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Dielectric Properties of Steatite Ceramics Produced from Talc and Kaolin Wastes
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The main objective of this work was to study the use of kaolin processing wastes in the production
of steatite ceramics, emphasizing mechanical strength and dielectric properties. Steatite ceramics were
prepared using mixtures of talc with fine and coarse particle kaolin wastes (7.5, 10 and 12.5 wt.%)
sintered at different temperatures (1200, 1250 and 1300°C). After sintering, the specimens were
submitted to mineralogical and microstructural characterization. Linear shrinkage, apparent porosity,
flexural strength and dielectric properties were also evaluated. Results showed the formation of the
crystalline phases protoenstatite and quartz for all produced ceramics. The results verified for porosity,
mechanical strength and dielectric properties proved to be suitable for the application of this material

in electrical insulation.
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1. Introduction

Steatite ceramics are materials based on magnesium
metasilicate, which is one of the main components of the
ternary system MgO-Al,0O,-Si0,. They are mainly composed
of enstatite phase (MgSiO,), which has density of 3.21 g/cm?’,
melting point of 1557°C and orthorhombic crystalline
structure!. Enstatite occurs in three stable polymorphic
forms: protoenstatite, clinoenstatite and orthoenstatite?.
The characteristics of these ceramics include low dielectric
constants and dielectric losses, high temperature resistance
and high mechanical strength®*. They are usually used for
applications such as gas burners, heating element supports,
coatings for thermostats, electrical panels and insulators>®.

In general, steatite ceramics are produced from natural
raw materials, and it is very common to use mixtures of
talc and plastic clays®’. Each raw material has an important
role in the processing of these ceramic materials: talc is
responsible for being a precursor source of the protoenstatite
phase during sintering, and clay facilitates the molding and
processing of the ceramic mass®’.

Kaolin is a material rich in clay, used in various industry
segments: paper, ceramics, rubber, plastics, pharmaceuticals,
paints and cosmetics. The kaolin group minerals have a
1:1 basic layer structure, with tetrahedral silica and octahedral
alumina layers, and their composition is expressed by the
chemical formula ALSi,0,(OH),". In order to be used in
industry kaolin must be subjected to a series of processes that
generate a large amount of wastes from this raw material'’.
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The waste generated during the first kaolin processing stage is
mainly composed of coarse particles (basically consisting of
quartz), being called “coarse waste”. In the second processing
stage, in which the kaolin is purified, a fine particle waste
is generated, commonly called “fine waste”'2. Generally,
all these wastes are improperly disposed in nature, causing
damage to fauna and flora, and to the population health'>'.
In this sense, kaolin processing wastes have been studied
and shown a great potential to be incorporated in masses for
ceramic products manufacturing'>. However, it should be
noted that there are no studies in the literature on the use of
these wastes for application in electrical ceramics. The use of
kaolin wastes as an alternative raw material by the ceramic
industry can contribute to the reduction of environmental
impacts generated by their improper disposal in nature. Thus,
it is extremely important to develop studies that assess the
feasibility of using these wastes.

Inrecent years, several studies have been carried out on
the production of steatite ceramics from natural and synthetic
raw materials, emphasizing mineralogical and dielectric
properties*’2!">5, The dielectric constant is one of the main
parameters that is observed for the technological point of
view. Values around 5-7 are typically observed for steatite-
based ceramics®*?%?7.Generally, talc and kaolinitic clay are
used as raw materials for the production of steatite ceramics
with dielectric properties. However, there is little research
on the incorporation of solid waste in the composition of
ceramic masses for this purpose? and there are no studies
on the use of kaolin waste. In this context, the objective
of this work was to investigate the dielectric behavior of
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steatite ceramics prepared from formulations containing
talc and kaolin wastes, sintered at different temperatures.
This is an innovative and promising research, making it
possible to add value to the waste, which could become a
raw material for another industrial sector, allowing for an
efficient and sustainable recycling process, with an ecological
and economic focus.

