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ABSTRAKT
CSÁKI, Štefan: Termofyzikálne a elektrické vlastnosti keramík na báze illitu
[Dizertačná práca]. Univerzita Konšntantína Filozofa v Nitre, Fakulta Prírodných vied.
Univerzita Karlova. Matematicko-fyzikální fakulta. Školiteľ: prof. RNDr. Libor Vozár, CSc.
(Univerzita Konštantína Filozofa v Nitre), doc. Ing. Patrik Dobroň, PhD. (Univerzita Karlova).
Nitra a Praha, 2018. 107 s.
Illitické hliny sú dôležitou surovinou v keramickom priemysle, a preto sú nevyhnutné
podrobné znalosti o procesoch prebiehajúcich počas ich výpalu. V predloženej dizertačnej práci
boli skúmané keramiky pripravené z illitickej hliny zo severovýchodného Maďarska. Hlavná
pozornosť bola venovaná tepelne aktivovaným procesom a reakciám prebiehajúcim počas ich
výpalu a taktiež teplotnej závislosti jednosmernej i striedavej vodivosti. Do teploty 250 °C
prebiehalo vyparovanie fyzikálne viazanej vody a dominantnými nosičmi náboja boli H+ a OH–
ióny. V teplotnom intervale od 250 °C do 450 °C sprostredkovali elektrickú vodivosť K+ a Na+
ióny. Illit, hlavná zložka illitickej hliny, dehydroxyloval v teplotnom intervale od 450 °C do
750 °C, čo malo za následok uvoľnenie OH– skupín z jeho štruktúry a dominantnými nosičmi
náboja sa stali H+ a OH– ióny. Pri teplote ~970 °C sa začala tvoriť sklená fáza, ktorá podporila
elektrickú vodivosť v skúmaných vzorkách. Z výsledkov vyplýva, že elektrická vodivosť je
sprostredkovaná tzv. „ion hopping“ mechanizmom. Zmesi illitickej hliny s dvomi druhmi
popolčeka, získaných zo spaľovania ropnej bridlice (40 hm.%), boli podrobené termickým
a elektrickým analýzam. Teplotná závislosť striedavej elektrickej vodivosti do teploty 750 °C
bola určená vyparovaním fyzikálne viazanej vody, rozkladom portlanditu a dehydroxyláciou
illitu. Po rozklade CaCO3 pri teplote 830 °C, sa Ca2+ ióny stali dominantnými nosičmi náboja.
Bola pripravená zmes illitickej hliny s 25 hm.% obsahom CaCO3 na preskúmanie vplyvu
kryštalizácie na elektrickú vodivosť. Korelovaný posun iónov počas kryštalizácie viedol
k poklesu (resp. pomalšiemu nárastu) striedavej elektrickej vodivosti s narastajúcou teplotou.
Výsledky práce sú použiteľné na optimalizáciu režimu výpalu, a taktiež k využitiu modernej
technológie spekania pomocou elektrického poľa (tzv. flash sintering) pri príprave tradičných
keramík.
Kľúčové slová: illit, striedavá vodivosť, termodilatometria, kryštalizácia.

ABSTRACT
CSÁKI, Štefan: Thermophysical and electrical properties of illite-based ceramics.
[Doctoral thesis]. Constantine the Philosopher University in Nitra. Faculty of Natural Sciences.
Charles University. Faculty of Mathematics and Physics. Supervisor: prof. RNDr. Libor
Vozár, CSc. (Constantine the Philosopher University in Nitra), doc. Ing. Patrik Dobroň, PhD.
(Charles University). Nitra & Prague, 2018. 107 p.

Illitic clays are of special importance in the ceramic industry. Therefore, a deep
knowledge of the thermophysical processes, as well as the electric properties, is of special
importance. The illitic clay originated in Northeastern Hungary was used in this thesis. The
reactions, occurring during firing, were studied using thermal analyses (Differential thermal
analysis, Thermogravimetry, Thermodilatometry) and special attention was paid to the
measurement of the electrical conductivity (both DC and AC). Up to 250 °C, where the removal
of the physically bond water (PBW) takes place, the dominant charge carriers were the H+ and
OH– ions. After the PBW was removed, Na+ and K+ ions became the dominant charge carriers.
During dehydroxylation (450 – 750 °C) H+ and OH– ions were freed from the illite structure,
which supported the electrical conduction in the samples. At ~ 970 °C glassy phase appeared
and continuous conduction pathways were created. The frequency dependence of the
AC conductivity revealed that ion hopping is the dominant conduction mechanism. The AC
conductivity of the mixtures of the illitic clay with two types of oil shale ash (from pulverized
firing and circulating fluidized bed combustion, 40 wt.% of ash content) up to 750 °C was
influenced by the PBW removal, portlandite decomposition, and illite dehydroxylation. The
dominant charge-carrying ions were the H+ and OH–. After the CaCO3 decomposition at
~830 °C, Ca2+ ions became the dominant charge carriers. Mixtures of the illitic clay with
25 wt.% of calcite allowed studying the anorthite crystallization process using AC conductivity.
The correlated motion of the ions during the crystallization lowered the contribution of the
charge carrying ions to the AC conductivity. Therefore, the increase in the AC conductivity was
decelerated. The results can be used for optimization the firing regime, as well as for the
development of a sintering process assisted by an electric field (flash sintering).

Keywords: illite, AC conductivity, thermodilatometry, crystallization.
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A – area of the electrodes
AJ – thermally activated quantity in Jonscher’s power law
a, b, c, β – unit cell parameters
AE – acoustic emission
Ae – pre-exponential factor of the temperature dependence of the electronic conductivity
An – pre-exponential factor of the temperature dependence of the concentration
B – susceptance
BC – capacitive susceptance
BL – inductive susceptance
BSE – backscattered electrons
C - capacity of a capacitor with dielectric material between the electrodes
CFBC – circulating fluidized bed combustion
CLTE – coefficient of linear thermal expansion
Cp – parallel equivalent capacitance
Cvac – capacity of a capacitor with vacuum between the electrodes
d – distance between the electrodes
D – electric displacement
Dd – coefficient of diffusion
DIL – thermodilatometry
DSC – differential scanning calorimetry
DTA – differential thermal analysis
DTG – derivative of thermogravimetry with respect to temperature (rate of mass loss)

E – intensity of the external field
EA – conduction activation energy
EGA – evolved gas analysis
ER – energy of the repellence
Evac – intensity of the electric field between the electrodes in vacuum
f – frequency
FC – coulomb force
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g – constant describing the ion par
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I – electric current flowing through the sample
I0 – initial value of the current after exposing to external field
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IA4 – illitic clay with 40 wt.% of CFBC ash content
ID2 – illitic clay with 20 wt.% of PF ash content
ID4 – illitic clay with 40 wt.% of PF ash content
Irel – relaxed value of the current
j – constants describing the ion pair
k – Boltzmann constant (1.38×10–23 m2·kg·s–2·K–1)
L1 – initial length of the sample

LVDT – linear variable differential transformer
m – mass of the ion
m(w) – mass of the sample at different moisture contents
md – mass of the sample after drying
MS – mass spectrometry
n – concentration of the dominant charge carriers
n0 – concentration of the ions in the potential wells
NA – Avogadro’s constant
OSA – oil shale ash
p – momentum of the induced dipole
PBW – physically bounded water
PF – pulverized firing
PSD – particle size distribution
q – charge of the ions
Q – charge of the ions
r – distance between the ions in external field
R – resistance
r0 – equilibrium distance between the ions
rd – radius of the electrodes
Rp – parallel equivalent resistance
RT – room temperature
s – frequency exponent
SE – secondary electrons

SEM – Scanning electron microscopy
SSA – specific surface area
T – thermodynamic temperature
t – time
T0 – initial temperature
tan δ – loss tangent
TG – thermogravimetry
TOT – an octahedral layer between two tetrahedral ones
UA – activation energy for barrier jumping
U – applied voltage
v – distance between the electrodes
w – moisture
wt.% – weight %
XRD – X-ray diffraction
z – charge of the ion
α – polarizability of the material
αCLTE – coefficient of linear thermal expansion
δ – phase angle (the lag of the electric displacement behind the intensity)
ΔE – energy of dissociation
ΔEe – conduction activation energy of the electronic conductivity
ΔEi – activation energy of ion movement
ΔH – change in the enthalpy
ΔHm – enthalpy of the defect migration

ΔL – change in the length of the sample
Δr – displacement of the ions in external field
ΔT – temperature difference
ε* – complex permittivity
ε′ – relative permittivity (real part of the complex permittivity)
ε″– imaginary part of the complex permittivity
ε0 – dielectric permittivity of vacuum
εei – instantaneous polarization
η – heating rate
μ – mobility of the ions
μd – mobility of the defects
𝜇d0 – steady state mobility of the defects
σ – AC conductivity
σ0 – pre-exponential factor of the temperature dependence of the electrical conductivity
σ1 – DC-like conductivity part of the AC conductivity
τ – relaxation time
τ0 – frequency factor (10–13 s)
υ – oscillation frequency of the ions
ω – angular frequency (𝜔 = 2𝜋𝑓)

𝛷 – coefficient related to the geometry of the sample and electrode arrangement
𝛾 – mean free path of the ions
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1 Introduction
Ceramic materials are a part of our daily lives. They have been known and widely used since
ancient times. At that time, a human being used his own hands to form things of the desired
shape from clays. These clays were in most cases rich in kaolinite and illite. The prepared
product was then heated up by fire and acquired its final properties. Since then, the firing
procedure, as well as the product preparation, have evolved. Nowadays, industrial furnaces take
over the role of the campfire and machines the role of the hands. However, the same raw material
(clay) is still widely used.
Illite, named after the Illinois state, can be found in several clays, mostly only in trace amounts.
This implies, that clays with high illite content are rather rare in nature. The illitic clay which
originates in Northeastern Hungary, near the town of Füzérradvány, contains more than 80 wt.%
of illite, which allows studying the properties of (almost) pure illite. Illite, compared to kaolinite,
has not been so widely studied.
The production of oil shale ash overtakes its reuse. Therefore, huge deposits are being created,
which reduces the agricultural area, or can cause environmental issues. For that reason, the
potential reuse of this material in the ceramic industry can lead both to a decrease of the costs
of the raw materials (as the OSA is cheaper and more accessible than illite).
Ceramic materials are about special importance, among others, in the preparation of electrical
insulators. Therefore, the knowledge of their electrical properties is of exceptional relevance.
However, there is only a limited number of studies discussing the AC or DC conductivity of
raw ceramic materials.
The aim of this thesis is to provide a detailed description of the conductivity of the illitic clay
and its mixtures with oil shale ashes and calcite. The determination of the dominant charge
carriers will provide additional help in understanding the conduction mechanism. The electrical
properties of clays and clay minerals have not been thoroughly studied yet. Some papers are
devoted to the DC conductivity, but only a limited number of deals with the AC conductivity of
clay minerals. Investigation of electrical conductivity provides useful information about the ion
movement, and about the dominant charge carriers. The thermophysical reactions can lead to a
change in the concentration of the charge carrying ions, which in turn can have a substantial
14

influence on the temperature dependence of the AC or DC conductivity. Moreover, the
frequency dependence of the AC conductivity can reveal the dominant conduction mechanism.
The knowledge of the conduction mechanism and the nature of the charge carriers can help in
the further development of the newest method of sintering (flash sintering, spark plasma
sintering, and microwave sintering). For this reason, the thesis will bring about substantial
contribution to the progress in the ceramic industry.
Several thermal and structural analyses will be used to support the conductivity results. In order
to fully understand the conductivity in the sample, thermal analyses will be carried out (DTA,
TG, EGA, DIL, DSC). The phase composition of the samples (both initial and after firing) will
be determined based on the X-ray diffraction measurements. Structural analyses (specific
surface area, particle size distribution) will provide additional information about the sample
structure. Crack formation during the cooling stage of the firing will be monitored using the
acoustic emission technique.

1.1 The aims of the thesis
The aims of the thesis, in accordance with the scientific and study plan, can be summarized as:
1. Performing the thermal analyses on the illitic clay and its mixtures with oil shale ash and
calcite (DTA/TG, DIL, DSC, EGA)
a. Characterization of the thermally activated processes (removal of the physically
bound water, dehydroxylation, high-temperature reactions, and sintering),
b. Description of the thermal behavior of the samples.
2. Carrying out structural analyses of the prepared samples (SEM, XRD, PSD, SSA)
a. Detailed structural description of the raw materials,
b. Effect of the firing on the structure of the sample,
c. Determination of the major mineral phases in the fired samples.
3. Study the electrical properties of the samples from the prepared mixtures during heating.
Describing the processes in terms of AC conductivity.
a. Effect of the processes on the AC conductivity,
15

b. Determination of the dominant charge carriers,
c. Determination of the dominant conduction mechanism.

16
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2 Electrical properties of dielectrics
2.1 Electrical conductivity
2.1.1 DC conductivity
The DC conductivity of ceramic materials is carried by ions, which are jumping from one
potential well to the other – hopping conduction of the ions (Figure 2.1). In the absence of an
external field (or concentration gradient) the adjacent potential wells are of the same depth, thus
the jumps occur randomly, with no preferred orientation and the ion spends, on average, the
same time in both of them. However, when the wells are distorted in an external field, one
becomes higher. Thus, a preferred orientation for jumps is created. The positive ions carry out
jumps preferably towards the negative electrode, while the negative ions towards the positive
electrode. The DC conductivity is determined (among others, e.g. concentration of charge
carriers, temperature) by the number of accessible states. Moreover, a certain amount of energy
– activation energy – must be provided to the ion to jump to the neighboring vacant site. The
amount of this energy depends on the free energy barrier. The conduction activation energy can
be expressed by Arrhenius relation
𝜎 = 𝜎0 exp (−

𝐸𝐴
),
𝑘𝑇

(2.1)

where σ0 is the pre-exponential factor and EA is the conduction activation energy. From the
above–described conduction mechanism, one may notice a similarity between the conductivity
and diffusion processes. The relation, which links the two parameters, is called the NernstEinstein equation
𝜎
𝑛𝑞 2
=
,
𝐷𝑑
𝑘𝑇

(2.2)

where n is the concentration of the dominant charge carriers, Dd is the coefficient of diffusion,
and q is their charge [1,2].
2.1.2 AC conductivity
In addition to the long-range migration of the free ions in the DC conductivity mechanism, the
contribution of the bound charge carriers (dipoles) has to be considered. Therefore, the AC
conductivity is higher than the DC conductivity.
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The AC conductivity of a ceramic sample (measured with two electrodes) can be represented
by an equivalent scheme of a resistor and capacitor in parallel connection. Thus, the admittance
of the sample is
Y = 𝐺 + 𝑖𝐵,

(2.3)

where G = 1/R is the conductance and B is the susceptance. The susceptance can be capacitive
(BC) or inductive (BL), depending on the material used
B𝐿 =

1
,
𝑖𝜔𝐿

B𝐶 = 𝑖𝜔𝐶,

(2.4)
(2.5)

Most dielectrics have more dominant capacitive than inductive susceptance. This is simply
a consequence of the lack of charge carriers.

Figure 2.1: Ion in a potential well.

