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Steatite ceramics have been fabricated by using starting materials such as talc, clay, and barium carbonate with addition of
boron oxide (B,0;). B,O; has been found to be a useful flux to densify MgO-Al,0;-SiO—~BaO (MASB) powders. The steatite
ceramic with a relative density of 97% was obtained at a sintering temperature of 1200 °C. The effects of B,O; additions
on the dielectric properties of the samples have been investigated. Doping with B,O; significantly affects the dielectric
properties. The values of dielectric properties of the samples changes with B,O; addition. This may be attributed to the quartz
phase. Hence, a ceramic with lower dielectric loss was obtained for use in high temperature electrical applications.

INTRODUCTION

Steatite ceramics are inorganic materials made
from natural raw materials containing predominantly
magnesium silicate and can be considered in place
of alumina as a cost-effective way to meet performance
requirements. The steatite ceramics are widely used in
electronics, electrical engineering, radio electronics, and
other fields owing to their low dielectric losses, high
temperature resistance, and high mechanical strength
[1-3].

The steatite ceramics are formulated from a natural
raw material containing magnesium silicate, known as
talc together with additions of clay and flux. Electrical
properties of steatite ceramics were investigated several
years. Different additives (ZnO, Al,O,;) have been
investigated regarding to their effects on dielectric
properties [4]. The type of flux influences the electrical
characteristics and leads to the following differentiation:
steatite for low-frequency, normal steatite, as well as
special steatite with low loss factor.

The steatite ceramics are usually produced by using
talc (about 80 to 90 %), plastic clay (about 5 to 10 %)
and a fluxmelting agent (about 5 to 10 %). During the
preparation of the mass, low quantities of clay and/
or barium carbonate are added. The material is fired at
around 1400°C and it is formed by crystallization, fusion
and dissolving during the vitrification. Typical steatite

materials have the following analysis: 58 — 65 % SiO,,
26-32 % MgO, 3-6 % Al,05, 1.3 % Na,O. Typically 7-10
% BaO is added to obtain low-loss steatite. The structure
of steatite phase consists of about 70 % of crystalline
MgSiO; (so-called Protoenstatite) and of about 30% of
glass phase [S]. It has an impervious material structure
that has good mechanical strength, and low dielectric
loss. It makes excellent insulators for radio frequency
applications, and exhibits high volume resistivity up to
1000°C [6-7].

The sintering aids were usually used to improve
the sinterability of steatite ceramics made from natural
material. For this purpose, B,O; was used as a sintering
aid due to its low melting point and less harmful effect
on the insulating characteristics than other sintering aids
[8-9]. In the present study, the effects of B,O, addition
on the dielectric properties of steatite ceramics were
investigated.

EXPERIMENTAL

Talc, clay and barium carbonate were used as star-
ting materials. Starting materials were weighed to get
a commercial grade low-loss steatite composition.
Different ratios of B,0; (0, 0.25, 0.75, and 1.5 wt.%)
were added to the mixture in the form of boric acid
(H;BO;), respectively and indicated as MASB0, MASBS,
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MASB10 and MASB20. The materials were dry pressed
and then sintered at 1200°C for 2 hours in air atmosphere.
The detailed experimental procedure was given in else-
where [10-11].

Dielectric properties were characterized by Complex
Dielectric Spectroscopy (CDS) which is a powerful
technique for investigating the dielectric properties of
samples used in solid state. The sintered pellets were
gently cleaned, polished. Then, the surfaces of the pellets
were electroded with silver paste. The dimensions of
the electrodes were ~10x1 mm® with an inter-electrode
distance of ~1 mm. Dielectric properties of the sample
were studied with a Hawlett-Packert 4194A Impedance/
Gain-Phase Analyzer in the frequency range from
1 kHz-40 MHz. The complex dielectric constant
e*(w) =¢'(w) - ig"*(w) [’ (W) is the real part of dielectric
constant and €'"(w) is the lost part) were carried out in
room temperature. At least, 100 different frequencies
applied in logarithmic scale for the samples.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of MASB20 steatite
powders with different sintering temperatures are shown
in Figure 1. After sintering at 1000°C, protoenstatite phase
was observed with quartz, aluminum silicate, and barium
aluminum silicate phases. The characteristic peaks are
(212) and (310) of protoenstatite phase were identified.
Crystallization of protoenstatite phase increased with
addition of B,0,. During sintering, talc decomposes
and gives a mixture of fine-grained protoenstatite
crystals in a silica matrix at about 1000 °C. As similar
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Figure 1. X-ray diffraction patterns of MASB20 steatite cera-
mics were sintered at different temperatures. (P - protoenstatite;
Q - quartz; B - barium aluminum silicate; A - aluminum
silicate).