2. Experimental Procedures

The raw materials used in this study were talc (purchased
from ARMIL Minério S.A), fine and coarse particle kaolin
wastes. The kaolin starting powders were obtained from
Caulisa S.A, located in Juazeirinho-PB, Brazil. Firstly,
kaolin wastes were milled and sieved. This step was adopted
to obtain homogeneous granulometry of starting powders.
Then, kaolin processing wastes and talc were used to prepare
steatite ceramics. These raw materials were chosen due the
high content of MgO, and SiO, and ALQ,, respectively,
which are used as source for the formation of protoenstatite
(MgSi0,), the main phase in steatite ceramics. Talc and kaolin
wastes were ball milled for 3h at approximately 123 RPM
with 6 wt.% of humidity. The formulations were prepared
using the percentages of 87.5, 90.0 and 92.5 wt.% of talc and
12.5, 10.0 and 7.5 wt.% of kaolin wastes (fine or coarse).
For the sake of simplicity materials were labeled according
to the type and content of kaolin wastes, namely 7F, 10F and
12F for materials prepared with 7.5, 10 and 12.5 wt.% of
fine kaolin waste and 7C, 10C and 12C for those prepared
with coarse kaolin waste. The composition (wt.%) of each
formulation is detailed in Table 1.

Rectangular bodies (5.0 x 1.5 x 0.5 cm) were shaped by
uniaxial pressing at 20 MPa, using a Servitech CT-335 uniaxial
hydraulic press. The resulting test specimens were oven-
dried at 110°C for 24 hours and then fired at 1200, 1250 and
1300°C for 60 and 120 minutes with heating rate of 5°C/min.

Chemical characterization of starting powders was
performed by X-ray fluorescence (XRF), using a Shimadzu
EDX-720 energy dispersive X-ray fluorescence spectrometer,
under nitrogen atmosphere (N, ). Mineralogical characterization
was carried out by X-ray diffraction (XRD), using a Shimadzu
Lab XRD-6000 X-ray diffractometer equipped with a Cu-Ka.
radiation tube, operating at a 20 scan angle of 5-60°, scan
speed of 2°/min and step size of 0.02°. Crystalline phases
were identified and quantified using the JCPDS powder
diffraction files contained in the PC-PDFWIN database of
the Shimadzu XRD-6000 package software. Particle size
distribution was estimated by granulometry using a Cilas
1064-LD particle size analyzer.

Mechanical strength tests of sintered bodies were
performed using a Shimadzu Autograph AG-X universal test

Table 1. Composition (wt.%) of the formulations.
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machine, equipped with a Shimadzu load cell with a capacity
of 50 kN, operating at 0.5 mm/min speed of applied force.

Subsequently, the ceramic bodies were subjected to a
microstructural analysis by scanning electron microscopy
(SEM), using a TESCAN Vega3 microscope, in the secondary
electrons mode.

The electrical performance of ceramic bodies was tested
by impedance spectroscopy. Tests were performed at room
temperature and from 400 to 800°C in air using a Hewlett
Packard 4284A LCR meter in a two-probe configuration
(frequency range from 20 Hz to 1 MHz with a voltage
amplitude of 0.5 V). Au electrodes were painted on the
parallel faces of the samples and thermally treated at 800°C
for 15 min. Electrical conductivity (o), dielectric constant
(er) and dielectric loss (tan 8) were determined using the
following Equations 1-3:
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where d and A are the thickness and cross-section area
of the ceramic sample, respectively. R is the total ohmic
resistance of the sample, obtained from the impedance
spectra by assuming the intercept of the real axis (Z) at low
frequency; f'is the frequency in Hz; C is the capacitance in
pF; € and ¢, (8.854x107"* F/m) are the dielectric constant
and dielectric permittivity in vacuum, respectively. Z’ and Z”
are the real and imaginary parts of impedance, respectively.
The frequency-dependent capacitance was estimated using
the equation for the impedance of a capacitor (Equation
3), considering Zc=Z". The activation energy (E,) for the
conduction process can be directly calculated from the
conductivity values (o) using the following Arrhenius-type
equation (Equation 4):

oT =opexp(-E, /RT) 4)

where o, is a pre-exponential factor, T is the measured
temperature (in Kelvin) and R is the gas constant.

3. Results and Discussion

The assessment of chemical characteristics of powders is
essential to have controlled variables during ceramic processing.