At low frequencies, the long-range migration of ions dominates (Figure 2.1). Thus, the AC
conductivity is similar to the DC conductivity. The difference lies in the alternating field. While
in the DC conductivity only forward motion is allowed, in the AC conductivity the ions can
make forward-backward jumps. By increasing the frequency, the short-range interactions
become important. The contribution from the polarization effects arises. Thus, the AC
conductivity is composed of two parts and can be described by the Jonscher’s universal law [3]

19

𝜎 = 𝜎1 + 𝐴𝐽 𝜔 𝑠 ,

(2.6)

where σ1 is the DC-like conductivity, AJ is a constant, ω is the angular frequency, and s is the
frequency exponent. The value of s allows determining the conduction mechanism [2,4].
2.1.3 Temperature dependence of the conductivity of dielectrics
The conductivity can be expressed as
𝜎 = 𝑞𝑛𝜇,

(2.7)

where q is the charge of the carrying species, n is the concentration, and µ is the mobility of the
ions. By increasing the temperature, the concentration of free charge carriers becomes higher.
These species are freed from their potential wells and thus can participate in the conduction
mechanism. The increase in the concentration is then
𝑛0 = 𝐴n exp (−

∆𝐸
),
𝑘𝑇

(2.8)

where the pre-exponential factor, An, is only slightly dependent on the temperature. After
a successive jump, a hole with a charge of +e remains in the potential well. Bigger ions (e.g.
Ca2+) need higher energy to leave their potential wells.
If ion conductivity is carried only by one type of ions, the formula for σi can be written as
𝜎𝑖 =

𝑛0 𝜐𝛾 2 𝑞 2
𝐸𝐴
exp (− ),
6𝑘𝑇
𝑘𝑇

(2.9)

where n0 is the concentration of ions in the wells, q is their charge, υ is their oscillation
frequency, 𝛾 is the mean free path [5].
Relatively high energy is needed to free an electron in insulators, thus, this type of conductivity
is observed only at high temperatures. If several processes contribute to the conductivity, the
final conductivity can be determined as a sum of these contributions
𝜎 = ∑ 𝐴𝑒 exp (−

∆𝐸𝑒
∆𝐸𝑖
) + ∑ 𝐴exp (−
),
𝑘𝑇
𝑘𝑇

(2.10)

2.1.4 Influence of defects on the conductivity
In all materials, deviations from the ideal structure are present. According to the character of
these defects, they are classified as vacancies, interstitial atoms, impurity atoms (on interstitial
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or vacant site), etc. A detailed discussion of the creation and types of defects is beyond the scope
of this thesis, thus only an overview of their effect on the conductivity is given here [2].
Point defects may behave as charged species attracting ions of the opposite charge, therefore
defects must be treated as charge carriers. The resulting conductivity is then a sum of the
contributions from ions, electrons, and defects. Considering, that the defect can diffuse, it gives
rise to ionic conductivity. The mobility of the defects varies with temperature as
𝜇𝑑 =

𝜇𝑑0
∆𝐻𝑚
exp (−
),
𝑇
𝑁𝐴 𝑘𝑇

(2.11)

where ΔHm represents the enthalpy of migration for the defect [2].
In addition, 2D defects (dislocations) can behave as charged species. The edge of the dislocation
is charged, thus attracting species of the opposite charge.
Three–dimensional defects are pores and impurity particles. Pores do not have a major influence
unless the continuity of the conducting matrix is disrupted. The reason is that the resistivity of
the material is lower than that of the air in the pores.
When impurity atoms are present, the energy barrier (ΔE on Figure 2.1) can be lowered. This
implies, that the impurity atoms can result in an increase in the conductivity.

2.2 Polarization of dielectrics
Dielectric materials are listed as electrical insulators. However, if an external electric field is
applied, polarization effects are observed in the dielectrics. These effects include both the
creation of new dipole moments (induced dipoles) and the preferential orientation of the existing
ones. Thus, the sum of the dipole moments will be non-zero.
2.2.1

Electronic polarization

Electronic polarization can be observed in all dielectric materials. As the atom exposed to an
external field, the electrons are displaced. Electronic polarization has a fast response to the
applied field (10-14 – 10-15 s). The trajectory of the electron deforms as shown in Figure 2.2.
Thus, a dipole is formed which persists until the external field is removed. The dipoles, which
exists only in the presence of an external field, are called induced dipoles. The momentum of
the induced dipole, p, is linked to the intensity of the external electric field by
21

p = 𝛼 E,

(2.12)

where α is the polarizability of the material and E is the intensity of the external field.

Figure 2.2: Deformation of the trajectory of an electron.

2.2.2 Ionic polarization
Ionic polarization occurs when the individual ions, which build up the crystal, are displaced. As
ions are heavier than electrons, their response to the applied field is somewhat slower
(10-12 – 10-13 s). In an external field, the positive ions are displaced towards the negative
electrode, while the negative ions towards the positive electrode. This displacement is equal for
both ions, thus the new distance between the positive and negative ion is
𝑟 = 𝑟0 + 2 ∆𝑟,

(2.13)

where r0 is the equilibrium distance (when E = 0) and Δr is the displacement. However, the
electron shells of the ions also interact, what leads to a repellent force expressed by the equation
𝐹𝑅 = −

𝑑𝐸𝑅
𝑔
−𝑗𝑟 𝑗−1
𝑗𝑔
= −
( 2𝑗 ) =
,
𝑑𝑟
4𝜋𝜀0
𝑟
4𝜋𝜀0 𝑟 𝑗+1

(2.14)

where j, g are constants describing the ion pair, ER is the energy of the repellency. The ion pair
is in an equilibrium position if the repellent force equals to the Coulomb attraction (FC). The
described situation occurs if there is no external field applied
𝑗𝑔
𝑗+1

4𝜋𝜀0 𝑟0

=

𝑄2
.
4𝜋𝜀0 𝑟02

(2.15)

From where

22

𝑗−1

𝑄 2 𝑟0
𝑔=
𝑗

(2.16)

,

and by substitution to the Eq. (2.14)
𝑗−1

𝐹𝑅 =

𝑄 2 𝑟0

𝑗+1

4𝜋𝜀0 𝑟0

(2.17)

,

If an external field is considered, three forces are acting on an ion. In equilibrium, the sum of
these forces equals zero (QE + FR – FC = 0)
𝑗−1

𝑄2
𝑄 2 𝑟0
𝑄𝐸 =
−
.
4𝜋𝜀0 (𝑟0 + 2∆𝑟)2 4𝜋𝜀0 (𝑟0 + 2∆𝑟)𝑗+1

(2.18)

Further mathematical operations lead to the final expression for the polarizability, being
𝛼 = 4𝜋𝜀0

(𝑟1 + 𝑟2 )3
,
𝑗−1

(2.19)

where r1 and r2 are the radii of the ions. This expression shows that the ionic polarization is
higher for the bigger ions.
Both electronic and ionic polarization is related to the bound charge carriers, which can be
displaced only to a small extent.
2.2.3

Orientation polarization

In this case, the dipoles contained in the material can freely rotate, e.g. water molecules, which
are one of the components of the investigated material. Each water molecule is a dipole.
Generally, if no external field is present, the dipoles are oriented randomly and the water as a
whole has no resulting dipole moment. However, if an external field is applied, the water
molecules are oriented in the direction of the field, which results in a non-zero dipole moment
of the water. This type of polarization is temperature dependent. Above a certain temperature,
this type of polarization diminishes, because the order of the dipoles is disrupted. However, by
increasing temperature the binding forces decrease, which supports the polarization
mechanisms.
2.2.4

Ionic-relaxation polarization

This type of polarization occurs when the migration of the ions is oriented. Thermal collisions
release ions from their potential wells, which are then carried by the external field to the nearest
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available potential well. The redundant energy is then released in the form of heat. These ion
relocations can lead to the formation of areas with non-compensated charge, as at the initial
place of the migrating ions, a non-compensated charge of opposite sign is formed.
2.2.5 Structural polarization
Some non-homogenous materials, if an external field is applied, may contain macroscopically
polarized areas. In these areas the overall dipole moment is non-zero, thus these areas behave
as volume charges.
The two last mentioned polarization effects are rather slow because the ions migrate rather to
bigger distances. For the same reason, these two effects diminish slower than ionic or electronic
polarization, even after the external field is removed.
2.2.6 Total polarizability
The total polarizability is the sum of all the contributions from ions, electrons, etc. As one may
expect, the polarizability is frequency dependent. At low frequencies, all the contributions are
present, thus the value of the polarizability reaches its maximum. As the frequency increases,
above a certain value, orientation polarization diminishes, because the heavy dipole molecules
are no longer able to follow the changes of the field. By further increase in the frequency, the
ionic polarization also diminishes. The same explanation applies as for the orientation
polarization – the changes in the frequency are too high for the ions to follow. Only the
electronic polarization persists at very high frequencies (Figure 2.3) [6,7].

Figure 2.3: Frequency dependence of several polarization mechanisms [6].
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2.2.7

The static dielectric constant

Two parallel plate electrodes of area A are charged, where one plate is positive and the other
one negative. The separation between the plates (d) is relatively small compared to their area.
The space between the electrodes is evacuated (vacuum) and the capacitance can be defined as
𝐴𝑞
,
𝐸𝑣𝑎𝑐 𝑑

𝐶𝑣𝑎𝑐 =

(2.20)

where q is the surface charge density, Evac is the intensity of the electric field between the plates.
If a dielectric substance is inserted between the electrodes while the q is kept constant, the
potential difference is decreased. Thus, the capacity of the system is increased. Then, the relative
permittivity (dielectric constant) ε′ is defined as
𝜀𝑟 =

𝐶
.
𝐶𝑣𝑎𝑐

(2.21)

The decrease in the potential difference is a result of the polarization of the dielectric (see Figure
2.4). Because of this effect, an internal electric field is created in the opposite direction as the
external field [7]. This type of permittivity has the highest value, because, in the case of DC
field, all types of polarization contribute to the final value. When a dielectric material is
connected to a DC field, the electric current slowly decreases from its initial value I0 to Irel. After
disconnecting the power source, the same effect can be observed in the opposite direction (see
Figure 2.5).

Figure 2.4: Polarization of a material containing dipoles.
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The decrease from I0 is described by the equation
𝑡
𝐼 = 𝐼0 exp (− ),
𝜏

(2.22)

where τ is the relaxation time of the polarization, which depends on the temperature as
𝜏=

1
∆𝐸𝑖
exp ( ),
2𝜐
𝑘𝑇

(2.23)

where ΔEi is the activation energy of ion movement a υ is the frequency of ion oscillation. The
relaxation time also depends on the dimension of the areas with weakly bound ions.
Generally, there are more than one polarization processes in the sample, which also have
different relaxation times and activation energies. Thus, the decrease in the initial current can
be expressed as
𝑡
𝐼 = ∑ 𝐼0𝑖 ∆𝜏𝑖 exp (− ),
𝜏𝑖

(2.24)

𝑖

The multiplication I0iΔτi stands for the contribution of ith mechanism on the overall current [5,8].
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Figure 2.5: Polarization currents in a dielectric material.

2.2.8 The complex permittivity
In the previous section, the permittivity in a static field was described. However, in alternating
fields, the permittivity is different. In alternating fields, the polarization varies periodically with
time (and so does the displacement D). If the intensity of the alternating field is defined as
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𝐸 = 𝐸0 cos 𝜔𝑡,

(2.25)

𝐷 = 𝐷0 cos(𝜔𝑡 − 𝛿) = 𝐷1 cos 𝜔𝑡 + 𝐷2 sin 𝜔𝑡,

(2.26)

then the displacement can be written as

where δ is the phase angle representing the lag of D behind the E. Generally, D0 is proportional
to E0, but this ratio is frequency dependent. Therefore, two frequency dependent permittivity
can be introduced
𝜀 ′ (𝜔) =

𝐷1
𝐷0
= ( ) cos 𝛿,
𝐸0
𝐸0

𝜀 ′′ (𝜔) =

𝐷2
𝐷0
= ( ) sin 𝛿.
𝐸0
𝐸0

(2.27)
(2.28)

Then, the complex permittivity is defined as
𝜀 ∗ = 𝜀 ′ − 𝑖𝜀′′,

(2.29)

where 𝜀′′ represents the dielectric losses [4,7].
2.2.9

Dielectric losses

The frequency dependence of the real and imaginary part of the complex dielectric permittivity
is expressed by the Debye equations
𝜀𝑠 − 𝜀𝑒𝑖
,
1 + 𝜔2𝜏 2
𝜔𝜏
𝜀 ′′ (𝜔) = (𝜀𝑠 − 𝜀𝑒𝑖 )
,
1 + 𝜔2𝜏 2
𝜀 ′ (𝜔) = 𝜀𝑒𝑖 +

(2.30)
(2.31)

where εei is the instantaneous polarization (electronic and ionic) and τ is the relaxation time.
At very low frequencies (ω << 1/τ) the real part of the complex permittivity equals to the static
dielectric permittivity. This is because the dipoles have enough time to follow the oscillations
of the field. Thus, the dielectric losses vanish. By increasing the frequency, these dipoles begin
to lag behind the field and become unable to follow the alternation of the field. In this highfrequency limit (ω >> 1/τ), the 𝜀 ′ approaches 𝜀𝑒𝑖 [7].
From the equation for the 𝜀 ′′ it follows that dielectric losses are the highest at frequencies for
which 𝜔𝜏 = 1.
Several types of dielectric losses are observed in materials when exposed to an external
alternating field [2]:
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-

Conduction losses

-

Dipole relaxation losses

-

Vibration losses

Conduction losses are observed at low frequencies and are related to the migration of the alkali
ions (dc-like conductivity). Conduction is negligible above ~102 Hz.
Dipole relaxation losses are the highest around the frequency of 1 Hz (the relaxation time of
dipoles in ceramics is ~ 1 s) and are attributed to the oscillation of ions between two high energy
barriers. As the frequency decreases, these losses became low, because the ions have enough
time for their motion. Similarly, at high frequencies the ions are unable to follow the changes in
the field, thus the losses are low.
The temperature dependence of the relaxation time can be expressed as
𝜏 = 𝜏0 exp

𝑈𝐴
,
𝑘𝑇

(2.32)

where UA is the activation energy for the barrier jumping, k is the Boltzmann constant, and τ0 is
about 10–13 s.
Vibration losses occur if the applied frequency of the external field is comparable to the
vibration frequency of the ions. It is expected, that this type of losses reaches the maximum at
frequencies of ~1013 Hz.
By increasing temperature, the real part of the complex permittivity increases. This can be
explained by the relaxation of the network, which leads to an easier ion motion. This increase is
more pronounced at lower frequencies, where the ions have enough time to follow the changes
of the field.
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3 Ceramic materials
3.1 Illite
The name illite, which was first proposed by Grim et. al [9], refers to a aluminum-potassium
mica-like, non-expanding, dioctahedral mineral with interlayer cation content from 0.6 to 0.85
[10]. Its industrial importance can be expressed by the fact that illite is one of the four most
important ceramic clay minerals. Illite crystallizes in the monoclinic crystal system. The
structure of illite (Figure 3.1) consists of three sheets (T-O-T layer), where an octahedral sheet
(O) is placed between two tetrahedral sheets (T). Each tetrahedral sheet contains Si and Al,
sharing 3 oxygen atoms by the neighboring sites. The corners of the octahedrons in the
octahedral sheet are formed by oxygen atoms from the tetrahedral sheet. The octahedral sheet
contains Al atoms in the octahedrons [11]. Between the individual T-O-T layers an interlayer
cation is placed. The interlayer cation is mostly K+ ion. However, not all interlayer positions are
occupied by the potassium ion. These K-vacant sites are occupied by water molecules [11–13].
Depending on the configuration of the oxygen atoms in the octahedral sheet the illite can occur
in several polytypes. The most common are the illite-M1 (trans-vacant) and illite-M2 (cisvacant) [10,12]. The crystallite size of illite also varies with the polytype [13]. Illite-rich clays
often contain other minerals (such as quartz, kaolinite, smectite), which act as impurities. Thus,
a high illite content clay can be classified as rare. The illitic clay investigated in this work
originated in northeastern Hungary and contains 80 wt.% of illite, thus allowing to deal with an
almost pure illite [14,15]. The polytype of this illite was identified as 1M in [12]. The units cell
parameters of this polytype are a = 5.22 Å, b = 9 Å, c = 10.19 Å, β = 101.6°. A generalized
chemical formula for illite can be written as
K0.65 Al2.0 [Al0.65 Si3.35 O10 ](OH)2 .

