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Abstract

The complex impedance spectroscopy (CIS) method is usually used in order to analyze the electrical response of different
semiconducting disordered materials as a function of frequency at different temperatures. The real and imaginary parts of the
complex impedance can show different semicircles in the complex plane that give evidence for the presence of both bulk and grain
boundary contributions. Many parameters can be deduced from the analysis of CIS data, such as relaxation times and activation
energies. There are some literature data concerning electrical properties of clays and (semiconductor, sand, cement,...)/clay
mixtures. Most of the published works are related to the AC conductivity of rocks with the effect of water or oil content but there
are no similar studies on the characterization of the microstructure of individual clays as ceramic materials by analyzing their
temperature and frequency dependence of their electrical conductivities. Hence, this paper presents an analysis of electric com-
plex impedance of the Fe,03/Kaolin composite in the high temperature range up to 740 °C. Sinusoidal voltage with frequency in
the range [100 Hz, 1 MHz] is applied to the material in order to measure the electrical conductivity for various concentrations of
Fe,0; from zero to 100 %. The activation energies for the conduction and for the relaxation processes are determined and their de-
pendence on the density of Fe,Os analyzed. Furthermore, let’s found that Fe,05 have the effect to increase the electrical conductivity
in our samples. From the Nyquist diagrams, only one semi-circle related to the contribution of the grains to the total electrical con-
duction is identified for all investigated samples.

Keywords: electrical conductivity, semiconductors, kaolin, Fe,03, impedance spectroscopy.

DOI: 10.21303/2461-4262.2022.002312

175

Material Science



Original Research Article:

full paper

Number 5

1. Introduction

Clay minerals are used as clarifiers, adsorption and absorption materials in many indus-
trial applications due to their abundance and low cost [1, 2]. Kaolinites, smectites and micas, are
the basic constituents of clay raw materials. They are mainly used in various economic sectors,
such as environment, civil engineering, and agriculture [3, 4]. For example, kaolins are considered
in the industry of the paint, paper, ceramic, rubber, plastic, and cracking catalyst [5, 6]. The chemi-
cal compositions of kaolins obtained from different parts over the world are close to 39.8 % alu-
mina (Al,03), 46.3 % silica (SiO;) and 13.9 % water [7]. Other elements as iron (Fe,O3) and tita-
nium (TiO;) are present in the industrial kaolin but in small concentrations (of the order of 1 %)
and still make a good quality material [8, 9]. In a recent study, authors reported on the influence
of elements like Si0,, Al,03, CaO and MgO in phase transformation of sintered kaolin [10]. Fe,0;
modified kaolin was investigated in order to develop a heterogeneous electro-catalytic oxidation
of enoxacin [11]. In reference [12], the experimental electrical resistivity data suggest that low-cost
raw materials with Fe,O5 content should not affect the insulating properties of aluminous porcelain.
To our knowledge, very few experimental data of electrical conductivity in the dynamic regime of
clay materials were cited in the literature [12—14]. The presence of such metal oxides in ceramic
materials can change their electrical behavior causing mainly an increase in their electrical con-
ductivity due to small polaron hopping conduction mechanisms [15]. The goal of this work is to
study the influence of the Fe,O; content on the electrical conductivity of pure industrial kaolin by
using the useful non destructive experimental technique of impedance spectroscopy (IS) [16—18].
This method is largely used to describe the electrical behavior of ceramic materials [12, 14, 19].
It permits to measure the frequency dependence of the real part, Z” and the imaginary part, Z”
of complex impedance Z* (Z" = Z'+jZ”, where j>=—1) at a given temperature 7. For homogeneous
materials, the Z” versus Z’ diagram (Nyquist diagram) is a half circle that can be modelized by
a resistance R mounted in parallel with a capacitance C. This capacitance is replaced by the con-
stant phase element (CPE) if there is a distribution of relaxation time in the material. In continua-
tion to our previous works on disordered semiconducting materials [20—24], the IS characterization
will permit us to identify and understand the dominant conduction mechanisms in kaolin in the
considered frequency and temperature ranges. For this study, the temperature varies between 25 °C
to 750 °C. Below about 300 °C to 400 °C (depending on the concentration of Fe,03), the electrical
conductivity of samples is very small. The electric modulus formalism is used in order to identi-
fy the predominant microscopic contributions of bulk, grain boundary and electrode polarization
effects. To our knowledge, there are no similar experimental data reported for this material in the
considered high temperature region. The obtained results permit the investigation of the role of
the microstructure of the considered material in the transport properties with the analysis of the
influence of the heat treatment on the electrical conductivity. The IS data show that kaolin can be
considered as a promising low-cost material for commercial use in electronics-related applications
when it is mounted in the form of kaolin/glass composite system.