Formulations

Raw Material

7F 10F 12F 7C 10C 12C
Talc 92.5 90.0 87.5 92.5 90.0 87.5

Fine kaolin waste 7.5 10.0 12.5 - - -
Coarse kaolin waste - - - 7.5 10.0 12.5
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In Table 2 the chemical composition of starting materials is
shown. Talc presented SiO, and MgO as its major oxides,
which come from the tetrahedral and octahedral layers of
its crystalline structure. Both kaolin wastes presented high
SiO, and Al,O, contents with different SiO,/Al,O, content
ratio. While the fine kaolin waste has SiO,/Al,O, content
ratio of 1.22, the coarse waste has 2.47.

Chemical composition of the formulations containing
kaolin wastes is described in Table 3. The high contents of
SiO, and MgO observed for all compositions are mainly
related to talc (Mg,(Si,0, )(OH),). The SiO, content is also
associated with the structure of kaolinite and mica, as well
as with quartz in the form of free silica®. Additionally, it is
observed that the SiO, content was higher for the compositions
containing coarse kaolin waste, probably due to the presence
of a greater amount of free silica in this waste. Fluxing
oxides (K,0, Fe,O, and CaO) were also identified (< 1%),
which are probably associated with accessory minerals

Table 2. Chemical composition (% wt.) of the raw materials.

Fine kaolin ~ Coarse kaolin

Oxides Talc waste waste
SiO, 62.0 43.4 63.4
ALO, 1.5 35.6 25.7
MgO 26.2 1.1 0.8
K,0 0.1 1.6 1.3
Fe,0, 0.2 0.6 0.8
CaO 0.2 - -
Others 0.1 0.2 0.8
LOT* 9.8 17.6 7.1

*Loss on ignition at 1000°C.

or impurities. The contents of SiO, (from approximately
56 to 70%), MgO (from 22 to 27%) and Al,O, (from 2 to
7%) verified are similar to those found by Terzic et al.” and
Soykan et al.2, who studied ceramic masses for steatite
ceramics production.

Table 4 shows the values of average particle size of
starting materials. The previous adopted processing conditions
(described in the section 2) were used to ensure a more
reliable average particle size. In fact, particle size observed
for the coarse waste is at least 50% larger in comparison to
fine waste. The average diameters (D,) observed for talc,
and for fine and coarse kaolin wastes were, respectively,
5.45 pm, 22.11 pm and 33.83 pm.

XRD acquisition (not shown here) was performed for the
starting materials. It was found that talc is mainly composed
of the crystalline phases talc (JCPDS 29-1493) and quartz
(JCPDS 46-1045), while both kaolin wastes are composed of
kaolinite (JCPDS 89-6538), mica (JCPDS 83-1808) and quartz
(JCPDS 46-1045) phases. Figure 1 shows the XRD spectra of
the ceramics produced from the compositions a) 7F, b) 10F, ¢)
12F, d) 7C, e) 10C and 1) 12C, sintered at the temperatures of
1200 and 1300°C for 60 minutes. The presence of two crystalline
phases is observed in all XRD spectra: protoenstatite (JCPDS
74-0816) and quartz (JCPDS 46-1045), phases similar to those
observed by Soykan? and Urtekin et al.”. Protoenstatite is a
polymorph of the enstatite phase, originated from the talc
deoxydrilation during heating, and is stable at temperatures
between approximately 1000°C and 1300°C**3!. According
to Mielcarek et al.’!, quartz is undesirable in steatite ceramics,
but it can occur in small amounts.

Table 5 shows the quantification of the crystalline phases
of ceramic bodies after heat treatment at temperatures of
1200 and 1300°C for 60 minutes. For all formulations it was
found that quartz phase decreased considerably according to the
increase of sintering temperature, while the protoenstatite phase

Table 3. Chemical composition (% wt.) of formulations containing fine (7F, 10F and 12F) and coarse (7C, 10C and 12C) kaolin wastes.