(3.1)

The type of the impurities depends on the mining locality. The illitic clay used in this thesis
consists of 80 wt.% of illite, 12 wt.% of quartz, and 4 wt.% of montmorillonite, and 4 wt.% of
orthoclase. These impurities have an effect on thermophysical, as well as on the electrical and
the final mechanical properties of ceramics prepared from the above-mentioned clay. In the
following, a brief description of the properties of quartz and smectite is given.
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Figure 3.1: Illite structure (K – potassium atoms).

3.2 Quartz
One of the most common impurities contained in illitic clays is quartz. The removal or reduction
of its content is difficult because of the similar particle sizes. The quartz crystal is built up from
SiO2 molecules held together by strong electric interactions and exhibits hexagonal symmetry
[16,17]. Its density is 2.65 g/cm3 and has piezoelectric properties [18]. Quartz has two
modifications, denoted α and β. The α-quartz represents the low-temperature modification and
belongs to the space group P3221 or P3121. At the temperature of 573 °C, the α-quartz is
transformed to β-quartz, changing its symmetry to P6222 or P6422 [16,19]. This transformation
also leads to the expansion of the volume. Generally, the β-quartz exhibits higher symmetry,
than the low-temperature modification. As quartz does not react with the raw clay, we can deal
with the impurity containing clay as a mixture of several independent phases.

3.3 Montmorillonite
Another mineral, which is often found as an impurity in illitic clays, is montmorillonite, which
is formed under alkaline conditions. This mineral belongs to the mineral group of smectites and
exhibits symmetry of C2/m and has a monoclinic crystal structure. The unit cell parameters are
a = 5.17 Å, b = 8.94 Å, c = 9.95 Å, β = 99.9° [18]. As with illite, it has 2:1 layered structure
(T-O-T) with charge imbalance of 0.66. The charge deficiency is balanced by exchangeable
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cations between the layers, mostly Na or Ca ions. Based on the dominant exchangeable cation,
the montmorillonites can be further divided into Na- and Ca-montmorillonites.
Montmorillonites exhibit high layer charge, high surface area (fine particle size), high viscosity
and exceptional water absorption capacity. The average density of the mineral is 2.35 g/cm3.
The general chemical formula can be expressed as:
(Na, Ca)0.3 (Al, Mg)2 Si4 O10 (OH)2 ∙nH2 O.

(3.2)

Montmorillonites are widely used as barriers for water movement, to pelletize iron ore
concentrates, in the agricultural industry, food industry, etc. [18,20]

3.4 Orthoclase
Orthoclase belongs to the feldspar group, specifically to the K-feldspars. Feldspars are often
used in the ceramic industry to enhance liquid-phase sintering. Orthoclase crystallizes in the
monoclinic system and exhibits a C2/m symmetry. The unit cell parameters are a = 8.56 Å,
b = 12.96 Å, c = 7.30 Å, β = 116.07°. The chemical formula of orthoclase can be written as
KAlSi3 O8 .

(3.3)

The calculated density of the mineral is 2.56 g/cm3 [18].

3.5 Oil shale ash
Despite the environmental impacts, burning of oil shales is still widely used for electricity
production. As a residual waste material, oil shale ash is formed. The use of this residue is a
subject of many ongoing studies. Both oil shale and coal ashes are rich in free lime (CaO),
anhydrite (CaSO4) and silica (SiO2), thus enabling to reuse them in several industrial areas. A
disadvantage of the ashes could be their heavy metal content. It has been shown that these heavy
metals remain fixed in the structure if it is glassy [21]. The composition of the ash depends,
amongst other properties, on the firing method.
The largest producer of oil shale ash in Europe is Estonia, producing each year about 5 – 7
million tons. Despite this large amount, only a small proportion is used as a secondary raw
material, partly in construction materials, road construction and agricultural industry [22].

3.6 Calcium carbonate
Calcium carbonate is one of the most abundant minerals in nature. It is widely used in the
industry (paper production, paints, plastics, etc.). The chemical formula of calcium carbonate is
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CaCO3. Calcite crystallizes in a hexagonal group with symmetry 2/m. The theoretical density
reaches 2.711 g/cm3. The unit cell parameters of calcite are a = 4.99 Å, c = 17.06 Å [18,23]. In
this thesis, calcite is used as an additive to illite to reach the anorthite formation stoichiometry.
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4 Electric properties of ceramic materials
Only a few papers are devoted to the electrical properties of ceramic raw materials illite and
kaolinite. The measurement of electrical conductivity helps to reveal the ion migration in the
samples and also provides information about the structural changes in the material [24].
Ceramic materials are listed as dielectrics. An electrical conductivity of traditional unfired
ceramic materials is caused by the motion of the H+, OH–, K+, Na+, and Ca+ ions. However,
depending on the impurity content, additional ions can contribute to the electrical conductivity.
The above-mentioned ions originate in the dissociation of the physically bound water or
chemically bound water (H+ and OH–), and impurities [24–27].
Some authors studied the DC conductivity of kaolin [8,24,25,27] and its mixtures with various
impurities and additions [26]. The DC conductivity – temperature curve of kaolin (Figure 4.1)
can be divided into five parts. The first part corresponds to the temperature interval from 20 °C
to 200 °C. In this temperature region, the current is carried by the products of the dissociation
of the physically bound water molecules [24,25]. These molecules are located in the pores and
their contribution leads to a maximum of the conductivity around 60 °C. The evaporation of the
physically bound water by increasing temperature decreases the number of the charge carriers,
what leads to a decrease in the electrical conductivity [24,26]. The mechanism of the electrical
conductivity during the evaporation of the physically bound water was discussed in [28] for
temperatures up to 275 °C. It was found, that the electrical conductivity results from the motion
of the OH– molecules, which are located in the ring of the SiO4 tetrahedral sheet. The conduction
activation energy was determined to be 0.35 eV, in accordance with the results published in
[25]. After the physically bound water is removed from the sample, the K+ and Na+ ions become
the dominant charge carriers. The conduction activation energy reaches 1.03 eV up to the
temperature of 450 °C, where the dehydroxylation starts [24,25]. However, in the study [26]
authors determined a higher conduction activation energy in this interval, being 1.53 eV. During
dehydroxylation, the OH– ions of the octahedral sheet are the main charge carriers with
conduction activation energy of 0.3 eV in the whole temperature region of the dehydroxylation
[28]. As the dehydroxylation proceeds, the OH– ions create water molecules. Part of the ions
combines with the alkali ions K+ or Na+ and dipoles are formed. This leads to a decrease in the
DC electrical conductivity [24,25]. After the dehydroxylation, the dominant charge carriers
become K+, Na+, and Ca2+ ions. The peak around 970 °C represents the transformation of the
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metakaolinite to Al-Si spinel. During this reaction, the Al3+ and O2- ions shift their positions
[24,26]. The conduction activation energy reaches 0.78 eV [25].

Figure 4.1: Temperature dependence of the DC conductivity of kaolin. Inset graph:
Decrease in the DC conductivity during the metakaolinite – Al-Si spinel
transformation. [24].

The influence of technological texture on the electrical conductivity of industrial ceramics was
studied in [29]. It was found, that the conductivity is higher parallel to the basal planes than
perpendicular to them. Moreover, the dehydroxylation process in the case of samples with radial
texture starts at lower temperatures than in the case of samples with parallel oriented texture.
It has been shown, that at room temperature the polarization and depolarization currents are
composed of three processes, which can be described by exponential dependencies [8]. The first
one, with the shortest relaxation time, is the hopping of H+ ions in the water molecules. The
second is the scattering of these ions by charged defects on the kaolinite crystal surfaces. The
third mechanism is related to the movement of OH– ions, the mobility of which is low. The
charge carriers are both ions and electrons.
Contrary to kaolinite, only a limited number of papers is devoted to the electrical properties of
illite and illitic clays. In [30] the polarization of illitic samples was studied at various
temperatures. It was found, that in the temperature interval from 450 °C to 1200 °C the ionic
component of the polarization is dominant, the dominant charge carriers being K+, H+, and
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OH– ions. The polarization currents decreased in time according to a power function, which can
be related to the presence of several polarization mechanisms.
The differences in the removal of the physically bound water from the kaolin and illitic samples
were studied in [31]. It was shown that the removal of the physically bound water proceeds in
two steps in the case of kaolinite. Contrary to that, the physically bound water is evaporated in
3 steps from the illitic samples.
The AC conductivity of illite and/or kaolinite was studied rarely. The AC conductivity of an
illitic clay has been studied in [32]. Based on Nyquist graphs the authors determined that the
AC conductivity up to 595 °C is mostly of intragranular character. Above the temperature of
600 °C, the intragranular effects (grain, grain boundary) appear.
Electrical properties of a green porcelain mixture were studied in [33]. Activation energies of
the electrical conductivity were determined in the region of the removal of the physically bound
water (< 1 eV) and above 500 °C (1.14 eV). It was shown, that the formation of the glassy phase
supports the electrical conductivity.
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5 Experimental procedure
5.1 Material preparation
Ceramic raw materials were received as a heterogeneous mixture of illitic clay or/and kaolin,
with quartz and feldspar as well as with organic and some inorganic impurities. Amongst the
impurities, the most frequent ones are other phyllosilicates (mainly montmorillonite and
chlorite) and metallic oxides (hematite, TiO2). Moreover, the size of the particles of each
component differs. Thus, further processing is required. This preparation should be adapted to
fulfill the requirements for the final product. Moreover, from an industrial point of view, it
should be economical and as simple as possible. Thus, preparation methods applied for different
raw materials can differ. The following paragraph describes the processing of the raw materials
used in this thesis.
5.1.1 Illitic clay
The received illitic clay consisted of particles of various size – from the µm size up to lumps
reaching tens of mm. Firstly, the clay was crushed by a mechanical tool (e.g. anvil). After this
step, the biggest grains disappeared and the clay was prepared for further processing. Next, the
moisture content of the clay was lowered by drying the clay in a laboratory furnace at the
temperature of 110 °C. In the second step, the clay was milled using the planetary ball mill
Retzsch PM100. A 5 min milling at 350 rpm was followed by sieving using the apparatus
Retzsch AS200. The process was repeated until 90 wt.% of the initial clay passed the 100 µm
mesh. The dominant mineral phase in the as-prepared powder is illite (80 wt.%), thus allowing
to study this clay as a nearly pure illite.
5.1.2 Grog
Grog is a non-plastic component which was added to the mixtures to lower the shrinkage of the
ceramic products during firing. It was prepared by firing the plastic component – clay – at
1100 °C for 1 h. After firing, the grog was milled and sieved to obtain a powder with particles
< 100 µm. The as-prepared component had the similar chemical composition to that of initial
materials but did not undergo any physical reactions during heating.
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5.1.3

Oil shale ash

The ashes studied in this thesis were obtained using two different firing methods which are
widely used in the power plants: pulverized firing (PF) and circulating fluidized bed combustion
(CFBC).
Ashes used in this thesis were obtained from an Estonian power plant in cooperation with the
Tallinn University of Technology.
The oil shale ashes were received in powder form, thus further milling was not required. Prior
to sample preparation, the ashes were mixed with distilled water and covered for 48 h in order
to prevent the reaction of the free lime (CaO) with water during the preparation itself. During
this time period the free lime reacted with water, thus Ca(OH)2 was formed. Then the mixture
was freely dried on air. The Ca(OH)2 reacted with the CO2 creating calcium carbonate (calcite)
according to the reaction
Ca(OH)2 +CO2 →CaCO3 +H2 O,

(5.1)

Afterward, the mixture was dried at 120 °C, then milled for 3 min and sieved to obtain a powder
with particles < 200 µm.
5.1.4

Calcium carbonate

The calcium carbonate (purity 99.9%) was received in powder form, thus there was no need for
further treatment.
5.1.5

Illitic clay and oil shale ash mixtures

Illitic clay and oil shale ash mixtures (OSA) were prepared from three components: illitic clay,
grog, and OSA. After preparing the mixtures, the powder was dry mixed. The list of prepared
mixtures (both from PF and CFBC ash) is shown in Table 5.1. To the as-prepared mixtures of
distilled water was added to obtain plastic mass, which was then manually pressed into forms.
Samples of dimensions 13×13×250 mm3 were prepared and freely dried on air.
Table 5.1: Mixtures of the illitic clay and oil shale ash

Sample
Illite
Illite+OSA2
Illite+OSA4
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Clay content (wt.%)
100
60
60

Grog (wt.%)
0
20
0

Ash (wt.%)
0
20
40

5.1.6 Illitic clay and calcium carbonate
The ratio, in which the illitic clay and calcite mixtures were prepared, corresponds to the
anorthite stoichiometry: to 75 wt.% of illitic clay 25 wt.% of calcite was added. Distilled water
was added to the powder mixture and wet milled for 30 min. This step ensured better mixing of
the components than dry mixing. The prepared batch was then dried. Samples of
12×12×130 mm3 were prepared by manually pressing the mixture into forms. The prepared
samples were then adjusted to the required dimensions.

5.2 Measurement methods
Samples were characterized using thermal and structural analyses. The principle of a thermal
analysis is to record the evolution of a physical property of the sample, which is subjected to
controlled heating in a defined atmosphere. These physical properties can be length, heat, mass,
etc. In addition to the atmosphere, the heating regime plays a significant role in thermal analyses.
The heating regime can be defined by the equation
𝑇 = 𝑇0 + 𝜂𝑡,

(5.2)

where T is the programmed temperature, T0 is the initial temperature, η is the heating rate (η >
0) or cooling rate (η < 0) and t is the time. If η = 0, the heating is isothermal. The choice of the
heating rate depends on the purpose of the measurement.