2. Materials and methods

The samples of pure kaolin with Fe,Os as an additive at a various ratios between zero and
100 % of Fe,Oj5 are considered in this work. Kaolin was mixed with Fe,O5 until it becomes homo-
genized and ready to be compressed in form of circular pellets of diameter and thickness in the
order of 13 and 2 mm, respectively. Samples were then sintered at 800 °C for 6 h. The chemi-
cal composition of the pure kaolin obtained from the X-ray fluorescence spectrometry is given
in Table 1. The main chemical composition is SiO, (55.305 %) and Al,O5 (25.754 %) while Fe,0;
represent only the composition of 0.381 %.
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Table 1
Chemical characteristics of kaolin by X-ray fluorescence spectrometry
Chemical composition ( %) SiO, Al,O3 Fe,03 MgO CaO Na,O K,O0 TiO, P,05
Kaolin 55.305 25754 0.381 0.023 0.114 0.094 3.512 0.338 0.015
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The phase formation were studied by X-Ray Diffraction (XRD) analysis using a Rigaku Smart-
LADb diffractometer, with the Bragg-Brentano geometry, using a copper anticathode (A, = 1.5406 A).
The patterns were recorded in the range of 20 between 5° and 80° with a step of 0.02° and speed of
2°min (Fig. 1). The average crystallite size, D, was calculated from XRD data based on Debye Sher-
rer’s method (D = K-Axo/(Briicos(0447))) where K= 0.9 is a constant and 3, is the full width half max-
ima located at any 20 in the pattern. From the calculations related to the pic located at 20 =28.61° in
Fig. 1, the average crystallite size of the kaolin is found to be 51.2 nm. The density of the considered
pure kaolin is calculated to be 1.95 g/cm?. The microstructure of the sintered pellets were detected
by Scanning Electron Microscopy (SEM) using TESCAN VEGA3 with beam energy of 10 kV cou-
pled with the chemical microanalysis of energy dispersive X-ray spectrometry (EDX) (Fig. 2, a for
the pure kaolin and Fig. 2, b for the pure kaolin mixed with 20 % of Fe,O; (as example)). According
to the SEM and EDX analysis, the kaolin show a porous crystalline structure composed mainly of
kaolinite, that is to say aluminum silicates with a chemical formula Al,SiOs.

D=51.2 nm
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Fig. 1. The X-ray diffractomer of the sintered pure kaolin at 800 °C/6 h used
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Fig. 2. EDX and SEM images of the:
a — sintered pellet pure kaolin; b — sintered pellet kaolin mixed with 20 % of Fe,O5
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The presence of kaolinite is also confirmed by the band at around 3689 cm™' [25] in the
infrared spectrum of the kaolin (not shown here). Finally, the AC electrical measurements were
done by an HP4284A system in a frequency range from 100 Hz to 1 MHz with an applied voltage
of 500 mV. Pellets of 13 mm in diameter and 2 mm in thickness using 0.6 g of Fe,Os/kaolin com-
posite were prepared by uniaxial pressing of 5 MPa and covered with silver electrodes.