Oxides 7F 10F 12F 7C 10C 12C
Sio, 58.8 56.0 57.4 63.2 62.7 64.8
ALO, 34 5.5 6.9 5.5 43 4.8
MgO 234 21.2 21.6 25.0 242 24.6
K,0 0.2 0.3 0.3 0.2 0.2 0.2
Fe,O, 0.3 0.3 0.3 0.2 0.3 0.3
CaO 0.2 0.2 0.2 0.2 0.2 0.2
Others - 0.1 0.1 0.2 - 0.3
LOI* 13.8 16.5 13.2 5.5 8.1 49
*Loss on ignition at 1000°C.
Table 4. Particle size distribution of raw materials.
Raw Material D, (um) D, (um) D, (um) Dy, (nm)
Talc 5.45 0.86 3.77 13.18
Fine kaolin waste 22.11 1.79 19.02 47.31
Coarse kaolin waste 33.83 2.96 32.20 67.12
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Figure 1. Normalized XRD spectra of the ceramic bodies produced fr

om the formulations containing fine (7F, 10F and 12F) and coarse

(7C, 10C and 12C) kaolin wastes, and sintered at temperatures of 1200 and 1300°C for 60 minutes. Q — Quartz; P — Protoenstatite.

Table 5. Quantification of crystalline phases of ceramic bodies after
heat treatment at temperatures of 1200 and 1300°C for 60 minutes.

Formulation  Protoenstatite Quartz Amorphous
phase
7F-1200°C 48.5 38.8 12.7
10F-1200°C 35.2 54.7 10.1
12F-1200°C 53.7 349 11.4
7C-1200°C 52.6 41.3 6.2
10C-1200°C 33.7 58.1 8.2
12C-1200°C 51.2 41.3 7.6
7F-1300°C 75.9 18.0 6.1
10F-1300°C 72.1 10.7 17.2
12F-1300°C 76.0 17.4 6.6
7C-1300°C 70.6 25.4 4.0
10C-1300°C 64.7 23.6 11.7
12C-1300°C 75.0 17.4 7.6

increased, evidencing the preferable formation of this phase
in the presented systems. This behavior is more pronounced
for formulations containing fine kaolin waste, which presents
a higher SiO,/Al,O; ratio (Table 2) compared to coarse waste.
Probably, the smaller amount of SiO, in the form of free silica
present in the fine waste, as well as its smaller particle size, may
have influenced the reaction kinetics. Smaller quartz particles
dissolve in the glass phase more easily during sintering than
large particles, due to their greater surface area.

Figure 2 shows the linear shrinkage as a function of
sintering temperature and dwell time for the formulations
containing a) fine and b) coarse kaolin waste. The shrinkage

of ceramic bodies is associated with the densification process,
favored by the greater packing of the particles and the larger
contact area between them, as well as the formation of a
liquid phase during heating due to the presence of fluxing
oxides present in the starting materials.

Lower linear shrinkage values are observed for
formulations containing coarse kaolin waste than for those
with fine waste. This behavior is verified for all studied
sintering conditions, and is due to the larger particle size
of the coarse waste and also its higher quartz content, in
comparison with the fine waste. Coarser particles result in
a smaller contact area, compromising the reactivity during
sintering and, consequently, disfavoring the densification
of the sintered bodies. Generally ceramics with a greater
amount of quartz have lower linear shrinkage?.

Figure 3 describes the behavior of apparent porosity
as a function of sintering temperature and dwell time for
the formulations containing a) fine and b) coarse kaolin
waste. It is verified that the apparent porosity for all studied
formulations decreased according to the increase in sintering
temperature and dwell time. These results corroborate with
those obtained for linear shrinkage (Figure 2), that is, the
increase in temperature and dwell time favor the filling of
pores by the liquid phase and the consequent densification
of the bodies. Mixtures containing a greater amount of talc
had higher porosity values, probably due to the formation of
pores resulting from its dehydroxylation during the sintering
step®. The lowest apparent porosity values presented by the
formulations containing fine and coarse wastes were 2.6%
(12F-1300°C/120 min) and 7.1% (12C-1300°C/120 min),
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respectively. Porosity strongly influences the dielectric
constant of insulating ceramic materials®*. Apparent porosity
values observed for ceramics sintered at 1300°C are similar
to those found by Wang et al.>® who investigated steatite
ceramics from synthetic and natural raw materials.