Figure 5.1: Arrangement of the sample and reference material.
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5.2.1

Differential thermal analysis

The physical property being recorded by differential thermal analysis (DTA) is the temperature
difference ΔT between the sample and the reference material during heating. Based on the sign
of ΔT (or the orientation of the peak) we can distinguish between two types of reactions:
endothermic and exothermic. Endothermic reactions are those, during which energy is
consumed by the system, thus ΔH < 0. Contrary to that, exothermic reactions release energy
and ΔH > 0. Some examples of endothermic and exothermic reactions are given in Table 5.2
[34–36].
The arrangement of the sample and reference material is shown in Figure 5.1. Both the sample
and the reference material are placed onto a thermocouple, which is then used to record the
temperature. The apparatus used in this thesis is the upgraded Derivatograph 1000° analyzer.
This device allows carrying out experiments from room temperature up to 1050 °C. The
experiments are done in a static air atmosphere, with both the sample and reference materials
being placed in the same environment. This arrangement excludes the influence of different
furnaces and/or atmospheres. Another advantage of the apparatus is the capability to perform
measurements on big samples (~3g). Compacted Al2O3 is used as reference material for compact
samples, and its powdered form in the case of powder samples. To understand the behavior of
the measurement system during heating, a measurement with the reference material and an
empty sample holder is performed (so-called blank measurement).
Table 5.2: Effect of some physical processes on the DTA/TG results

Physical/Chemical processes

DTA/DSC effect

TG

Crystallization

Exothermic

No change

Melting

Endothermic

No change

Evaporation

Endothermic

Decrease

Sublimation

Endothermic

Decrease

Adsorption

Exothermic

Increase

Desorption

Endothermic

Decrease

Recrystallization

Endothermic

No change

Dehydration

Endothermic

Decrease

Thermal decomposition

Endothermic

Decrease

Oxidation

Exothermic

Increase
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5.2.2 Differential scanning calorimetry
Based on the working principle two types of differential scanning calorimeters (DSC) are
distinguishable: heat-flux and power compensated. The arrangement and principle of heat-flux
DSC are similar to that of DTA. The sample and the reference material are placed in the same
furnace (similar to Figure 5.1). The temperature difference between the sample and reference
material is measured by a thermocouple and displayed as the temperature dependence of the
signal (µV).
Thermal events appear as deviations (peaks) from the DSC baseline (recorded as in the case of
DTA). These peaks allow calculating the reaction enthalpy of the processes. The upper working
temperature of DSC is limited due to the high radiation losses [36].
The Netzsch DSC 404 F3 heat-flux DSC apparatus is used in this thesis for DSC analysis. The
measurements were carried out in protective Ar atmosphere, the flow rate was 80 ml/min. The
powder samples (~ 20 mg) were inserted into alumina crucibles.

Figure 5.2: Scheme of a TG device.

5.2.3 Thermogravimetry
During heating, several physical reactions are accompanied by the change in the mass of the
studied sample. Thermogravimetry (TG) allows recording these changes as a function of
temperature. In general, three cases can be distinguished:
1. The sample’s mass decreases (e.g. decomposition of CaCO3)
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2. The sample’s mass increases (e.g. oxidation)
3. The sample’s mass remains unchanged (e.g. crystallization)
Useful and complementary approach to evaluating the TG results is to take the first derivative
of the TG curve (DTG). An example is shown in Figure 5.2. The DTG curve shows the rate of
the mass change. TG analyzers, as well as DTA and DSC measurers, require the so-called blank
measurement, which has to be carried out each time when the heating regime, sample holder,
etc. is changed.
5.2.4

Simultaneous thermal analysis

In some cases, the DTA and TG measurements can be performed in one run using the same
device. The Derivatograph 1000° (described in the section 5.2.1) in addition to the DTA data,
allows recording the mass changes during heating. The sample is placed on an alumina rod
(which contains the thermocouple for DTA). The rod is connected with the thermobalance, thus
enabling the measurement of the sample mass changes. The advantage of analyses done by this
device lies in the sample size. Contrary to the auxiliary TG analyzers, the Derivatograph 1000°
is capable to collect data from samples with a mass up to ~3 g, both powdered and compacted.
5.2.5

Thermodilatometry

Thermodilatometry (DIL) is used to study the dimensional changes of the sample during
heating. In addition to the thermal expansion, some physical reactions can lead to expansion or
contraction of the sample. Generally, DIL instruments measure the length changes of the
sample, which is subjected to a controlled temperature program. The sample length changes
according to the equation
∆𝐿 = 𝐿1 𝛼CLTE ∆𝑇,

(5.3)

where L1 is the initial length, αCLTE is the coefficient of linear thermal expansion (CLTE), and
ΔT represents the temperature change. To get the dependency of the CLTE on temperature, the
derivative with respect to the temperature of the dilatometric curve is calculated:
𝛼=

1 𝑑𝐿
( ),
𝐿1 𝑑𝑇

(5.4)

The Netzsch DIL 402C apparatus was used for dilatometry measurements in this thesis. The
length changes are converted to electric signals by an LVDT sensor. The reference material is
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the instruments inner construction made from Al2O3. The measurements are carried out in a
protective N2 atmosphere. Rectangular samples with a dimension of 8×8×22 mm3 are inserted
into the measurement cell. A load of 0.15 N is applied.
5.2.6 Evolved gas analysis
Evolved gas analysis (EGA) was carried out in the Laboratory of Inorganic Materials at the
Tallinn University of Technology. EGA is a powerful technique used often coupled with
TGA/DTA analyzers. By this technique, a more accurate characterization of thermophysical (or
chemical) processes can be achieved. There are two types of EGA analyzers: mass-spectrometry
(MS) and Fourier-transform infrared spectroscopy (FTIR) analyzers. The latter has high
chemical specificity and is useful in the case of substances with medium to strong IR absorption.
MS has high sensitivity even for a small amount of evolved gases. The MS analyzer is coupled
with the outlet of the TGA measurer, thus the evolved gases are led to the apparatus. The
coupling between the two measurers plays an important role, as the MS analyzer works in a high
vacuum. Moreover, the MS inlet needs to be heated up to 200 °C to prevent the gaseous
substances from condensation. The incoming gas is firstly ionized in the apparatus. Next, the
ions are separated according to the ratio m/z (m – mass of the ion, z – charge of the ion) by
electric and magnetic fields. Then a mass spectrum is recorded.
The Setaram LABSYS EVO TGA/STA-EGA analyzer was used for MS measurements. The
powder sample (~10 mg) was introduced into a 100 µl alumina crucible. Experiments were
carried out in 79 % N2 + 21 % O2 atmosphere.
5.2.7 X-ray diffraction
X-ray diffraction (XRD) measurements were carried out on the Institute of Plasma Physics,
Czech Academy of Sciences. XRD measurements reveal the crystalline phases contained in the
studied material. The powder sample was irradiated by X-ray beams and then the detector
collects the scattered beams (recorded as “counts”).
The measurements were carried out on vertical powder θ-θ diffractometer D8 Discover (Bruker
AXS, Germany) using CuKα (λ = 1,5406 Å) radiation with NiKβ filter. The diffracted beam
was collected by LynxEye 1D-detector. Phase identification was done using X’Pert HighScore
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program, which accessed PDF-2 database of crystalline phases. Quantitative Rietveld
refinement was performed in TOPAS V5.
5.2.8

Measurement of the specific surface area

Specific surface area (SSA) of the samples was measured at the Laboratory of Inorganic
Materials, Tallinn University of Technology. For SSA measurements the Sorptometer 1042,
Costech Instrument was used. The SSA play a key role in the absorption of physically bound
water.
5.2.9

Scanning electron microscopy

The basic principle of scanning electron microscopy (SEM) is to collect the backscattered (BSE)
or secondary electrons (SE) over a sample which is being irradiated with an electron beam.
Microstructure observations were carried out using the FEI Quanta 200TM electron microscope.
The accelerating voltage was set to 10 kV, which was low enough to prevent the sample surface
from charging and thus make it possible to take quality micrographs. The vacuum was set to
100 Pa. This combination of accelerating voltage and vacuum allowed collecting the BSE. Fired
samples for SEM observations were prepared in 6 steps. Firstly, the fired sample was polished
using the grinding paper MD Piano 220 (Titanium based) under a flow of water by 2 minutes.
Afterward, a finer grinding paper (MD Piano 600) was used for the same time. The final grinding
step was made by the MD Piano 1200 grinding paper. Once the grinding had been finished, the
samples were polished in two steps – first using a 9 µm diamond suspension, which was then
followed by a 3 µm diamond suspension. The sample was cleaned (water, alcohol, ultrasonic
bath) after each step.
Microstructure observations of the raw samples were carried out using the Zeiss Auriga SEM.
The fracture surfaces of the samples were studied by an accelerating voltage of 3 kV.
The SEM observations of samples with OSA addition were carried out using the Zeiss EVO 50
series microscope in the Centre for materials research, Tallinn University of Technology.
Powder samples were applied on one surface of a double-sided tape, which was then placed onto
the sample holder. The surface of the powder was coated with palladium and gold atoms.
Observations were carried out in a vacuum of ~1 Pa with accelerating voltage of 15 kV.
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5.2.10 Particle size distribution analysis
Particle size distribution (PSD) analyses were carried out on the Fritsch Analysette 22 apparatus
on the Department of material engineering and chemistry, Czech Technical University in
Prague. The method uses the Frauenhofer’s diffraction of a laser beam on the dispersed sample.
The agglomerates were destroyed prior to the measurement using an ultrasonic treatment [37].
Particle size distribution of the oil shale ashes was carried out at the Laboratory of Inorganic
Materials, Tallinn University of Technology. The Laser Scattering Particle Size Distribution
Analyser Partica LA-950V2, Horiba was used to perform the measurements.
5.2.11 Acoustic emission
Acoustic emission (AE) is a passive non-destructive method, which provides integral
information about the changes in the internal state of the material. AE signals are elastic waves
created by the sudden release of the elastic energy from a local dynamic change occurring in the
material’s microstructure (event). An advantage of the method is, that it can be performed insitu during heating, cooling, etc. Two typical types of AE signals can be distinguished –
continuous emission (the amplitude of AE does not decrease below a certain threshold level for
a long time) and burst emission (short pulses with high energy) [38].

Figure 5.3: Scheme of the AE device.

The arrangement of the AE measurement is shown in Figure 5.3. A ~3 mm diameter hole is
drilled into the surface of the rectangular sample. Then, a waveguide (3 mm thick alumina rod)
is inserted into the sample and the sample is placed in the furnace. The piezoelectric transducer
MST8S (Ø 3 mm) is glued to the other end of the waveguide (Figure 5.4). The transducer is
connected to a preamplifier with a gain of 35 dB. The computer controlled Dakel-Xedo-3 AE
system was used to record the AE data. The total gain was 91 dB.
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Figure 5.4: Sample with a waveguide for AE measurement.

5.2.12 DC conductivity
Measurements of the DC conductivity were performed using a laboratory-made apparatus
(Figure 5.5). The measuring circuit consists of a serial connection of the voltage source (Tesla
BS 525), electrometer (Keithley 6514), and the sample. The measurement scheme is shown in
Figure 5.6. The electrometer was directly connected to a computer, which was used to collect
the data points and to control the temperature regime.

Figure 5.5: Arrangement of the sample in the furnace for DC conductivity measurements.

The cross-section of the sample is shown in Figure 5.7. The samples were prepared by pressing
the wet plastic clay into a form in two layers. Between these layers, the platinum electrodes were
placed. The overlap and the distance between the electrodes were kept constant for all samples,
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Figure 5.6: DC conductivity measurement scheme

being 15 mm and 3 mm, respectively. Afterward, the samples were freely dried on the air for
24 h.
The electrical conductivity is calculated according to the relation
𝜎𝐷𝐶 =

𝐼
𝛷,
𝑈

(5.5)

where I is the current passing through the sample, U is the applied voltage, and Φ is a coefficient
related to the geometry of the sample and electrode arrangement. This coefficient was
determined experimentally, its value being 12.85 m–1. It was shown that the uncertainty of the
measurement of the conductivity up to 1100 °C does not exceed 5%, even though the
temperature dependence of Φ is neglected [39].

Figure 5.7: Sample for DC conductivity measurement.
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5.2.13 AC conductivity
Samples for AC conductivity measurements were prepared by pressing the wet plastic mass to
a form. After free drying the sample, it was ground (220, 600, 1200 grinding papers) and
polished in several steps to obtain a smooth surface. The as-prepared samples (Ø 23 mm,
thickness t = 2.5 mm) were then used to carry out the measurements.
The AC conductivity was measured using the Tegam 3550 LCR meter. The sample was
considered as a parallel connection of capacitor Cp and resistor Rp. The Tegam measurer allows
the simultaneous measurement of these two electric properties. The heating is controlled by
a computer. The sample is placed between two platinum plates (13×13 mm2). The platinum
electrodes were pressed against each other by a spring, thus ensuring good contact with the
sample (Figure 5.8).

Figure 5.8: Disc sample between two platinum electrodes for AC conductivity measurement.

For high resistance materials, the Cp-Rp measurements are used. All the important dielectric
properties can be calculated from these two parameters. The loss tangent (tan δ) is then defined
as
tan 𝛿 =

1
,
2 𝜋 𝑓 𝑅𝑃 𝐶𝑃

(5.6)

where Cp is the equivalent parallel capacitance and f is the applied frequency. The electrode and
sample arrangement allows the calculation of the real and imaginary parts of the complex
permittivity. The capacity of a material between two plate electrodes is defined as
𝜀0 𝜀 ′ 𝐴
𝐶=
,
ℎ
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(5.7)

where ε0 and ε′ are the permittivity of the vacuum and the real part of the complex permittivity,
respectively, A is the surface of the electrodes, and h is the distance between them. From the
equation (5.7) then follows
𝜀′ =

𝐶ℎ
,
𝜀0 𝐴

(5.8)

Knowledge of the ε′ allows calculating the imaginary part of the complex permittivity ε″
𝜀 ′′ = 𝜀 ′ tan 𝛿,

(5.9)

The electrical conductivity can be calculated directly from the measured equivalent parallel
resistance Rp as follows
𝜎=

ℎ
𝑅𝑃 𝐴

,

(5.10)

However, as the temperature increases, the dimensions of both the electrodes and the sample
change. The coefficient of linear thermal expansion for the Platinum electrodes is 9×10–6 K–1.
Thus, in the studied temperature range (from room temperature up to 1100 °C) the 13×13 mm2
platinum plate expands by ~1%. However, the thickness of the sample changes more
significantly, in some cases reaching ~7%. Thus, the above equation has to be rewritten
considering these temperature dependencies to the following form
𝜎 (𝑇) =

ℎ (𝑇)
,
𝑅𝑃 (𝑇)𝐴(𝑇)

(5.11)

5.2.13.1 AC conductivity during drying
The electrical resistance was measured with voltmeter Hameg 8012 and the circuit was fed by
the Hameg 8030-6 RC oscillator. The Fluke 289 served as an ammeter. Two Kanthal wires
(Ø 0.3 mm) were used as electrodes. The measurement scheme is shown in Figure 5.9. The
sample dimensions were controlled using a linear indicator and the mass change recorded by
laboratory scales.
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Figure 5.9: The scheme of the measurement unit. RCO – RC oscillator, A-m - amperemeter, LI - linear indicator.