3. Results and discussion

It is well known that the complex impedance (Z") and the electric modulus (M) formalisms
are usually used to identify and distinguish the contribution of largest resistance from those of
smallest capacitance. According to the classical theory of Debye [16], Z” is given by:

. ) R T
Z =7'+jZ2", where Z'=————,and Z”=-R| ——— |, )
1+ (1) 1+ (1)
and M*, by
* . * . CO (mT)z CO OJT
M =joC,Z =M+ jM”, where M'=—| ——— |, and M"=—| ——— |. 2
Cl1+(an) Cl1+(an)

In these expressions, C, is the capacitance of the empty cell while R and C represent the re-
sistance and the capacitance of the material. The relaxation time T satisfies the condition 21fyT =1,
where f, is the frequency at which the curve Z” versus frequency presents a minimum. This mini-
mum must correspond to a maximum in M”. Nyquist presentation (Z” versus Z’) and (M” versus M")
are the most common methods used to visualize and identify different contributions in a given
temperature and frequency ranges.

Fig. 3 illustrates the evolution of the electrical resistivity as a function of the inverse of
temperature (1/7) at a given frequency of 1 kHz and for various concentrations of Fe,O3 (0, 20,
40, 60, 80, 90 and 100 %). In the high temperature from 500 to 740 °C, from the slopes of the
obtained straight lines, the activation energy for the conduction process E,,4, via the equation:

Ecnnd
=ppex , 3
P=po p( kBTJ A)

where p, is a pre-exponential factor, 7 is the absolute temperature and k3 is the Boltzmann constant,
is determined for all investigated samples. E,,,, increases (see the inset of Fig. 3) with the increase
of the concentration of Fe,0; from 754 meV for pure kaolin to 1028 meV for pure Fe,0Os. As it is
possible to see from Fig. 3, the effect of Fe,O; is to increase the electrical conductivity of the system
over the considered range of temperature up to 740 °C. For temperatures lower than 400 °C, the
local activation energy for the conduction process becomes very small and the electrical conductiv-
ity is practically temperature independent indicating the insulating behavior of the material in this
domain of temperature. In Fig. 4, the electrical conductivity (6) of the mixed kaolin with Fe,Os5 is
plotted against frequency for a given temperature of 700 °C. ¢ increases with frequency and also, as
mentioned before, with the concentration of Fe,0s3. The plateau region (low frequency domain) cor-
responding to dc conductivity () is found to extend to higher frequencies when the percentage of
Fe,0s increases. The frequency at which the dispersion takes place, also known as hopping frequen-
cy, increases with increasing of the % Fe,O;. This behavior suggests that electrical conductivity oc-
curs via hopping mechanism, which is governed by the Jonscher universal power law (6 = 6, +A®°)
where A is the pre-exponential factor and s is the fractional exponent between 0 and 1.

Fig. 5 shows the variation of the imaginary part (Z”) of the complex impedance with
frequency for various temperatures and for some representative samples (0, 40, 60 and 100 %
of Fe,O3). Only one single peak is observed at certain frequency (f, =/f,(T)) suggesting the exis-
tence of a single contribution (grains, grain boundaries or electrodes) in all samples. These peaks
shift towards high frequencies when the temperature increases, indicating the relaxation behavior
of the material. Also, a peak broadening is noticed with increasing temperature, which suggests the
presence of a distribution of relaxation times in our samples.
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Fig. 3. Variation of the electrical resistivity of the kaolin mixed with Fe,0; as a function

of inverse of temperature (1/7) with the corresponding activation energies
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Fig. 4. Variation of the electrical conductivity of the mixed kaolin with Fe,0; as a function

In Fig. 6, the relaxation time (t) which is calculated from the condition 2xf,t = 1, is plotted

against 1/7. Linear behavior is observed for all samples in the considered temperature range up
to 740 °C. From the corresponding slopes, the activation energy for the relaxation process (Eje/qy)
is deduced by considering the equation T =1 exp(—En,;,M / kBT), where 1 is the relaxation time at
infinite temperature. E,,, increases (see the inset of Fig. 6) with the increase of the concentration
of Fe,05 from 904 meV for pure kaolin to 1129 meV for pure Fe,0s.

As it is also possible to see from Fig. 6, the effect of Fe,Oj is to decrease the relaxation time

of the system.