Figure 4 shows the flexural strength as a function of
sintering temperature and dwell time for the formulations
containing a) fine and b) coarse kaolin waste. It is observed
that flexural strength increased significantly with increasing
sintering temperature and dwell time. This behavior is related
to mineralogical and microstructural changes that occur during
the sintering process. During heating, talc decomposition
produces crystals of protoenstatite and amorphous silica?.
The formation of protoenstatite phase is associated with
improved mechanical properties in steatite ceramics®. For the
studied compositions, the increase in temperature and dwell
time favored the formation of a greater amount of liquid phase,
providing stabilization and increase in the crystallization rate
of the protoenstatite phase (Figure 1), as well as a reduction
in the porosity (Figure 3), contributing to the formation of
ceramic microstructures with greater mechanical strength.
Protoenstatite formed at high temperature, if not stabilized,
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B 10F-120 min e |
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T = T e T
1200 1250 1300
Temperature (°C)

tends to transform into the polymorph clinoenstatite at room
temperature. This transformation is undesirable in steatite
ceramics, as it generates intrinsic stresses that induce the
formation of cracks in the ceramic body, degrading its
mechanical properties?'3!.

The mechanical properties of steatite strongly depend
on the temperature cycle used in the synthesis process,
largely because enstatite undergoes a complex series of
polymorphic transitions®. For the studied formulations in
this work, only peaks of the polymorph protoenstatite were
detected (Figure 1). According to some researchers?'?33!,
generally protoenstatite is stabilized by the glass phase in
steatite ceramics, in order to avoid the proto-clinoenstatite
transformation.

Higher flexural strength values are verified for the
formulations containing fine kaolin waste (reaching 84.1 MPa)
compared to those with coarse waste (reaching a maximum
of 65.4 MPa), under the same sintering conditions.

Figure 5 shows SEM images of the formulations sintered
at 1300°C for 60 minutes. It is revealed the presence of
prismatic crystals of protoenstatite (with lengths ranging
from approximately 4 um to 7 pm), surrounded by a

b) —m—7C-60 min
- 10C-60 min
12C-60 min
84 —E—7C-120 min
B 10C-120 min
—m—12C-120 min

Linear shrinkage (%)

T . T
1250 1300
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Figure 2. Linear shrinkage (%) as a function of sintering temperature (1200 — 1300°C) and dwell time (60 — 120 minutes) for the

formulations containing a) fine and b) coarse kaolin wastes.
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Figure 3. Apparent porosity (%) as a function of sintering temperature (1200 — 1300°C) and dwell time (60 — 120 minutes) for the

formulations containing a) fine and b) coarse kaolin wastes.
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Figure 4. Flexural strength (MPa) as a function of firing temperature (1200 — 1300°C) and dwell time (60 — 120 minutes) for the formulations
containing a) fine and b) coarse kaolin wastes.

Figure 5. SEM images of the ceramic bodies produced from the formulations a) 7F, b) 10F, c¢) 12F, d) 7C, e) 10C and f) 12C, and fired
at 1300°C for 60 minutes.
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vitreous phase and small quartz grains (with diameters of
approximately 1 um), very similar to those already found
in literature’. For formulations containing the highest waste
content, 12F and 12C (12.5 wt.% of fine and coarse kaolin
waste, respectively), it is observed a microstructure with a
greater amount of vitreous phase compared to the others.
The increase in kaolin waste content probably contributed
to the formation of a more abundant liquid phase during
the sintering process, due to the presence of fluxing oxides
in its composition.

Silica from clay dehydroxylation is more reactive
than that from talc dehydroxylation. When the sintering
temperature increases and the alumina content is higher,
liquid phase penetrates the dehydroxylated talc particles
leading to a secondary rearrangement. This process leads
to a decrease in the average grain size of the crystalline
phase, which can improve the material’s behavior, as larger
grains demonstrate a strong tendency to transform from
protoenstatite to clinoenstatite?'.

Impedance spectra, measured at 600°C in air, of the
ceramic bodies fired at 1300°C for 60 minutes are shown in
Figure 6. It was used the usual representation of the imaginary
part (-Z’*) versus the real part (Z’) of the impedance, and
adjustments were made using the geometric factor (sample
cross-sectional area divided by its thickness). The spectra
present a single arc for each composition, a behavior
generally exhibited by materials consisting of glass and

crystalline phases, and is due to the dominant contribution of
intragranular phenomena®-". These results are in agreement
with the microstructure of the studied ceramics, since they
consist of protoenstatite crystals immersed in a vitreous phase.

An increase in electrical resistivity is observed for the
studied compositions as the kaolin waste content increases,
which is probably related to the decrease in porosity (Figure 3).