5.2.14 Calculation of the conduction activation energy
In some cases, the electrical conductivity rises with increasing temperature in a manner which
can be described by Arrhenius law
𝜎 = 𝜎0 exp (−

𝐸𝐴
),
𝑘𝑇

(5.12)

𝐸𝐴
,
𝑘𝑇

(5.13)

which can be written as
ln 𝜎 = ln𝜎0 −

This is the equation of a straight line in the coordination system of ln σ vs. 1/T. Here T stands
for the thermodynamic temperature, k is the Boltzmann constant, and E is the conduction
activation energy.
If two points are picked from the curve ln σ vs. 1/T (T1 > T2 and σ1 > σ2), then
𝐸𝐴
,
𝑘𝑇1

(5.14)

𝐸𝐴
ln 𝜎2 = ln𝜎0 −
.
𝑘𝑇2

(5.15)

ln 𝜎1 = ln𝜎0 −

Usually, the dependence of ln σ on 1000/T is used to a wider extent. Keeping this in mind, the
above equations can be rewritten to the form
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log𝜎1 = log𝜎0 −

𝐸𝐴 1000
log𝑒,
1000 𝑘𝑇1

(5.16)

log𝜎2 = log𝜎0 −

𝐸𝐴 1000
log𝑒.
1000 𝑘𝑇2

(5.17)

Substituting the numerical values for the constants (e, k, loge) and subtracting the two equations
log𝜎1 − log𝜎2 =

𝐸
1000 1000
log𝑒 (
−
)
1000𝑘
𝑇2
𝑇1

= 3.1471 × 1019 𝐸𝐴 (

1000 1000
−
).
𝑇2
𝑇1

(5.18)

Expressing the conduction activation energy E
𝐸𝐴 = 3.17753 × 10−20

log𝜎1 − log𝜎2
[J],
1000 1000
( 𝑇 − 𝑇 )
2
1

(5.19)

which is the conduction activation energy of one particle in units of J. Converting this to eV
(dividing the right-hand side by 1.602×10-19), the final equation for the conduction activation
energy is obtained
𝐸𝐴 = 0.1978

log𝜎1 − log𝜎2
[eV].
1000 1000
( 𝑇 − 𝑇 )
2
1

(5.20)
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6 Results and discussion
6.1 Thermophysical and structural properties of the illitic clay
6.1.1 Characterization of the samples
Samples were prepared from powder with a particle size below 100 µm. The results of the PSD
analysis (Figure 6.1) show a bimodal distribution of the equivalent spherical diameter of the
particles. The first maximum, which is located at 10 µm, corresponds to the fine illite and quartz
particles. The second maximum, at ~ 65 µm, suggests the formation of agglomerates. Illite
crystals contain an interlayer cation (K+). As a consequence, the grain surfaces can bear charge,
thus attracting grains with opposite charge on their surfaces. This leads to the formation
of agglomerates, which hold electrostatically together.
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Figure 6.1: Particle size distribution of the illitic clay.

Quartz grains are evenly distributed amongst the illite particles. After mixing the powder with
distilled water and preparing the samples, the agglomerates were still present (Figure 6.2). The
initial SSA of the prepared samples was 28.9 m2/g. XRD analysis (Figure 6.3) confirmed the
presence of illite as a dominant mineral phase. Moreover, reflections attributed to quartz and
K-feldspar minerals were recorded as the main impurities. The chemical analysis confirmed the
relatively high amount of potassium (Table 6.1).
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Figure 6.2: SEM images of the (a) raw and (b) fired samples.

6.1.2

Physical processes during heating

When subjected to heating, several physical reactions take place in the illitic clay. Starting from
the beginning, the removal of the introduced water takes place (drying). This process was
observed and described at room temperatures and ends when equilibrium moisture with the
surroundings has been reached. During heating the illitic clay, the following processes can be
observed:
1. Removal of the physically bound water
2. Removal of the constituent water – dehydroxylation
3. The α→β transition of quartz
4. Formation of glassy phase and sintering
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Figure 6.3: XRD analysis of the raw illitic clay (Q - quartz, F - feldspar, I - illite).
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In the following, the above-mentioned processes will be characterized and discussed using
thermal analyses DTA, TG/DTG – EGA, and DIL. The changes in the structure of the sample
are characterized in terms of SSA, SEM, and XRD.
Bearing in mind that the heating rate (among other parameters) influence the thermophysical
reactions, all the measurements were carried out using the same heating rate (5 °C/min). Thus,
the possible temperature shift of the processes observed by different measurers (e.g. comparison
of DTA and DIL) is avoided.
Table 6.1: Chemical composition of the illitic clay (in wt.%).

SiO2
58.0

Al2O3
24.0

Fe2O3
0.6

TiO2
0.05

CaO
0.4

MgO
1.7

K2O
7.85

Na2O
0.1

LOI
7.3

6.1.2.1 Drying
The prepared samples contained ~30 wt.% of moisture. To decrease the high water content the
samples had to be dried. The drying of the samples was performed freely on air. This process,
depending on the sample dimensions, took up to 7 days.
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Figure 6.4: Dependence of the contraction on the moisture (Bigot's curve) of the illitic clay.

During drying, the free pore water is removed from the samples. This water was introduced
during the sample preparation and is held by surface forces in the small pores, micropores, and
capillaries. It evaporates easily at room temperature since the molecules are free and mobile.
The free pore water separates the crystals; therefore its removal leads to a contraction of the clay
body [40,41]. In addition to the decrease in the dimensions of the sample, its mass is also reduced
by the amount of the removed capillary water.
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The Bigot’s curve (Figure 6.4) represents the contraction of the sample dimension by decreasing
moisture content. Thus, using this simple measurement, relevant information can be obtained,
e.g. the critical moisture, where its decrease no longer has a noticeable effect on the dimensions.
The water fraction in the sample after preparation was ~34 wt.%. The sample was placed on
a balance and the dimensional changes were recorded by a linear dial indicator with a resolution
of 0.01 mm. Moreover, the sample was placed on supports to provide free access to air from all
directions. Thus, the drying can be considered homogeneous from all sides. The relative
moisture was calculated as
𝑤=

𝑚(𝑤) − 𝑚𝑑
,
𝑚𝑑

(6.1)

where m(w) is the actual mass of the sample, md is the mass of the dry sample (after heating
at 120 °C for 2 h).

Figure 6.5: The physically bound water layers on the clay surfaces [40].

The measurement was done until the dimensional changes became small, e.g. the final
dimensions were reached. Firstly, the dimensions of the sample vary linearly by decreasing
water content. The critical moisture was reached at the water content of 15 wt. %, where the
contraction was ~17 %. The relative volume reduction up to this point was 34%. Beyond the
critical moisture, the sample dimension varies only slightly with decreasing moisture.
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6.1.2.2 Removal of the physically bound water
The first reaction occurring during heating of the illitic clay is the removal of the physically
bound water (PBW). This process runs in several steps (from RT up to 250 °C) because the
PBW is built up of several layers (Figure 6.5). As there is a charge imbalance in the illite
structure, the surface of the crystals is charged (surface charge) negatively. Thus, water
molecules are electrically bonded to the crystal surfaces. This represents the first layer of PBW
and is called hygroscopic or adsorption water. The first layer can be further divided into tightly
bound adsorbed water (thickness ~ 1.3 nm) and loosely bound adsorbed water (2 – 6 nm). The
tightly bound water consists of water molecules directly bound to the crystal surface and/or
defects on it. This layer gradually transforms into the loosely bound water. The amount of the
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hygroscopic water is dependent on the air temperature and pressure [40,42,43].
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Figure 6.6: Differential thermal analysis of the illitic clay.

Firstly, up to the temperature of 105 °C the water from the pores was removed (remaining of
the capillary water). This process is represented by an endothermic peak on the DTA curve
(Figure 6.6). As the temperature continued to increase, the loosely bound adsorbed water was
removed. Finally, at temperatures around 250 °C, the tightly bound adsorbed water was
removed. The overall decrease in the sample mass reached ~1.2 % (Figure 6.7) [15]. It should
be noted, that the amount of the removed PBW depends (among other parameters) on the heating
rate) [13,44].
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Figure 6.7: Thermogravimetric analysis of the illitic clay.

The EGA (Figure 6.8) confirmed the 3-step removal of the PBW. The highest amount of the
recorded H2O molecules was found in the first step (removal of the remaining capillary water).
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Figure 6.8: Evolved gases during heating from the illitic clay.

Moreover, CO2 molecules were registered at the temperature ~310 °C. Thus, a small number of
organic impurities was still present in the sample. However, this did not lead to any substantial
changes in the sample mass (Figure 6.7).
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It should be mentioned, that some water molecules can be still present in the sample. These
molecules occupy the K+ ion vacancies and are removed only at elevated temperatures
(~300 °C) [13]. This process, however, does not lead to significant changes in the sample mass.
Contrary to that, a small peak on the H2O emission curve is observable at ~300 °C.
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Figure 6.9: Thermodilatometry of the illitic clay.

Even though the change in the sample mass reached ~1.2 %, the influence of the removal of
the PBW is barely noticeable on the DIL curve (Figure 6.9). In the whole discussed region (up
to 350 °C) only the thermal expansion of the illitic clay was observable.
6.1.2.3

The process of dehydroxylation

The next thermally activated process is the dehydroxylation, which runs in the temperature
interval from 450 °C to 750 °C. During dehydroxylation, the constituent water is removed from
the illite [45,46]. The reaction is expressed by the relation
(OH)2n →nH2 O+nO,

(6.2)

The water molecule is formed from two adjacent OH groups. These groups leave an additional
O atom in the structure, which then joins two five-fold coordinated Al cations [45]. Thus, the
illite structural formula changes as follows [47]
KAl2 (Si3 Al)O10 (OH)2 →H2 O+KAl2 (Si3 Al)O11 ,

(6.3)
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Although the chemical formula for dehydroxylation is simple, the reaction is rather complicated,
affected by many factors, running in several steps. Firstly, the H2O molecules are formed in the
octahedral sheet of the illite crystal. In the following step, the 1D migration of this newly formed
water molecules to the interlayer region occurs. This step is connected with the expansion of the
ring of the tetrahedral sheet. This ring is thermally expanded allowing the H2O molecules to
pass. Once in the interlayer region, the 2D diffusion of these molecules occurs ending by the
liberation of an H2O (g) from the illite. The 2D diffusion is supported by the K+ ion vacancies
[12,14]. Contrary to kaolinite, the illite structure does not collapse after dehydroxylation. The
XRD reflections corresponding to illite remain observable up to 950 °C, only their intensity
decreases [15,47].
On the DTA curve (Figure 6.6) two distinct endothermic peaks are visible. These represent
the 2-step dehydroxylation process of illite. In the first step, the trans-vacant illite
dehydroxylates, while the second peak belongs to the dehydroxylation of the cis-vacant illite.
Few papers are devoted to the determination of kinetic parameters of the dehydroxylation of the
two steps of illite dehydroxylation [12,14]. The calculated apparent activation energies (EA)
are ~680 kJ/mol for the first step and 230 kJ/mol for the second step [12]. However, the values
of EA determined in [14] using a horizontal push-rod dilatometer are 119 kJ/mol for the first
and 184 kJ/mol for the second step. There is a rather high difference between these two values,
which can be related to the α→β transformation of quartz. The energy consumed by this process
was not considered in [12], contrary to [14].
The two-step-like character of the dehydroxylation was also observed on the DTG curves
(Figure 6.7). The corresponding mass losses were 3 % for the first and 0.5 % for the second
step. The evaporation of H2O molecules occurred in two steps (Figure 6.8), thus supporting the
DTA and DTG result. During dehydroxylation, the sample lost 3.5 % of its mass.
Expansion of the samples was observed during dehydroxylation (Figure 6.9). This can be related
to the expansion of the ring of the tetrahedral sheet to allow the water molecules to pass, as
described above. The relative expansion during dehydroxylation reached 1 %. However, at
573 °C, the α→β transformation of quartz lead to an additional expansion. Thus, the resulting
expansion is the superposition of these two competitive processes.
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6.1.2.4 Sintering
After dehydroxylation, a shallow endothermic peak is observable on the DTA curve at ~970 °C
(Figure 6.6). This represents the formation of the glassy phase and the beginning of the liquid
phase sintering. The mass of the sample did not change significantly. However, the illite
continued to expand (Figure 6.9). This expansion is related to the expansion of the b and c axes
and the simultaneous shrinkage of a axis and β angle of the crystals of dehydroxylated illite
[47]. The expansion and the almost unchanged mass leads to an increased porosity (compared
to that at room temperature) [15].
The XRD reflections gradually decrease by increasing temperature due to the increasing amount
of amorphous phase in the samples [15]. Above the temperature of 850 °C, the reflections
corresponding to the illite phase vanish and glassy phase is formed [15,48,49].
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Figure 6.10: XRD analysis of the illitic clay fired at 1100 °C.

A steep contraction above 950 °C represents the beginning of the sintering process. During
sintering, the sample density increases and its porosity decreases. The sintering in the illitic clay
is assisted by the viscous flow. Illite is reported as a good melting agent [49], thus an effective
sintering and structure densification is observed. The overall shrinkage of the sample
(at 1100 °C) represented ~7 %. The amount of the amorphous phase grew with increasing
temperature and reached 80 % at 1100 °C. XRD analysis of fired samples revealed quartz,
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spinel, and mullite as the mineral phases (Figure 6.10). The microstructure of the sample (Figure
6.2) became dense and a lower amount of pores was observed.
6.1.2.5 Cooling
As follows from the microstructure of the fired illitic clay, it can be simplified as quartz grains
incorporated in the glassy matrix. Since the CLTE of the glassy matrix differs from that of the
quartz grains, local stresses are created between the matrix and the grains. Thus, during cooling,
microcracking can occur around these grains [50,51]. The microcracking appeared as the glassy
phase solidified during cooling (Figure 6.11). The CLTE of the β-quartz is lower than that of
the matrix, hence radial cracks appear. During the transformation (the volume of the quartz
grains drops by 0.68 %), stress relaxation took place and the AE activity vanished. Moreover,
the closing of the previously formed radial cracks took place. As the temperature decreased,
circumferential cracks were formed around the quartz grains due to the higher CLTE of the
α-quartz than that of the matrix [50].
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Figure 6.11: Acoustic emission during cooling.

The dimensions of the sample did not vary significantly during cooling, only a ~1 % expansion
was observed. The SSA of the fired samples reached 0.5 m2/g.

6.2 Electrical and dielectric properties of the illitic clay during heating
Generally, ceramic raw materials are insulators. Their electrical conductivity is attributable to
the crystal imperfections (vacancies, surface charges) and impurities. Clays behave as
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semiconductors – by increasing the temperature, their electrical conductivity increases. In the
following section, the evolution of the electrical conductivity during drying and heat treatment
are discussed. In addition, dielectric permittivity is also investigated.
6.2.1 Drying
Clay particles in the dry state are insulators. However, if the water content exceeds 15 – 20 wt.%,
the electrical resistivity becomes low. Thus, the wet clay exhibits relatively high electrical
conductivity (similarly to the electrical properties of soils and bentonites [52–54]). Two
components of the electrical conductivity of wet clays are distinguished – volume conductivity
and surface conductivity [55,56]. The volume conductivity originates from the capillary and
hygroscopic water, therefore, by increasing the amount of the water in the clay the conductivity
increases. The surface conduction occurs on the tight interfaces of the bound hygroscopic layer
and the particle surface and is associated with proton migration [57].
Measurements were carried out at six different frequencies – 50 Hz, 200 Hz, 500 Hz, 1 kHz,
5 kHz, and 10 kHz. The electrical conductivity was calculated according to the formula [58]
1
𝑣
𝑣2
𝜎=
ln (
+ √ 2 − 1),
𝜋𝑅ℎ
2𝑟𝑑
4𝑟𝑑

(6.4)

where R is the measured resistance, h is the thickness of the sample (~ 10 mm), v is the distance
between the electrodes (4 mm), and rd is the radius of the electrodes. The formula is valid for
plate rectangular samples with two wire electrodes and with dimensions not exceeding 6v.
Therefore, the equation is valid for the sample used (50×50×10 mm3).
6.2.1.1 Dependence of the AC conductivity on the moisture content
The dependence of the AC conductivity on moisture exhibited 3 stages (Figure 6.12). In the first
stage, above 15 wt.% of water content, the AC conductivity is almost constant (a very slight
decrease is observable). This was related to the capillary water in the interconnected pores which
formed continuous conduction pathways. Below 15 wt.% of water (2nd stage) content of the
capillary water was almost removed, only a thin layer persisted. As the resistivity of the clay
particles is high and the thickness of hygroscopic water layer (at room temperature) is constant
(thus, its contribution to the overall electrical conductivity is also constant) the following
decrease can be explained by the decreasing content of the capillary water. The interconnection
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Figure 6.12: Dependence of the AC conductivity of the illitic clay on the moisture.

of the water layers in pores was disrupted (w < 13 wt.%), thus the electrical resistivity increased
(3rd stage) [40].
6.2.1.2 Frequency dependence
Frequency dependence of the AC conductivity for w = 20 wt.% is shown in Figure 6.13. The
AC conductivity exhibited a power law behavior by increasing frequency. Owing to the high
moisture content, the main environment for the passing of the AC current was the capillary
water.
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Figure 6.13: Frequency dependence of the AC conductivity for w = 20 wt.%.
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The conduction mechanism can be explained by the self-dissociation of water molecules
according to the relation
H2 O →H+ + OH− .

