured at room temperature within the
frequency range of 2-20 GHz using vector network analyzer
instrument (Keysight E5071C ENA). Thermal expansion study
of each pellets having a dimension (40 mm x 10 mm x 10 mm)
was carried out by dilatometer (M/s V.B Ceramics and
consultant, Chennai, India). The X-ray diffraction (XRD) char-
acterization was done using a Rigaku high resolution powder
X-ray diffractometer Cu-Ka radiation, A = 1.540598 A (Serial no:
HD20972, Rigaku Corporation, Tokyo, Japan) and data was col-
lected at a scanning rate of 5°/min for 26 in a range from 10° to
80°. The microstructure of the samples was examined by scan-
ning electron microscopy (SEM) was carried out using (Zeiss
Company Model No. Evo\18-2045) for the morphological study.

Results and discussion

In the present investigation, the effect of silica on mechani-
cal and electrical properties of electrical porcelain bodies was
determined. The XRD patterns of coded samples Al, A2, A3,
A4, and A5, sintered at 1250°C and 1350°C are shown in Fig. 1.
X-ray diffraction analysis was performed to identify the differ-
ent phases formed during sintering. The diffraction patterns
revealed the presence of alumina (corundum), B-Cristobalite
and mullite phase (M). B-Cristobalite peaks were matched
with JCPDS data card 89-3435, alumina (corundum) peaks with
JCPDS 46-1212 and mullite peaks were identified by JCPDS data
card 15-0776. As the concentration of silica increased and alu-
mina decreased, the major peaks intensity decreased at an
angle (26) of 26°, 35°, 43°and 58° corresponding to alumina
(A) because at high temperature the dissolution of alumina in
glassy phase. At the same time, there is a little enhance in the
peak corresponding to the mullite phase (M) at 1350 °C as com-
pared to the same samples sintered at 1250°C. As we increase
the silica concentration (0-20 wt.%) in base composition the
B-cristobalite phase start to developed from10 to 20 wt.% sil-
ica is shown in Fig. 1. The B-cristobalite phase is developed at
major peak intensity in composition A3, A4 and A5 at angle
(26) of 21.5° with h, k, 1, values (1, 1, 1) having cubic structure
with space group Fd3m. We have calculated the lattice param-
eter for sample A3, A4, and AS as per B-cristobalite phase are
7.153A.

Fig. 2 shows the SEM micrograph of five different compo-
sitions sintered at different temperatures, i.e. (a) at 1250°C
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Samples sintered at 1250°C jcpds-89-3435 - B Cristobalite
Jopds-46-1212 A - Al,Og(corundum)
Jepds-15-0776 M - Mullite
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Fig. 1 - The XRD patterns of a different samples code composition containing (0-20) wt.% SiO, sintered at 1250 and 1350°C

(where & - B-cristobalite, A - alumina, M =mullite).

and (b) at 1350°C. The surface topographies confirmed the
presence of little agglomeration and porosity in the samples.
From SEM Fig. 2(a), depicts the average grain size (A1=2.26 pm,
A2=3.02pm, A3=3.29pm, A4=2.50pm and A5=1.58 um) of
the different composition by using image J software. The
analyses revealed that different samples sintered at 1350°C
showed that particles are in non-spherical shape and hav-
ing little agglomeration with porosity as shown in Fig. 2(b).
From SEM analysis it is found that there is no formation of
phase separation in mullite phase (primary and secondary)
of any composition. At 1250°C, the presence of the particles
in the material is more porous and agglomerated, slight uni-
form and homogeneous but further enhance the temperature
up to 1350°C reduces the agglomeration rate, less porous and
non-uniform. From Fig. 2(a) and (b) reveal that as increase the
content of silica up to 10%, pores were probably disappeared
because of pores filled by the glassy phase of silica. It may
be the reason behind the increases density of the material,
results in the mechanical strength also increased. At 15% and
above addition of silica content, strength is going to decrease
due to non-bonding additional free silica content dispersed at
the surface results in close pores increases shown in Fig. 2(b).

The results of bulk density (g/cc), linear shrinkage (L.S) %,
water absorption (W.A) %, weight loss (W.L) % and apparent
porosity (A.P) % are given in Table 3 and shown in Fig. 3. Linear
shrinkage increase with sintering temperature because of
sintering process inter-particle spacing decreases, result
volume reduces. Water absorption and apparent porosity
were found to decrease with the addition of silica up to 10%
in the base composition. The water absorption of samples
decreased with increasing sintering temperature because
close pores and open porosities of the bodies reduced and
there was increased glassy phase content in the samples.
Water absorption should be minimal or zero for the good
high voltage electrical porcelain. The water absorption and
apparent porosity dropped to a minimum by addition of
10wt.% SiO, with 35wt.% Al,O03; for the sample sintered at
1350 °C with a soaking period of 2 h. The relationship between
physical properties (like B.D, W.A, and A.P) and % content
of SiO, with different sintering temperature are shown in
Fig. 3. At 1350°C, with 10wt.% SiO; content, the maximum

density of 2.55g/cc and about 2.50g/cc at 1250°C obtained.
After further addition of SiO,, it starts to decrease because
of an excess amount of glassy silica content disperse on the
surface of the porcelain body results increase the closed pores
in the porcelain body (Fig. 2(a) and (b)).