Figure 7 shows Arrhenius plots of total electrical conductivity,
obtained over a temperature range of 400 to 800°C, for
samples sintered at 1300°C for 60 minutes. It is observed
that the electrical conductivity (o) of the ceramic bodies
increased with increasing temperature for all formulations,
as expected. Activation energies, derived from these plots,
and electrical conductivity values at 400, 600 and 800°C are
listed in Table 6. Activation energies ranged from 94.1 to
96.1 kJ.mol"! for compositions containing fine kaolin waste
and from 92 to 93.7 kJ.mol" for those containing coarse
waste. These activation energies are close to those found
by Andrade et al.?® and Silva et al.'’, who studied caramics
for electronics-related applications. Regarding electrical
conductivity, the compositions containing fine kaolin waste
showed higher values.

Figure 8 shows the dielectric constant (¢ ) and dielectric
loss (tan d) as a function of frequency (0-1000 kHz), for all
compositions sintered at 1300°C for 60 minutes. It is verified
that the values of ¢ and tan 8 decreased with increasing
frequency. At 1000 kHz, formulations 7F, 10F and 12F
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Figure 6. Impedance spectra, measured at 600°C in air, of the ceramic bodies produced from the formulations containing a) fine and b)
coarse kaolin wastes, sintered at 1300°C for 60 minutes. The numbers indicate the decade of the frequency.
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Table 6. Activation energy (E , kJ.mol™") and electrical conductivity (o, S.cm™) of ceramic bodies sintered at 1300°C for 60 minutes.

Amostra 7F 10F 12F 7C 10C 12C
E_ (400-800 °C) 95.2 94.1 96.1 92.0 93.7 92.7
o (x10%) a 400 °C 6.96 4.34 3.99 6.90 6.72 5.03
6 (x10%) a 600 °C 2.76 1.45 1.61 2.18 2.42 1.78
6 (x107) a 800 °C 2.52 1.52 1.54 2.06 2.18 1.58
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Figure 7. Arrhenius plots of the total electrical conductivity for the formulations containing a) fine and b) coarse kaolin wastes, sintered
at 1300°C for 60 minutes.
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Figure 8. Dielectric constant (¢,) and dielectric loss (tan 8) as a function of frequency, for the formulations containing a) fine and b) coarse
kaolin wastes, sintered at 1300°C for 60 minutes.
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exhibited ¢ values of 1.85, 2.05 and 2.09, respectively,
and for formulations 7C, 10C and 12C, the values of 2.82,
2.21 and 2.25 were found, respectively. At high frequencies,
the dielectric constant may have been influenced by electronic
and interfacial polarizations due to the presence of the
crystalline phases protoenstatite and quartz. Low dielectric
constant value (< 12) is essential for electrical insulation
applications?. Generally, values of dielectric constant are in
the range of 5-7%926, The values estimated for the presented
ceramics are at least 2-3 times below that those found in
literature. Microstructural characteristics, such as porosity
across the ceramic volume, can cause these low polarization
effects during impedance testing.

At the frequency of 1000 kHz, dielectric losses
0f0.017,~0.001 and 0.054 were observed for the formulations
7F, 10F and 12F, respectively. For 7C, 10C and 12C were
found losses 0f'0.129, ~0.001 and ~0.001, respectively. These
values are very similar to those found by Makovsec et al.® who
studied steatite ceramics produced from natural raw materials.
Values of tan & < 0.04 are suitable for electronics-related
applications®.

4. Conclusions

In this work, the dielectric properties of steatite ceramics
produced from talc and kaolin wastes were evaluated.
In this sense, it is concluded that all ceramics presented
protoenstatite and quartz as major crystalline phases.
Regarding the physical-mechanical and electrical properties,
the studied compositions are suitable for production of
steatite ceramics for use as electrical insulators. The use
of wastes as alternative ceramic raw materials can greatly
contribute to the environment, reducing the environmental
impacts caused by them.
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Supplementary material

The following online material is available for this article:

Figure S1 - Normalized XRD spectra of the ceramic bodies produced from the formulations containing fine kaolin
waste (7F, 10F and 12F), and sintered at temperatures of 1200, 1250 and 1300°C for 60 and 120 minutes.

Figure S2 - Normalized XRD spectra of the ceramic bodies produced from the formulations containing coarse kaolin
waste (7C, 10C and 12C), and sintered at temperatures of 1200, 1250 and 1300°C for 60 and 120 minutes.