(6.5)

Moreover, the self-ionization of the capillary water has an additional contribution. This is
described as
H2 O + H2 O ↔ H3 O+ + OH− .

(6.6)

The H+ ions, due to their high mobility, contributed to the AC conductivity as well as the OH–
ions. In addition, H2O molecules have dipole moments, thus these contributed also to the
orientation relaxation. The localized hopping of the H+ ions was also possible.
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Figure 6.14: AC conductivity at 3 different water contents (in wt.%).

The frequency dependence of the AC conductivity at 3 different moisture contents is shown in
Figure 6.14. At 30 wt.% and 20 wt.% the capillary water was still present in the sample, which
led to a higher conductivity at these moistures. Moreover, the increase in the conductivity with
increasing frequency was more pronounced if the capillary water was present than in the case
of 10 wt.% when the capillary water was removed.
6.2.2 Removal of the physically bound water
The removal of the PBW was followed in terms of AC conductivity and the real part of complex
permittivity (ε′). The removal of the PBW caused significant changes in the electrical
conductivity, as well as in the ε′. As the temperature rises, the electrical conductivity also
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increases, until a maximum is reached at ~ 90 °C (Figure 6.15). This maximum corresponded
to the highest rate of the removal of the PBW. The dominant charge carriers were the products
of the dissociation of the H2O (similarly as in the previous section). As the number of the charge
carriers (water molecules) decreased, the electrical conductivity also decreased. During the
isothermal heating at 120 °C, the rest of the PBW was removed and the electrical conductivity
slowly decreased to its minimum value. The K+ and Na+ alkali ions became the dominant charge
carriers.
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Figure 6.15: Evolution of the AC conductivity during the removal of the PBW under isothermal heating at 120 °C
and 1 kHz.

Frequency dependence of ε′ exhibits a continuous decrease as the frequency increases. At low
frequencies, the polar molecules had enough time to follow the changes in the applied field.
However, as the frequency increased, the number of the molecules, which are able to follow the
signal, decreased, thus leading to a decrease in ε′. The reported value of ε′ for dry clay at MHz
frequencies is ~ 4 [59].
The AC conductivity exhibits an increasing tendency with increasing frequency. The data were
fitted using Jonscher’s power law (Eq. (2.6)), which enabled to determine the dominant
conduction mechanism. The values of σ1 and the exponent s are presented in Table 6.2. The
frequency exponent s remained below 1, which suggested the hopping conduction mechanism
[60–63]. In the low–frequency region, the long-range hopping of the ions is the dominant
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charge-carrying mechanism. Contrary to that, at high frequencies, the short-range interactions
become important. It is believed that the ion makes several forward-backward hops in its
potential well before completing a successful hop to the adjacent vacant site. The energy of
these hops increases as the thermal energy of the ions rises. Moreover, the environment in which
the ion is placed becomes important (vacant sites, etc.) [62,64].
Table 6.2: Fit parameters of the AC conductivity of the illitic clay at different temperatures during drying.

T / °C
40
100
120
120 – after the isotherm

𝝈𝟏 / 𝑺𝒎−𝟏
2.46 × 10-5
4.14 × 10-5
2.59 × 10-5
6.28 × 10-7

s
0.91
0.81
0.86
0.91

6.2.3 Temperature dependence of the AC conductivity and real part of the complex
permittivity
Up to the temperature of 200 °C, the AC conductivity (Figure 6.16) exhibits a slightly increasing
tendency due to the removal of the residual PBW from the sample. The dominant charge carriers
were, similarly as during drying, the H+ and OH– ions [33]. After the PBW was fully removed,
the AC conductivity reached its minimum. The observed decrease in the conductivity can be
explained by the reduced concentration of the free charge carriers after the PBW is fully
removed. The alkali ions do not have enough thermal energy to contribute to the conduction
mechanism. They rest in their potential wells. Moreover, at these temperatures, the K+ ion vacant
sites were occupied by H2O molecules. Strong electrostatic attractions are present between the
dehydrated cations and the negatively charged clay layers [65]. This is hindering the ion
mobility and, together with the above-mentioned reasons, the conductivity reached its minimal
value at ~220 °C. As the temperature increased, up to 400 °C, the conductivity started to increase
in a slight manner. In this region, the dominant charge carriers are the alkali ions (Na+, K+)
complemented with the H+ and OH– ions originated from the removal of the tightly bound
adsorbed water and interlayer water molecules. The conduction activation energy decreased
in this region with increasing frequency from 0.51 eV (1 kHz) to 0.15 eV (2 MHz). This decrease
can be attributed to the transition of the long-range hopping at low frequencies to the short-range
jumps at high frequencies. The pronounced increase in the conductivity starting from 450 °C
was caused by the removal of the OH– ions from the illite structure. During dehydroxylation (up
to ~600 °C) the dominant charge carriers are H+ and OH– ions. As the amount of the hydroxyl
68

Temperature (°C)
00 00 0
12 10 80

6

00

40

0

20

0

0

10

AC conductivity (Sm1)

10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
1.0

1.5

2.0

2.5

1

1000/T (K )

Figure 6.16: Temperature dependence of the AC conductivity of the illitic clay.

groups decreased, the current was again carried by K+ and Na+ ions. After the dehydroxylation
is finished (~600 °C), the thermal energy allows the ions to leave their potential wells and jump
to the available vacant sites. By increasing the temperature, the ions required lower energy from
the applied field to overcome the energy barriers of their potential wells and complete
a successful hop. This led to an increase in the conductivity with rising temperature. The
conduction activation energy in this interval (from 440 °C to 940 °C) decreased with increasing
frequency from 0.77 eV (250 Hz) to 0.31 eV (2 MHz). A moderate increase in the conductivity
is observed up to 950 °C, where the glassy phase started to form. The sintering of illite is assisted
by viscous flow, thus occurs in glassy phase. Electrical measurements are sensitive even to
a small amount of glassy phase [66]. The pronounced increase in the conductivity above 950 °C
was related to the appearance of the glassy phase, in which continuous conduction pathways are
formed [33,66]. The conduction activation energy reached high values, being 4.41 eV at the
frequency of 250 Hz and increasing to 5.55 eV at 2 MHz. This increase can be related to the
disability of the heavy ions to carry out several forward-backward hops in the glassy phase. The
sample at these temperatures can be treated as a two-phase material, where insulating particles
are present in a conducting glassy matrix. As the sintering proceeded, the porosity decreased
(coupled with an increase in the density), thus more conducting pathways were created.
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Figure 6.17: Temperature dependence of the real part of the complex permittivity of the illitic clay.

The temperature dependence of ε′ (Figure 6.17) exhibits similar features as the AC conductivity.
After passing a local maximum at 150 °C, the ε′ decreased reaching its minimal value, being
4.8, which is in accordance with previous studies [59,67]. The concentration of the free charge
carriers was the lowest at this point. Moreover, the ions were bound and were not capable of
following the field. As the temperature increased, the number of relaxing species increased, thus
a slight increase in ε′ is observed up to 400 °C. As the dehydroxylation began, the number of
the relaxing species increased, leading to a more pronounced increase in ε′. After
dehydroxylation (~ 600 °C) the number of the charge carriers and the dipoles (which are able to
follow the changes of the field) increased moderately. Upon the appearance of the glassy phase,
the value of ε′ rose significantly. The bonding force of the ions was decreased in this phase and
they could participate in the conduction mechanism.
6.2.4 Frequency dependence of the AC conductivity and real part of the complex permittivity
The frequency dependence of the AC conductivity (Figure 6.18) can be divided into two parts.
In the first part, up to a certain frequency, the DC-like conduction mechanism dominates – long
range displacements of the conducting ions [62,64]. A plateau-like behavior represents this
conduction mechanism. Above a certain frequency, the AC conductivity started to increase. This
increase was caused by the motion of the ions prior to the hopping in their potential wells. In
this high-frequency part, the local environment of the ion, as well as its interactions with the
neighborhood, became important [64]. The ions hop only to short distances. At high frequencies,
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more conduction paths were created (the impedance decreases and the current flowing through
the capacitive part increases) [68].
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Figure 6.18: Frequency dependence of the AC conductivity. Red curve- fit example.

The data were fitted by the Jonscher’s power law (Eq.(2.6)). An example of the fir is shown in
Figure 6.18. The parameter s (Table 6.3) remained below 1 over the whole temperature interval,
thus the hopping conduction mechanism dominates [32,60,61]. The ion acquired enough energy
to complete a successful jump and hops to the neighboring vacant site (potential well). A similar
trend of the curves is observed up to temperatures of 1000 °C. At higher temperatures (1100 °C),
the AC conductivity increases as
𝜎~𝜔𝑛

(6.7)

By extrapolating the fits to zero frequency, the DC conductivity is obtained.
The frequency dependency of ε′ (Figure 6.19) exhibits a decreasing trend by increasing
frequency. This was attributed to the ability of the ions to follow the changes of the applied
field. As the frequency increased, the contribution of some polarization mechanisms (dipolar
and structural polarization) got smaller, which led to a decrease in the ε′ with increasing
frequency. At the lowest frequencies, an additional contribution from the electrode polarization
may appear [64]. At the highest frequencies, only the electronic and ionic polarization persists.
This behavior of ε′ was observed over the whole studied temperature range. As the value of ε′
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Table 6.3: Fit parameters of the frequency dependence of AC conductivity of the illitic clay.

𝝈𝟏 / 𝑺𝒎−𝟏
4.29 × 10-8
8.78 × 10-7
2.20 × 10-6
1.70 × 10-4
3.27 × 10-4
1.27 × 10-3

T / °C
200
400
600
800
900
1000

s
0.75
0.88
0.76
0.98
0.79
0.96

increased with the temperature, the decrease was more pronounced at higher temperatures. At
temperatures above 600 °C, a steady value (~ 6) was reached at frequencies above 16 kHz.
However, at lower temperatures, a slight decrease was still observable. This was due to the lower
thermal energy of the ions in the low-temperature range (up to 600 °C).
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Figure 6.19: Frequency dependence of the real part of the complex permittivity of the illitic clay.

6.2.5 Temperature dependence of the DC conductivity
The DC conductivity of the illitic clay was studied in the temperature range from 120 °C to
1100 °C (Figure 6.20). In the first part, up to ~170 °C, the removal of the residual PBW takes
place. The H+ and OH– ions are the dominant charge carriers. The DC conductivity passes
through a local maximum and then decreases reaching its minimum at ~170 °C [31]. This
suggested, that the concentration and the mobility of the mobile charge carriers were the lowest
at this temperature. By further increase in the temperature, the conductivity also increased. The
dominant charge carriers become Na+ and K+ ions [26,30,31]. The contribution of the removal
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of the tightly bound hygroscopic water was observed at ~300 °C as a “hump” on the DC
conductivity curve.
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Figure 6.20: Temperature dependence of the DC conductivity of the illitic clay.

By increasing temperature, the mobility of the alkali ions also increased, thus leading to an
increase in the DC conductivity. The conduction activation energy in this region (250 – 440 °C)
was 0.85 eV, which is in good correspondence with that for alkali ions in alkali glasses [29]. At
~450 °C the dehydroxylation of the illite begins. The dominant charge carriers become the H+
and OH– ions. The following decrease in the conductivity at ~570 °C is probably due to the
association of the OH– groups with alkali ions creating neutral molecules, which do not
contribute to the electrical conductivity [29]. In addition, the removal of the H2O led to
a decrease in the amount of the charge carriers. After the dehydroxylation, the alkali ions were
mobile enough (due to the high temperature) to contribute to the conduction mechanism, which
led to an increase in the conductivity. Around 900 °C, glassy phase appears in illite, thus
continuous conduction pathways were created, which led to a steeper increase in the
conductivity.

6.3 Thermophysical and electric properties of mixtures of illitic clay with oil
shale ash
Mixtures of the illitic clay with two types of oil shale ash were prepared. Oil shale ash is
a byproduct of electricity production by burning the oil shale. The use of these ashes as
secondary raw materials is intensively studied as their production is much higher than their
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reuse, which represents only ~5%. The ash is deposited on huge landfills, the annual production
is roughly 2.8 million tons (2011).
The ashes studied in this thesis were obtained from Estonian power plants from two types of
combustion technologies: pulverized firing (PF) and circulating fluidized bed combustion
(CFBC). Both combustion techniques have their advantages and disadvantages. The CFBC has
higher efficiency and has lower combustion temperature (~750 °C), which results in a lower
emission of NOx and SOx. On the other hand, PF requires a fine-grained powder with a particle
size below 75 µm. The powder is then injected into the furnace by pre-heated air. The
combustion temperature is above 1000 °C [69].
6.3.1 Mixture of illitic clay with PF ash
The chemical composition prior to the hydration of the PF ash is shown in Table 6.4. The particle
size distribution exhibits 2 distinct maximums (Figure 6.21). The first maximum is observed at
~15 µm and the second maximum is located at ~200 µm. The existence of two maxima can be
explained by the formation of agglomerates from the small particles carrying a non-zero surface
charge.
Table 6.4: Chemical composition of the oil shale ashes.
Sample

CaOtot

CaOfree

MgO

SiO2

Al2O3

Fe2O3

SO3tot

K2O

Na2O

P2O5

MnO

TiO2

LOI

PF

36.0

7.8

4.7

28.3

7.2

3.6

9.2

3.6

0.3

0.14

0.06

0.4

6.5

CFBC

37.2

12.0

2.4

24.0

11.0

5.4

3.6

3.9

0.1

0.15

0.05

0.5

11.7

Several physical reactions are observed in the PF ash during heating (Figure 6.22). Up to
~200 °C the PBW is removed from the samples. This is observable on the MS curve (Figure
6.23), where weak H2O emission is recorded. Around 300 °C, the organic impurities were burnt
out, what affected the mass change and is visible on the DTG curve [69]. This removal is
confirmed by the CO2 emission in the corresponding temperature interval. The height of the
emission peak, as well as the effect of this process on the sample mass, suggest a low amount
of organic impurities in the PF ash. Moreover, part of the CO2 can remain bounded in the
structure by Ca(OH)2. The first noticeable endotherm on the DTA peak is located around 420
°C and corresponds to the decomposition of portlandite [70,71]. This process had also
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a significant effect on the sample mass, which decreased by ~2.5 %. The emission of H 2O
molecules was confirmed by the MS analysis.
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Figure 6.21: Particle size distribution of the PF ash.

As the temperature further increased a significant decrease in the sample mass represented the
decomposition of the CaCO3 in the temperature interval from 580 °C to 740 °C.
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Figure 6.22: DTA/TG of the PF ash.