Bending, compressive and tensile strength

A rectangular specimen having a dimension (40mm x
10mm x 10mm) was used in three-point bending test, and a
cylindrical specimen is having a dimension of 30 mm (diam-
eter) was used for compressive strength measurement. The
specimen placed on two supports that are 4 cm apart (L), and
the force (F) applying in the exact middle of the two supports
(L/2). Modulus of rupture (MOR) or bending strength obtained
by the formula:

3FL
MOR = b2
where F is the load at failure (N), L is the distance between
the supports, b is the sample width, and t is the thickness of
the sample.

For tensile strength measurement, we prepare two samples
from each composition which is sintered at two different tem-
perature (1250 and 1350 °C) with soaking period of 2h. Samples
with the specification of 25mm gauge length, 7mm width,
10mm thickness and 40 mm overall length. Samples tensile
strength were tested by a universal testing machine (UTM)
at strain rate 2mm/min. The maximum mechanical strength
was observed in the sample A3 having bending strength
(129 £5MPa), tensile strength (36 +3MPa) and compressive
strength (202 + 5MPa) shown in Figs. 4 and 5. The compressive
strength showed higher values than that of MOR, due to the
difference in stresses distribution. The decrease in strength
for sample A4 and AS is due to increase in porosity and den-
sity goes down which is shown in Fig. 3. It is also proved from
XRD (Fig. 1), with more addition of silica from 10 to 20 wt.%
developed a B-cristobalite phase at high temperature after
1200°C. For sample A3, A4 and A5, the peaks of B-cristobalite
phase goes to increases with increasing sintering temperature.
Further, during cooling, there is a phase transformation from
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EHT =20.00 kv Singnal A = SE 1 Singnal A= SE 1 Date :21 Mar 2017
WD =100 mm Mag =10.00 KX (CIFC) ITBHU WD =9.0mm Mag = 10.00 KX (CIFC) IT-BHU
Singnal A = SE 1 Date :9 Mar 2017 EHT =20.00 kV Singnal A = SE 1 Date :29 Jul 2016
Mag = 10.00KX (CIFC) IFBHU WD = 9.0 mm Mag = 10.00 K X (CIFC) IIFBHU
~ 2 k.3 =&
EHT = 20,00 kV Singnal A = SE 1 Date : 9 Mar 2017
WD =105 mm Mag = 10.00 K X (CIFC) ITBHY

EHT = 20,00 KV Singnal A = SE 1 Date : 18 Mar 2017
WD =85mm Mag = 10.00 K (CIFC) IITBHY

EHT = 20.00 kV ingnal A = SE 1
WD =11.0mm Mag = 10.00 K X

(CIFC) IITBHU

Singnal A = SE 1
Mag = 10.00K X

Close pores

Dale - 18 Mar 2017
(CIFC) IIF-BHU

Fig. 2 - SEM analysis of ceramic porcelain composition replacing alumina with silica in wt.% sintered on different
temperature, (a) at 1250 °C and (b) at 1350 °C (where A1=0, A2=5, A3=10, A4=15 and A5 =20 wt.% SiO,).

B-phase to a-cristobalite phase [17], due to volume contraction
occurred at this time, micro-crack is generated in the samples.
Result pores sizes were increases which directly impact on
density, which effect the strength of the samples after addition
of 10 wt.% of silica (A4 and AS5).

Thermal expansion

The thermal expansion of the samples was determined within
the temperature range of 30-1300°C using dilatometer at a
heating rate of 5°C/min. The thermal expansion coefficient of
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Table 3 - Change in linear shrinkage (L.S %), water absorption (W.A %), apparent porosity (A.P %) weight loss (W.L %)

and bulk density (B.D g/cc) with sintering temperature and silica wt.%.