A comparison between E,,; and E,,, is given in Fig. 7. Let’s conclude that E,,,; is always

lower than E,.jy-
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In Fig. 8, for a given temperature of 700 °C, a single semicircle, which is attributed to the
contribution of the grains, is observed in the investigated samples. The diameter of the semicircle
decreases with the increase of the concentration of Fe,Os indicating the increase in the electri-
cal conductivity. In relation with the distribution of the relaxation time, as mentioned before, an
equivalent electrical circuit consisting of a resistor (R) mounted in parallel with a constant phase

element (CPE) can be considered in order to describe the impedance spectra of our samples.
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Fig. 8. Imaginary (Z”) versus real (Z’) parts of the complex impedance (Z°)

for all samples at a given temperature of 700 °C

In this case, Z’ and Z” are given by the following expressions:

nm
R2Qw" sin(Q)

nm
R(l + RQw" COS(Z)]
AR

n nr n 2
1+2RQa" cos| - | +(RQw")

. ” _
)Z_

n hm n 2
1+2RQu" cos| - |+(RQw")

E)

@

where the impedance of the constant phase element (CPE) is Zcpg = 1/ Q( jm)". In these equa-
tions, Q is a constant which is independent of frequency. The exponent » measures the degree of
distortion of Z” vs. Z’. The value of n is equal to 1 for an ideal capacitor. From the best fit of the data
of Fig. 8 by the electric circuit of R mounted in parallel with CPE is shown in Fig. 8, the values of
the adjustable parameters R, O, and n used in these fits are given in Table 2.

181

Material Science



Original Research Article: (2022), «kEUREKA: Physics and Engineering»

full paper

Number 5

Table 2
Values of the adjustable parameters R, O, and # used in the fits of the data with an equivalent circuit

Sample R (Q) 0 n C(F)

00 % Fe,04 2.3873-10° 5.828:10°11 0.94312 3.41136-10° 1!
20 % Fe,04 1.2986-10° 1.26:10°10 0.8917 4.3704810!!
40 % Fe,04 189950 1.022:10°10 0.9089 3.44486:10°1"
60 % Fe,05 71621 1.333.10°10 0.89191 3.28431-107!!
80 % Fe,03 34459 9.386:10°1! 0.91778 3.02437-10°!
100 % Fe,03 4298 3.973-10°11 0.97769 27841210711

The corresponding capacitance C = (R1‘”Q)1/n, at 700 °C is calculated to be of the order
of 107! F, a typical known value for the grains in disordered materials.

During a heat treatment of kaolin, this material undergoes physico-chemical transformations
which lead to both a modification of its crystalline structure of the different phases and a modification
of its microstructure. The development of the ceramic industry requires raw materials with low density
of impurities. Indeed the presence of these impurities influences the densification and porosity. These
physico-chemical characteristics play an important role in the mechanical, colorimetric and electrical
properties. The electrical properties of our kaolin seem interesting because they are in the field of insu-
lating ceramics despite the presence of iron in large quantities. All the obtained results can be applied in
the field of traditional ceramics industry but also technical ceramics where attention must be paid to iron,
which was known, but also to titanium to avoid the formation of secondary porosity at high temperature.

4. Conclusions

Fe,0O3/Kaolin ceramics with different concentrations of Fe,O; were prepared by mixing
pure kaolin powder and Fe,Os. The ceramics were sintered at 800 °C during 6 h. Their structural
and morphological properties have been discussed. The electrical conduction is thermally activated
and depends on the concentration of Fe,Oj;. The activation energies for the conduction and for the
relaxation processes are determined for all samples. Ejj,, and E,,4 increase with the increase of
the concentration of Fe,O3 with E,,,; always lower than E,.;,,. The impedance results prove the
predominance of only one contribution of the grains to the electrical conductivity in all investigated
samples. The experimental data of the complex impedance can be analyzed by an equivalent elec-
trical circuit consisting of a resistor (R) mounted in parallel with a constant phase element (CPE).
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