The decrease reached ~ 3.1 %. The process of CaCO3 decomposition was also observed on the
MS curves, where a significant peak belonging to the CO2 emission was observed in the
above-mentioned temperature interval [69,71,72]. By further increase in the temperature, no
other processes are observed and the overall mass loss represents 6.7 %. Moreover, over the
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whole studied temperature range (up to 1050 °C) no SO2 emission was observed. The absence
of the emission of the SO2 can be related to the formation of anhydrite [69]. Thus, the PF ash
can be considered a suitable replacement for clay.
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Figure 6.23: Evolved gases from the PF ash during heating.

Once the thermophysical reactions in the PF ash were known, DSC analysis of the mixtures of
the illitic clay and PF ash were carried out. In the low–temperature region (up to ~800 °C) the
resulting curve is the superposition of the characteristics of the two components. Thus, only the
high-temperature (above 800 °C) part of the DSC curves is shown here.
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Figure 6.24: DSC of the illitic clay with 40 wt.% of PF ash content.
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Only one significant exothermal peak is observed on the DSC curve in the temperature interval
from 800 °C to 1050 °C (Figure 6.24). The peak maximum is located at the temperature of
~910 °C, which corresponds to the crystallization of the anorthite phase. As the melting point
of the ash is lower than that of the clay, the ash assists the sintering. The free CaO, which
remained in the sample after the decomposition of the CaCO3, supports the formation of new
crystalline phases [21,73]. The XRD phase analysis (Figure 6.25) confirmed the presence of
anorthite as a dominant crystalline phase. In addition to anorthite, diopside and leucite were
identified as the important crystalline phases in the sample. The enhanced crystallinity improves
the mechanical properties of the samples [74].
The specific surface area of the sample at room temperature was 25.1 m2/g, being slightly lower
than that of the illitic clay. Dimensional changes of two mixtures of illitic clay with PF ash were
recorded from RT to 1100 °C (Figure 6.26). Around 100 °C, a contraction of samples from both
mixtures due to the removal of the PBW was observed. After the PBW is removed, the particles
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Figure 6.25: XRD of the illitic clay with 40 wt.% of PF ash after firing at 1100 °C.

are settled closer to the neighboring ones. The contraction ends at ~200 °C and the dimension
of both samples remain unchanged up to ~450 °C. At this temperature, the illite dehydroxylation
and the α→β transition of quartz lead to a noticeable expansion. After dehydroxylation, the
decomposition of CaCO3 begins, lowered the expansion of the samples (compared to that of the
pure illitic clay) up to 820 °C. At this temperature, the expansion of the ID2 sample (containing
20 wt.% of PF ash) reached 0.8 %, while the expansion of the ID4 sample (containing 40 wt.%
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of PF ash) reached 1%. At higher temperatures (above 820 °C), a glassy phase is formed and
sintering assisted by viscous flow takes place [21]. Along with the sintering, crystallization of
20%
40%
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Figure 6.26: Thermodilatometry of the illitic clay with 20 and 40 wt,% of PF ash content. Inset graph: CLTE in
the temperature range from 700 to 1100 °C.

new mineral phases started (anorthite). The highest rate of the sintering was observed at 896 °C
for the ID2 sample and at a slightly lower temperature (885 °C) for the ID4 sample. By
increasing the temperature, the physical properties of the sample also improved (water
absorption, compressive strength) [74]. This is related to the formation of the crystalline phases
due to the CaO content of the ash. The SSA of the sample ID4 decreased to 1.3 m2/g at 1100 °C.
Moreover, the overall shrinkage of the prepared samples was significantly lower than that of the
pure illitic clay (Table 6.5). As the behavior of mixture with 40 wt.% of ash content exhibited
good thermophysical properties, this mixture has been chosen for further analyses. The sample
had a compact microstructure, where needle-shaped crystals were formed on the partially melt
surface.
The removal of the PBW had a noticeable effect on the AC conductivity (Figure 6.27). The
conductivity increased with increasing temperature until a maximum was reached. The
temperature of the maximum corresponds to the temperature, where the PBW evaporation is the
most intense (~100 °C). Above this temperature, the AC conductivity steeply decreased as
a result of the decreasing amount of charge carrying H+ and OH– ions. After the PBW is removed
the conductivity reached its minimum. The studied sample was PBW free after 2000 s (~34 min)
of isothermal heating.
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Table 6.5: Evolution of the SSA during firing.

Firing
temperature
(°C)
Green
900
1000
1100

Illite

Illite, 60% +
CFBC, 40%

Illite, 60% +
PF, 40%

28.9
3.9
1.4
0.5

22.8
1.5
1.9
1.2

25.1
2.1
1.2
1.3

The frequency dependence of the AC conductivity obeyed Jonscher’s power law (Eq. (2.6)).
The values of σ1 and s were determined for three temperatures: 60 °C, 120 °C (before the
isothermal heating), and 120 °C (after the isothermal heating) (Table 6.6). The highest value of
σ1 was found at 120 °C, before the isothermal heating.
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Figure 6.27: Evolution of the AC conductivity of the illitic clay with 40 wt.% of PF ash during drying.

Similarly to the AC conductivity, ε′ reached its maximum at ~100 °C (Figure 6.28). Once the
maximum was reached, a significant decrease is observed. The value of ε′ decreased from 75 to
~2 as the PBW was removed. Contrary to the AC conductivity, ε′ reached its minimum faster,
after 1500 s (25 min) of isothermal heating.
Table 6.6: Fit parameters of the AC conductivity of the illitic clay with 40 wt.% of PF ash at different
temperatures during drying.

T / °C
60
120 – at the beginning of the isothermal heating
120 – after the isothermal heating
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σ1 / S·m-1
3.56×10-7
5.16×10-6
6.55×10-7

s
0.79
1.21
1.83

A shallow peak on the temperature dependence of the AC conductivity below 250 °C represents
the removal of the residual PBW from the sample (Figure 6.29). The peak is more pronounced
on the temperature dependence of ε′ (Figure 6.30). At these temperatures, the dominant charge
carriers are the products of the PBW dissociation. After the PBW was removed, the
AC conductivity increased with rising temperature. The main charge carriers became the alkali
ions (K+ and Na+), even though the Ca2+ ions were also present in the sample.
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Figure 6.28: Evolution of the real part of the complex permittivity of the illitic clay with 40 wt.% of PF ash
during drying.

This is related to the difference in the size of the mentioned ions [26]. The decomposition of
portlandite had negligible influence both on the AC conductivity and ε′. Moreover, this process
takes places at temperatures of ~420 °C, where also the illite dehydroxylation starts. During
dehydroxylation H+ and OH– ions became the dominant charge carriers. The CAE in the
discussed temperature interval (290 – 470 °C) was 0.41 eV (at 1 kHz). This value confirms that
the dominant charge carriers were H+ and OH– ions (originated from the portlandite
decomposition and the starting illite dehydroxylation). After the dehydroxylation, the
AC conductivity steeply rose with increasing temperature. The CAE in the temperature interval
from 500 to 730 °C reached 1.14 eV (at 1 kHz). The main charge carriers were the H+ and OH–
alkali ions. At ~830 °C the decomposition of CaCO3 led to a saddle point in the temperature
dependence of the AC conductivity. A plateau-like dependence of ε′ on the temperature during
this reaction reflected the fact that the motion of the charge carrying species was limited. The
decomposition of the CaCO3 led to a creation of Ca2+ ions, which became dominant charge
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carriers. The glassy phase also started to form. The ions move more easily in the newly formed
glassy phase, which leads to a steep increase in the conductivity.
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Figure 6.29: Temperature dependence of the AC conductivity of the illitic clay with 40 wt.% of PF ash.

A deceleration of the increase in the AC conductivity at ~940 °C represented the formation of
new crystalline phases. During crystallization, the free motion of the ions is restricted, thus they
cannot participate in the conduction mechanism. Similar behavior is observed in the temperature
dependency of ε′ at ~940 °C. As the crystallization was completed, the conductivity started to
increase.
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Figure 6.30: Temperature dependence of the real part of the complex permittivity of the illitic clay with 40 wt.%
of PF ash.
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Frequency dependence of the AC conductivity and ε′ was studied at 3 selected temperatures
(300 °C, 600 °C, and 1000 °C). The frequency dependence of the AC conductivity obeyed
Jonscher’s power law in all studied cases (Table 6.7). The fit parameters confirmed the ion
hopping as the dominant conduction mechanism. At low frequencies, the long-range
displacements of conducting species made the major contribution to the AC conductivity.
However, as the frequency increases, the ions do not have enough time to carry out a successful
jump and the short-range interactions become important.
Table 6.7: Fit parameters of the frequency dependence of the AC conductivity of the illitic clay with 40 wt.% of
PF ash.

T / °C
300
600
1000

σ1 / S·m-1
4.48×10-6
1.40×10-5
2.00×10-2

s
1.36
0.77
0.11

6.3.2 Mixture of illitic clay with CFBC ash
The CFBC ash contained a higher amount of free CaO compared to the PF ash (Table 6.4). The
particle size distribution exhibits two maxima: at 13 and at 56 µm (Figure 6.31). Thus, no
formation of big agglomerates was observed.
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Figure 6.31: Particle size distribution of the CFBC ash.

When subjected to heating, firstly the PBW is removed from the CFBC ash [75]. This process
is observable on the TG curve up to ~200 °C and causes a decrease in the sample mass by about
2.2 %. This value was significantly higher than that in the case of the PF ash. It implies, that
more water is bounded in the CFBC ash. This can be also related to the higher charge of the
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surface of the CFBC ash particles, than that of the PF ash particles. Starting from ~220 °C, an
exotherm is observable on the DTA curve (Figure 6.32). This peak is related to the
decomposition of the organic matter in the sample. The decomposition was also confirmed by
the MS curve (Figure 6.33), which exhibited a two-step release of CO2 from the sample. In the
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Figure 6.32: DTA/TG of the CFBC ash.

first step, the sample mass decreased by 1.7 %, thus the amount of the organic impurities was
higher in the CFBC ash, than that in the PF ash. In the temperature interval from 378 °C to
482 °C, an endotherm represents the decomposition of portlandite [71,72]. During this process,
the sample mass decreased by 2.8% and the highest rate of the reaction was observed at 440 °C
(both on DTG and H2O emission curves). Moreover, in addition to the portlandite
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Figure 6.33: Evolved gases during heating from the CFBC ash.
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decomposition, the second step of the decomposition of the organic matter ran in the abovementioned temperature interval. The decomposition of CaCO3 began at 540 °C and was finished
at 770 °C. During this process, emission of CO2 was observed from the sample. The mass loss
of the sample reflected a significant amount of decomposed CaCO3, as it decreased by 6 %.
This decrease is almost twice as high as in the case of the PF ash. The overall decrease in the
sample mass represented 14.1 %, thus it was much higher than that of the PF ash. As in the case
of PF ash, no SO2 emission was observed in the entire studied temperature range.
DSC curve of the IA4 (40 wt.% of CFBC ash) sample (Figure 6.34) exhibits a less significant
exothermic peak (compared to the ID4 sample) at ~925 °C. This peak represents the formation
of the anorthite phase in the sample, which is also the dominant mineral phase (Figure 6.35).
Similarly, as in the case of the ID4 sample, diopside and leucite were identified as additional
crystalline phases present in the sample. The presence and the amount of the minor crystalline
phases are not significant compared to the above-mentioned ones.
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Figure 6.34: DSC of the illitic clay with 40 wt.% of CFBC ash.

The dimensional changes (Figure 6.36) follow the processes occurring in the illitic clay and the
CFBC ash and exhibit a similar trend as for the ID samples. After the removal of the PBW, the
dimensions of the samples decreased only slightly. A significant increase in the dimensions of
both IA2 (20 wt.% of CFBC ash) and IA4 was observed as the illite dehydroxylation began at
450 °C. When this process ended, the samples continued to expand due to their illite content.
However, the expansion was lower due to the decomposition of the CaCO3. The thermal
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expansion of the sample remained dominant until the glassy phase started to form (~850 °C).
This led to a significant contraction of the sample, with the highest rate at 920 °C for the IA2
and 910 °C for the IA4 samples. As the sintering assisted by viscous flow proceeded, new
mineral phases
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Illite + 40%CFBC
Quartz 9.38 %
Cristobalite 0.46 %
Leucite 24.15 %
Diopside 17.34 %
Anorthite 43.00 %
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Figure 6.35: XRD analysis of the illitic clay with 40wt.% of CFBC ash after firing at 1100 °C.

crystallized. This is mostly related to the free CaO (which remained bond in the sample after the
decomposition of the CaCO3). In the case of the IA2 sample a second step, around 1050 °C was
observed, which can be related to the effect of the higher content of the illitic clay. The overall
shrinkage of the samples was 1.5 % for IA2 and 1.8 % for the IA4 samples. The melting of the
oil shale ash enhanced the sintering of the samples and decreased the amount of the amorphous
phase in the final product.
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Figure 6.36: Thermodilatometry of the illitic clay with 20 and 40 wt.% of CFBC ash content. Inset graph: Rate of
length change in the temperature range from 700 to 1100 °C.
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As with the mixtures with PF ash, the IA4 sample was chosen to undergo further analyses. The
evolution of the specific surface area of the IA4 is presented in Table 6.5.
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Figure 6.37: Evolution of the AC conductivity of the illitic clay with 40 wt.% of CFBC ash content during
drying.

The highest rate of the PBW removal is observed at ~100 °C, where both the AC conductivity
and ε′ pass through their maximum (Figure 6.37 and Figure 6.38). The dominant charge carriers
are the H+ and OH– ions, which are the products of the PBW dissociation. As the amount of the
PBW decreased, the number of the mobile charge carriers also reduced, which led to a decrease
in the AC conductivity (above 100 °C). After the PBW was removed, the AC conductivity
reached a steady value (after 1500 s; 30 min) and did not undergo further changes during the
isothermal heating. The ε′ decreased with decreasing amount of PBW (dipoles) from 55 to ~5.
The constant value of ε′ was reached after 1200 s (20 min).
Table 6.8: Fit parameters of the frequency dependence of the AC conductivity of the illitic clay with 40 wt.% of
CFBC ash at different stages of PBW removal.

T / °C
60
120 – at the beginning of the isothermal heating
120 – at the end of the isothermal heating

σ1 / S·m-1
7.45×10-7
3.51×10-6
4.89×10-7

s
0.63
1.36
2.00

The frequency dependence of AC conductivity was fitted using Jonscher’s power law (Table
6.8). As follows from the value of s, the conduction occurs through the hopping mechanism.
Part of the PBW remained bonded in the samples and evaporates at temperatures below 250 °C
(Figure 6.39). The main charge carriers in this temperature region are H+ and OH– ions.
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By increasing the temperature above 250 °C, the AC conductivity changes only slightly due to
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Figure 6.38: Evolution of the real part of complex permittivity of the illitic clay with 40 wt.% of CFBC ash
content during drying.

ion jumping is low at these temperatures. A shallow peak between 420 °C and 600 °C represents
the illite dehydroxylation (observable on both AC conductivity and ε′ curves). In this
temperature region the main charge carriers are the H+ and OH– ions originated from the illite
structure. This was confirmed by the values of CAE, which reached 0.76 eV (at 1 kHz) in the
temperature interval from 350 °C to 720 °C. Simultaneously with the illite dehydroxylation, the
decomposition of the portlandite occurs. After the dehydroxylation is finished, the K+ and Na+
ions become the dominant charge carriers. The number of available vacant sites and the thermal
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Figure 6.39: Temperature dependence of the AC conductivity of the illitic clay with 40 wt.% of CFBC ash.
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energy of the alkali ions increased, which led to an exponential increase in the AC conductivity
above 600 °C. The steep increase is observed up to ~ 820 °C, where the CaCO3 decomposition
starts. The process is represented by a decrease in the AC conductivity, suggesting that the
motion of the conducting species was limited. On the other hand, after the CaCO3
decomposition, Ca2+ ions became the dominant charge carriers. The formation of the glassy
phase (~ 900 °C) supported the motion of the ions, as the potential wells became lower leading
to a lower energy required to overcome their potential barriers. At ~ 940 °C the increase in the
AC conductivity decelerates, representing the formation of new crystalline phases. The
deceleration is not observed in the same extent on the temperature dependency of ε′, which
increases monotonously with increasing temperature. Frequency dependence of the
AC conductivity revealed that the conduction occurs via ion hopping over the entire studied
temperature range (Table 6.9).
Table 6.9: Fit parameters of the frequency dependence of the AC conductivity of the illitic clay with 40 wt.% of
CFBC ash at different temperatures.