Sintering temperature 1250°C 1350°C
% Silica content 0 5 10 15 20 0 5 10 15 20
B.D (g/cc) 2.44 247 2.50 246 2.40 248 2.49 2.55 2.52 245
AP % 6.84 5.59 4.11 8.78 9.18 2.55 2.10 1.88 4.71 4.84
LS % 7.67 7.81 8.21 6.90 6.66 8.45 8.59 8.67 7.90 7.16
WA % 3.24 2.18 1.83 3.61 3.74 1.39 1.12 0.94 1.87 1.56
a 252 10 b o256
—=— B.D at 1250°C| - B.D at 1350 [ 5.0
= 250 —=— AP at 1250°C ./. Lo o5 LmAPatiEOC g s >
8 3 45 2
g, 2.48+ 8D & 252 4.0 g
- g 2
2246 .3 2 |35 =
® 22,50 o
5 g 2 50 S
g %1 (68 Cogg " T8
2 = = L =
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m < 2246 . 2
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C 50 d 9o
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Fig. 3 - Graph between B.D (in g/cc), A.P (in %), L.S (in %) and W.A (in %) with content of silica (0-20%) of different samples
composition sintered at 1250 and 1350 °C with soaking period for 2h.
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Fig. 4 — Relation between bending, tensile strength vs % content of silica.
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Fig. 5 - Graph between compressive strength vs % content of silica.
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Fig. 6 - Thermal expansion behavior of the samples (A1, A2, A3, A4 and A5) sintered at different temperature.

a different composition was measured from ambient temper-
ature to 1300 °C by using formula.

AL

L= IAT

Where L is the length of the test sample at ambient tem-
perature, AL is the change in length of the test sample from
ambient temperature to 1300°C, AT is the change in temper-
ature.

For sample Al, A2 and A3 the heat-treated from 30 to
1200°C, showed negative expansion up to 150 °C followed by
positive expansion up to 1200°C. After 1200°C the sample
showed negative expansion, result start densification. Sam-
ple A4 and A5 showed the same trend but around 1130°C it
starts to melts due to the presence of excess amount of silica
which shows start negative expansion shown in Fig. 6.

Dielectric constant and dielectric loss

The dielectric permittivity is a complex parameter having real
and imaginary parts. The real part results from the polar-
ization of material, whereas the imaginary part is related to

ohmic and polarization losses. It is noted from Fig. 7(b) that
different samples sintered at 1350°C having dielectric con-
stant values lie from 5.75 to 2.5 when measured within the
frequency range of 2-20 GHz at room temperature. The dielec-
tric constant value increases with increasing SiO, content up
to 10% in the base composition. On further addition of sil-
ica, the dielectric value decreases for sample A4 and AS. The
sample sintered at 1350 °C having more dielectric value than
samples sintered at 1250 °C. It may be due to more densifica-
tion. A dielectric value depends on the presence of dipoles.
If dipoles are present, it will allow the flow of electrons so
decrease the resistance value hence dielectric is small. As the
material is dense, it provides more resistance to flow so high
is dielectric constant. The dielectric constant was observed
to decreases within the microwave or wireless frequencies
ranges (2-20 GHz). The dependence of dielectric loss tangent
(tan &) on the frequency is shown in Fig. 7(a) and (b). The
dielectric loss was found within the range of 0.05-0.12. In
microwave frequency range, the main problems are the rapid
rise in dielectric loss factor result issue in thermal runaway.
This thermal runaway is controlled by using the investigated
ceramic insulator composition. Due to its low dielectric loss
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Fig. 7 - Dielectric constant and dielectric loss (loss tangent) versus frequency (GHz) at room temperature (30 °C) is

investigated for different sintered compositions.

and high dielectric value within microwave frequency, it pro-
vides better insulation property. Dielectric loss or loss tangent
determine by using formula

"
tané = £

8/
where ¢’ is the dielectric constant, ¢” is the dielectric loss fac-
tor.

Conclusions

In this work, an electrically and mechanically strong porce-
lain insulator were prepared by using an optimum amount of
low-cost clay composition with varying concentration of sil-
ica and alumina. The effect of sintering temperature and SiO,
wt.% were analyzed. The composition has 10 wt.% silica with
35wt.% alumina sintered at 1350 °C found to be most suitable
for electrical as well as for mechanical applications. In the
above composition with increasing sintering temperature, the
ceramic particles tend closer to each other and lead to densi-
fication, reduction in porosity. Water absorption of the bodies
decreased due to the non-availability of microcracks and pores
which is filled by melting glassy content of silica with alu-
mina. Bending strength of porcelain insulator bodies increases
up to 129+5MPa, the compressive strength of 202 +5MPa
and tensile strength of 36 +3MPa were observed for sample

sintered at 1350°C. For the samples sintered at 1350°C, the
above composition also seems to be the best option accord-
ing to dielectric value. Dielectric constant lies in between 5.75
and 4.9, and dielectric loss measured 0.05-0.12 within the fre-
quency range of 2-20 GHz at room temperature. After further
addition of 10wt.% silica, the strength decreases because of
the excess silica present in the composition start to develop-
ing a B-cristobalite phase. The B-cristobalite phase of silica is
dependent on the sintering temperature and increases with
the increasing temperature. There is a change in phase trans-
formation from B to a-cristobalite phase when sample starts to
cool down, this phenomenon occurs due to the volume con-
traction occurred during this time and leads to micro-crack
generation in the sintered samples. According to mechani-
cal strength and chemical stability, the composition having
10 wt.% silica can be considered as the more suitable for porce-
lain insulator bodies.
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