to talc, clay decomposes at 980°C to form fine-grained
mullite in a silica matrix. This process is accompanied
by production of free silica or quartz. The quartz grains
are undesirable constituents of steatite and must be
eliminated [11]. The crystallization rate of protoenstatite
phase and appearance of other crystalline phases were
also dependent to sintering temperature. Highest crys-
tallization rate of protoenstatite was obtained with
MASB20 samples. After sintering at 1100°C for MASB20
samples, aluminum silicate and barium aluminum
silicate dissolved into the glassy matrix and disappeared.
Although the peak intensities of protoenstatite phase
increased, there was still a minor quartz phase. However,
the crystallization rate of protoenstatite reached a
maximum value at sintering temperature of 1200°C [10].
At this temperature, quartz phase disappeared and only
a single protoenstatite crystalline phase was obtained.
The process of protoenstatite crystallization in talc
generally starts at temperatures above 1250°C and fully
develops at 1420°C [11,12]. It is clear that the addition
of B,0; accelerates the crystallization of protoenstatite at
lower temperatures.

Microstructural investigations were also conducted
on sintered samples by Scanning Electron Microscope
(SEM). Large pores were occurred in sintered samples
without B,0O; addition. As natural process, visible cracks
also developed in steatite body. After B,0O; addition,
pore elimination and enhancement of densification for
MASB20 samples were promoted by the viscous flow
B,0; addition and hence, a nearly dense ceramic was
obtained [11]. Easier densification of MASB specimens
with B,O, addition may be due to the flux effect of
B,0O, which enhances the densification during sintering.
Because of the low melting point of B,0;, the procedure
of sintering MASB ceramics would be a reactive liquid-
phase sintering process. With liquid formation, there was
a densification, even at low sintering temperatures such
as 1000°C, due to capillary force exerted by the liquid
on the particles, while actual sintering temperature was
around 1400°C for steatite ceramics [10,13].

The real part of dielectric constant was calculated
from the equation €' = Cd/g 4, where g, is the permittivity
of free space. The dielectric loss €' was calculated from
the equation €' = £'tgd, where 6 = 90 — ® and O is the
phase angle. The variation of the frequency dependence
of the real part of dielectric constant at some DC voltages
(at room temperature) of steatite with the addition of B,O,
in different concentration (0, 0.25, 0.75, and 1.5 wt.%)
were investigated. The dielectric constant of the samples
MASBO and MASB20 as a function of frequency were
shown in Figure 2.

It is clear from the figure that &'(w) decreases
nonlinearly with frequency for each sample. The decrease
in €' (w) with frequency can be attributed to the fact that,
at low frequencies, €' (w) for polar materials depends on
the contribution of multicomponents of polarizability,
deformational (electronic and ionic) and relaxation
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(orientational and interfacial) polarization. The former
polarizability depends on the electrons and ions while the
latter depends on orientational or interfacial effects. The
increase in frequency leads to a decrease in orientational
polarization, since this takes more time than electronic
and ionic polarization. Such a decrease tends to reduce
the value of & with increasing frequency, reaching a
constant value at higher frequency [14].

As it seen in Figure 2a and 2b, there are some
fluctuations in dielectric constants at beginning of the
external applied voltages (0-20 V) and then it disappears
at high frequencies. All dielectric constants with different
voltages remain stable at 100 kHz and higher frequencies
except for MASB20. When increasing frequencies up to
100 kHz, all dielectric constants start to remain stable at
approximately 6. MASB20 reaches this value at lower
frequencies than 100 kHz. This critical value shows
expire of electronic mechanism.
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In addition, dielectric constants vary with the
frequency and external applied voltages (5, 10 and
20 Volt). Dielectric constants were affected slightly with
increasing voltages. There is a non-linear decreasing of
dielectric constant with increasing voltages at constant
frequency but for the all samples, increasing frequencies
up to 100 kHz were causes a step type increase in
dielectric constant. Moreover, none of the samples were
show any relaxation behavior under applied voltages.
This result may reveal that possible and much more
relaxation might occur at lower or higher frequencies.