T / °C
300
600
1000

σ1 / S·m-1
7.76×10-7
1.76×10-5
1.00×10-2

s
1.73
0.88
0.30

SEM images (Figure 6.40) of the fired samples exhibit a partially molten surface. Needle-like
crystals were formed in the ID4 sample. The microstructure of the samples is microporous.

Figure 6.40: SEM images of the ID4 (left) and IA4 (right) samples fired at 1100 °C.

6.4 Anorthite crystallization through the measurement of dielectric properties
Anorthite is the end member of plagioclase feldspar group. The chemical formula for anorthite
is CaO·Al2O3·2SiO2 and consist of 43.2 wt.% SiO2, 36.6 wt.% Al2O3, and 20.2 wt.% CaO.
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Among the advantages of the anorthite, ceramics belong the high chemical resistivity, low
dielectric constant, and good mechanical properties. To achieve anorthite crystallization from
clay raw materials, the correct stoichiometry has to be produced. A mixture of illite with CaCO3
allows achieving the anorthite stoichiometry only partly. An extra K2O remains in the structure,
thus giving rise to other mineral phases (leucite). On the other hand, leucite has a favorable
effect on the final physical properties of the ceramic materials [76].
The used temperature regime consisted of 3 parts:
1. Heating from room temperature to 780 °C with a heating rate of 25 °C/min
2. Isothermal heating at 780 °C for 20 min
3. Heating from 780 °C to 1150 °C with a heating rate of 5°C/min
The above–described regime was chosen to reduce the firing duration and to provide enough
time for CaCO3 decomposition during the isothermal heating. In the last part, the crystallization
of new mineral phases was studied. In the following, only 780 °C to 1150 °C stage of heating
will be discussed.

Figure 6.41: SEM images after firing at 780 °C (left) and 1150 °C (right).

6.4.1

Thermophysical properties of the mixture of illitic clay with CaCO3

The initial microstructure (780 °C) of the sample was homogenous, without bigger pores (Figure
6.41). At 830 °C, an endothermic reaction is observable on the DSC curve (Figure 6.42), which
is related to the decomposition of CaCO3 [77]. After this process, the presence of all the basic
minerals (SiO2, Al2O3, and CaO) for anorthite (CaAl2Si2O8) crystallization is granted. At
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940 °C, a sharp exothermic peak represents the crystallization of anorthite. However, as the
anorthite stoichiometry was not ideal, at higher temperatures, other mineral phases were formed.
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Figure 6.42: DSC of the prepared mixture.

The peak at 1070 °C is linked to the crystallization of leucite (KAlSi2O6), owing to the K2O in
the illitic clay. The presence of these mineral phases was confirmed by XRD analysis (Figure
6.43). The final microstructure of the sample is porous (Figure 6.41). The pores are formed
during the CaCO3 decomposition, which is accompanied with the emission of CO2 gas.
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Figure 6.43: XRD analysis of the sample fired at 1150 °C (● – Anorthite, ♦ – Leucite, ∇ – gehlenite).

The sample exhibited a continuous expansion up to ~900 °C caused by the expansion of the
illite crystals (Figure 6.44) [47]. The crystallization of the anorthite brought about a significant
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reduction in the sample length (1.5 %). The highest rate of the contraction was observed at
930 °C, in correspondence with the DSC peak temperature of the crystallization of anorthite.
Above ~950 °C, the sample volume remained almost unchanged. A slight expansion observed
above 1050 °C can be linked to either the expansion of the anorthite crystals and to the
crystallization of leucite. The overall contraction of the sample was 0.03 %, which is much lower
than that of illite (7 %).
6.4.2

Crystallization of anorthite in terms of AC conductivity

The decomposition of the CaCO3 did not bring about any observable effects on the temperature
dependence of the AC conductivity (Figure 6.45). The Arrhenius-like increase in the
conductivity between 780 – 900 °C allowed the determination of conduction activation energies.
The conduction activation energy decreased with increasing frequency from 1.37 eV at 44 Hz
to 0.32 eV at 4 MHz. Over the whole discussed region, the dominant charge carriers are alkali
ions (K+ and Na+) complemented by Ca2+ ions. Above 900 °C, the AC conductivity increases
sharply. This can be related to the appearance of the glassy phase, as the conductivity is sensitive
even to its small amounts [66].
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Figure 6.44: Thermodilatometry of the illitic clay + CaCO3 sample.

Moreover, the anorthite crystallization occurs at ~950 °C, which leads to a deceleration in the
increase of the AC conductivity. As the ions resting in their potential wells have to undergo
defined displacement during the crystallization, they are not able to participate in the conduction
mechanism. The crystallization temperature can be determined by taking the derivative of the
conductivity with respect to the temperature. The peak temperatures are in good agreement with
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the DSC peak temperatures. The leucite crystallization leads to an increase in the conductivity,
which is followed by a deceleration of the conductivity.
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Figure 6.45: Temperature dependence of the AC conductivity of the mixture.

The temperature dependence of the loss tangent (Figure 6.46) exhibits two maxima. The first at
~940 °C and the second at 1070 °C, indicate that the losses are the highest at these temperatures.
This can be related to the correlated movement of ions during crystallization, which restricts
their free movement and contribution to the AC conductivity.
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Figure 6.46: Temperature dependence of the loss tangent of the mixture.

To identify the dominant conduction mechanism, the frequency dependence of the
AC conductivity was analyzed. The curves obeyed Jonscher’s power law. The parameter s
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decreased with increasing temperature and did not exceed 1 (Table 6.10). Thus, the hopping of
the ions was the dominant conduction mechanism. At low frequencies, the ions are able to carry
out long-range displacements. However, as the frequency increases, the time available for one
jump reduced. Instead of the long-range jumps, short-range hopping of ions becomes the
dominant mechanism above a certain limiting frequency. At high temperatures, the number of
the available vacant sites is high enough, thus ε′ is higher compared to that at lower temperatures.
The real part of the complex permittivity exhibits a steep increase as the glassy phase appears
(~930 °C, Figure 6.47). The conducting species can easily move in the glassy phase and
conducting pathways are created. After the anorthite crystallization, at 1015 °C a local
maximum of ε′ was observed. Above this temperature, ε′ decreased with increasing temperature
until the local minimum value was reached (at ~1070 °C). This minimum represented the
crystallization of leucite phase, during which the free movement of ions was limited. After the
leucite was formed, ε′ increased linearly with the rising temperature.
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Figure 6.47: Temperature dependence of the real part of the complex permittivity of the mixture.

Moreover, the value of ε′ dropped as the frequency increased (Table 9.1). The reason for this is,
again, that the ions gradually stopped to follow the changes of the applied field.
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Table 6.10: Fit parameters of the frequency dependence of the AC conductivity of the mixture at different
temperatures.

Temperature / °C
780
900
1000

𝝈𝟏 / 𝑺 · 𝒎−𝟏
5.68×10–5
2.35×10–4
2.63×10–3

s
0.72
0.63
0.48
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7 Conclusions
Thermophysical and electrical properties of the illitic clay mined near the town of Füzérradvány
were investigated discussed. The material was characterized in terms of thermal, as well as
structural analyses. The microstructure of the samples was studied by scanning electron
microscopy (SEM). It was found, that 3 main processes take place in the illite during heating.
The first is the removal of the physically bound water (up to 250 °C), followed by the 2-step
dehydroxylation (450 – 750 °C) and sintering by viscous flow at high temperatures (above
950 °C). The most important results related to the illitic clay can be summarized as follows:
-

the illitic clay sample reached its final dimensions during drying when the initial moisture
content (35 wt.%) decreased to 15 wt.%. The overall contraction during the drying process
represented 17 %.

-

The AC conductivity of the wet illitic clay exhibited a steady value when the moisture
content was above 15 wt.%, which was the result of the presence of the capillary water in
the interconnected pores. As the moisture content decreased, the interconnections were
interrupted and the AC conductivity gradually decreased (w < 13 wt.%). The main charge
carriers were the products of the water dissociation (H+ and OH– ions).

-

The removal of the physically bond water (PBW) took place in three steps (corresponding
to the removal of the capillary water, loosely bound adsorbed water, and tightly bound
adsorbed water, respectively) up to 250 °C and lead to a 1.2 % total decrease in the sample
mass. The H2O removal was also confirmed by evolved gas analysis (EGA).

-

The removal of the PBW caused a significant decrease in the electrical conductivity (by ~2
orders of magnitude). The products of the PBW dissociation were the dominant charge
carriers (H+ and OH– ions). After the PBW was removed, alkali ions (K+ and Na+) became
the dominant charge-carrying ions. The frequency dependence of the AC conductivity
revealed that the conductivity occurs via hopping mechanism.

-

The illite dehydroxylation proceeded in 2 steps and caused a 3.5 % decrease in the sample
mass. The sample dimensions expanded by 1 %.

-

During dehydroxylation H+ and OH– ions became the dominant charge carriers. After the
dehydroxylation, Na+ and K+ alkali ions were the main charge carriers. The association of
the OH– ions with the alkali ions K+ and Na+ led to a formation of neutral complexes, which
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did not contribute to the DC conductivity. This led to a deceleration in the increase in the
DC conductivity. This effect was not observed in the case of AC conductivity.
-

Above ~970 °C the glassy phase started to form and sintering assisted by viscous flow took
place which led to a steep contraction of the sample. The overall contraction reached 7 %.
X-ray diffraction (XRD) analysis of the fired sample revealed quartz, spinel, and mullite as
mineral phases.

-

The appearance of the glassy phase led to the creation of continuous conducting pathways,
which resulted in an increase of the electrical conductivity.

-

Frequency dependences of the AC conductivity at different temperatures revealed that the
electrical current is carried by hopping mechanism.

-

AE measurements during cooling revealed that microcracking occurs after the solidification
of the glassy phase as a consequence of the different coefficients of linear thermal expansion
(CLTE) of the matrix and the quartz grains.

In addition to the pure illitic clay, its mixtures with two types of oil shale ash were studied. The
reuse of the OSA is of particular importance. The ashes used were obtained from pulverized
firing and circulating fluidized bed combustion. The results obtained on the mixtures of the
illitic clay with 40 wt.% of ash (pulverized firing – PF, circulating fluidized bed
combustion – CFBC) can be summarized as follows:
-

During thermal treatment of the PF and CFBC ashes, two significant endothermal reactions
were observed. Firstly, the Ca(OH)2 dehydration took place, which led to a 2.5 % and 2.8 %
decrease in the sample mass for the PF and CFBC ashes, respectively. The second reaction
represented the decomposition of the CaCO3. This led to an additional 3.1 % and 6 %
decrease in the sample mass for the PF and CFBC ashes, respectively. The overall mass
losses reached 6.7 % for the PF ash and 14.1 % for the CFBC ash. The emission of SOx
gases is not acceptable in the modern ceramic industry. In agreement with this, no emission
of the above-mentioned gases was observed (for all studied samples).

-

Differential scanning calorimetry (DSC) analysis revealed one significant exotherm
(910 °C for the ID4 (40 wt.% of PF ash content) and 925 °C for the IA4 (40 wt.% of CFBC
ash content) samples), which was related to the crystallization of the anorthite phase. In
addition to anorthite, diopside, leucite, and cristobalite were identified as crystalline phases
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in the ID4 sample. Similarly, anorthite, leucite, gehlenite, diopside, and cristobalite were
found as crystalline phases in the IA4 sample.
-

The appearance of the glassy phase led to a significant contraction of both samples. The
ID4 sample exhibited the highest rate of length change at 885 °C, which was by ~20 °C
lower than that for IA4 sample. The overall expansion of the samples differed, being 2.5 %
for the ID4 sample and 1.8 % for the IA4 sample. The specific surface area of the samples
after firing at 1100 °C was 1.3 m2/g and 1.2 m2/g for ID4 and IA4, respectively. The values
suggest a similar densification in both cases.

-

Temperature dependences of both ID4 and IA4 samples exhibited similar features. In the
high-temperature region, at ~830 °C, a saddle point was observed, which was caused by the
CaCO3 decomposition. After the process was finished, Ca2+ ions supported the conductivity
carried by the alkali ions. The steep increase can be related to the appearance of the glassy
phase. The crystallization of the new mineral phases led to a deceleration in the increase of
the AC conductivity.

-

The frequency dependence of the AC conductivity revealed that the conductivity is carried
by hopping mechanism.

-

The temperature dependence of the ID4 sample exhibited two exponential parts, where the
conduction activation energy (CAE) was calculated. In the first interval (290 – 470 °C), the
value of CAE reached 0.41 eV, suggesting that the main charge carriers were H+ and OH–
ions originated from the portlandite decomposition and illite dehydroxylation. In the second
temperature interval (500 – 730 °C) the CAE was 1.14 eV. The main charge carriers H+ and
OH– ions. The temperature dependence of the IA4 sample allowed calculating the CAE in
the temperature interval from 350 °C to 720 °C. The value of CAE reached 0.76 eV, what
suggested the H+ and OH– ions as main charge carriers. These originated both from the
portlandite decomposition and illite dehydroxylation.

A mixture of the illitic clay with 25 wt.% calcite was prepared to achieve the anorthite
stoichiometry. Nowadays, special attention is paid to anorthite because of its low CLTE and
dielectric constant.
-

Anorthite and leucite were identified as the main mineral phases formed from the mixture
of the illitic clay and calcite. Two peaks at temperatures corresponding to the DSC
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crystallization peaks were found on the temperature derivative of the AC conductivity.
Moreover, the temperature dependence of the loss tangent also exhibited peaks at the same
temperatures. Thus, AC conductivity was proven as a useful tool for following the
crystallization of new mineral phases.
-

The calculated CAE reached 1.22 eV suggesting that the main charge carriers were K+, Na+,
and Ca2+ ions.

In the thesis, the usefulness of the electrical measurements in the ceramic research was
demonstrated. It has been shown, that, the AC conductivity allows not only following the
thermally activated processes and reactions in the samples, but it can be a powerful tool in
observing the crystallization of new mineral phases. The proposed mixtures of the illitic clay
with 40 wt.% of OSA exhibited acceptable properties, hence they can be used as raw materials
in the ceramic industry. The crystallinity of the product increased, compared to that of the pure
illitic clay. The provided description of the evolution of the electrical properties of the illitic
clay, as well as that of the mixtures, can be also used to optimize the firing mechanism.
Moreover, the knowledge of the conduction mechanism, as well as the dominant charge carriers,
can contribute to the development of a successful electric field assisted sintering process. This
sintering procedure was recently developed and a deep understanding of the electrical
conduction is required to adopt the method for traditional ceramics.
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