The loss factor of dielectric constant shown as
tand = €'/ ¢, where &' is imaginary part of dielectric
constant and and tand is dielectric loss. The frequency
dependence of the dielectric loss of samples MASBO
and MASB20 were shown in Figure 3. All samples
show that dielectric loss is decreasing with increasing
frequency. Similar to the real part of dielectric constant

Figure 2. The dielectric constant of the samples MASBO (a) and MASB20 (b) as a function of frequency.
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Figure 3. Frequency dependence of the dielectric loss of samples MASBO (a) and MASB20 (b).
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for all samples, there is no any change in loss factor with
applied voltages after 100 kHz frequency. The behavior
of loss factors in different voltages looks like step type.

The loss factor for all samples in the range of applied
voltages and frequencies is between 107 and 10, Thus,
it can be said that loss factor of all samples are very low.
Accordingly, the interaction of applied electromagnetic
waves with samples results in very little energy lost. Also,
there is no relaxation loss in the examined frequency
range similar to the reel part of dielectric constant.
Especially MASB20 sample were show that very low
tangent loss in large frequency region which is reveal
that this is superior properties for industrial applications.

The AC conductivity shows a typical power law
behavior and increases in mentioned frequency interval.
The frequency dependence of the AC conductivity is
given by the relation;

o(w) = o, +Aw’ (1)

where A and s are constants. Here o, is called DC con-
ductivity and it is independent from frequency. However,
this part of measured samples is not seen because it
remains in lower frequency. However, the estimated
values, obtained from the experimental results fit into the
equation (1), are given in Table 1.

Table 1. Characteristic values obtained from fitted experimental
results to the theoretical expression.

Series o, (S/m) A s

MASB 0 5%10* 101 0.68
MASB 5 9x107 9x107° 0.61
MASB 10 1x10° 10°* 0.45
MASB 20 3x10* o 0.75

The frequency dependent exponent, s, is a charac-
teristic parameter and dimensionless. It depends on the
material temperature and applied frequency. The index
is generally less than or close to to unity. The variation
of s with temperature gives the conductivity mechanism
in the sample examined [15]. The variations of con-
ductivity properties of steatite with the addition of B,O,
in different concentrations are depicted in Figure 4.
It is clearly seen from the figure that the conductivity
extremely depends on the addition of B,O;. It is note-
worthy that small amount of the addition firstly results
in increasing on the conductivity and then vice versa.
The characteristic parameters obtained from the fitted
experimental results to equation (1) with B,O; content
were shown in Figure 5.

Figure 5 shows the variations of dielectric pro-
perties with the B,0O, additions. However, the real part
of dielectric constant increases between MASBO and
MASBS then decreases until MASB20 for a specific
frequency. The same trend was observed for the loss
factor. Figure 4 shows numerical values of the frequency

dependence of the loss factor. It is clear from the figure
that the loss factor has very low values for MASB20.
It ranges from 0.084 (for 1 kHz) to 0.0045 (for 10 MHz).
Therefore, a steatite with lower dielectric loss was ob-
tained.

It is interesting that the -electrical properties
(real part of the dielectric constant, dielectric loss and
conductivity) of the samples with addition of B,O,
firstly deteriorated for the concentration ranging from
0 to 0.25 and then improved ranging from 0.25 to 1.5.
According to previous reports, the dielectric properties
was simultaneously affected by many factors, mainly
caused not only by the lattice vibration modes, but also
by densification, pores, grain sizes/boundaries, and
secondary phases [16,17]. Therefore, the mentioned
dielectric properties above may be attributed to these
effects. A shifting from decreasing to increasing in di-
electric properties may be attributed to the quartz
phase. The increased amount of B,O; addition results in
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Figure 4. Frequency dependence of the conductivity.
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disappearing of quartz phase for MASB10 and MASB20
samples. This may be due to the fact that quartz dissolves
into the glassy matrix and disappears for MASB 10 and
MASB20 samples.

CONCLUSIONS

By using B,0; additions, a nearly dense ceramic
can be obtained at a lower sintering temperature than
that of industrial practice. The addition of B,O; in
different concentrations clearly affects the dielectric
properties of samples. The dielectric properties of the
samples shift clearly an increasing trend in a specific
concentration (0.25). This behavior may be attributed
to the quartz phase of the samples. In addition, the loss
factor for all samples in the range of applied voltages and
examined frequencies is between 10° and 10 .This is
very low value and it has probability to use in electrical
applications. With increasing frequency, a non-linear
decrease was observed in the real part of dielectric
constant and dielectric losses. These are independent
from voltage and frequency after 100 kHz and also these
are shows step like change in increasing voltages.
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