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Abstract
A non-isothermal kinetic analysis of the sintering process of an illitic clay is studied by thermodilatometry. For this study,

illitic clay with over 80 mass% of illite content, originated in the Füzérradvány location in northeastern Hungary, is used as

basic material. The measurements are performed using a push-rod dilatometer on compact samples with heating rates from

1 to 10 �C min-1 in dynamic N2 atmosphere. The Kissinger method is used for the parameterization of the process. The

results show that the reaction sintering runs in several overlapping steps. The determined values of the apparent activation

energy of the first step and second step are EA = (625 ± 18) kJ mol-1 and EA = (575 ± 14) kJ mol-1, respectively. The

results also show that both reactions could be characterized by the thickening of long cylinders (needles) or growth of

needles and plates of finite long dimensions.
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Introduction

A group of ceramic materials that are sometimes called

‘‘traditional ceramics’’ is based on the utilization of natu-

rally occurring clay minerals. Products belonging to the

group of traditional ceramics include porcelain, bricks,

floor and roof tiles, sewer pipes, etc. Among many kinds of

clay minerals, kaolinite and illite are most frequently found

in raw clays and usually they also are a major part of those

clays. Kaolinitic clays are essential for porcelain

production, while illitic clays are more often used as a

basic material for products of building ceramics.

The technological process of traditional ceramics pro-

duction consists of clay mining, its purification, mixing

with other additives, shaping of product, drying, firing and,

sometimes, glazing and grinding [1]. Among these pro-

cesses, the firing is the most important step. It is a sequence

of heating to a required temperature with a specific heating

rate, isothermal regime at a higher temperature and cooling

down to room temperature with a specific cooling rate.

During firing, the final properties of the ceramic product

are obtained, such as mechanical strength, hardness,

chemical and microstructural durability, refractoriness or

color. The most significant changes in clay minerals occur,

when they are thermally treated and include drying,

dehydroxylation, structural collapse and formation of new

minerals either directly from the collapsed structure (i.e.,

spinel formation from metakaolinite) or from the melt.

From the perspective of ceramics production, the most

significant stage of firing is sintering, which occurs at the

highest applied temperature. In this stage, powder particles,

which form the green body, are interconnected either by

the action of melted phase or sintering in solid state or by

reaction sintering accompanied by the formation of new

mineralogical phases [2].
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Illite loses its structural water between 450 and 780 �C
during the process known as dehydroxylation [3]. Its

crystal structure after dehydroxylation, however, remains

almost unchanged up to 850–950 �C [4–6]. Despite this,

the first spots of liquid were observed already at the tem-

perature of * 700 �C [7]. Because of the relatively high

potassium content in illite (* 7 mass%), it tends to form a

high amount of melted phase [5, 6, 8]. In addition, after

firing between 900 and 1000 �C, it creates potassium alu-

minosilicate glass [9]. Potassium cation significantly inhi-

bits the formation of new minerals [4, 5]. The most often

observed mineral phase developed from illite is mullite

[4, 7–9] which begins to form in the temperature range

from 1050 to 1150 �C. In [5], the formation of mullite was

reported even at temperatures lower than 1000 �C. On the

other hand, mullite was not observed in clay containing

40 mass% of illite and 15 mass% of chlorite fired at

1075 �C [6]. This was attributed to the high magnesium

content. Another phase that is often observed after firing in

the illitic clays is spinel. The temperatures at which spinel

begins to form are between 1000 and 1100 �C [4, 7, 9].

Besides mullite and spinel, the formation of b-quartz in the

temperature interval from 1000 to 1300 �C was observed in

[4]. It was reported in [7] that high-temperature phases had

preferential orientation depending on the orientation of the

original clay particles. The results of various studies

[5, 8, 10] indicated that the formation of high-temperature

mineralogical phases in illitic clays is rather strongly

dependent on the composition of original material. For

example, illite acts as a precursor of cordierite crystal-

lization if magnesium was present in the material [8].

The evolution of microstructure during the sintering is

not given only by the inherent properties of the used

materials, but in large extent also by the consolidation of

particles during the shaping and drying process. Some

studies [4, 5, 7, 9, 11] were dedicated to investigating the

phase evolution of clay minerals on powder samples. These

studies can yield valuable information. However, when

studying the sintering process, a compact sample must

always be used. The most frequently used methods for

in situ study of the sintering process are thermodilatometric

analysis (TDA) and dynamical mechanical analysis (DMA)

[12–15]. These analyses can be used to evaluate the kinetic

parameters of the sintering process. The kinetic analysis

provides information about the underlying mechanisms

occurring during the sintering process; therefore, its results

can be used to optimize the firing process. There are quite

many studies [12, 16, 17] focusing on the sintering kinetics

of kaolinite clay. On the other hand, according to the

authors’ best knowledge, only one study has reported

information about the kinetics of illite sintering [6]. The

mechanism of the illite sintering identified in [6] was

viscous flow sintering with an apparent activation energy of

* 100 kJ mol-1.

The aim of this study is to describe the sintering process

of an illite-based ceramic body. The kinetic data are col-

lected from thermodilatometric analysis during non-

isothermal conditions in an inert dynamic atmosphere.

Individual steps of reaction sintering are separated by a

peak separation procedure. The Kissinger method is used to

calculate the apparent activation energies of individual

reaction sintering steps, and the Avrami peak factor is used

to determine the mechanisms of those steps.

Materials and methods

The raw material with major content of illite was firstly

crushed and then milled in a planetary ball mill Retsch

PM100 to obtain a powder with a size of grains less than

100 lm. The as-prepared powder was mixed with distilled

water to obtain a plastic mass from which the cylindrical

samples were prepared by a laboratory extruder. The

diameter of the samples after open-air drying was

* 14 mm. To reduce the thermal gradients during heating,

the diameter of the samples was reduced to * 7 mm [18].

Thermodilatometric analysis was performed on the

horizontal push-rod dilatometer Netzsch DIL 402 C in

dynamic N2 atmosphere with the flow rate of

40 mL min-1. The measurements were carried out in

temperature interval from 40 �C to 1300 �C with heating

rates of 1, 3, 5, 7 and 10 �C min-1. The Al2O3 standard

was used to calibrate the dilatometer for each heating rate.

The XRD analysis was performed on the powder sam-

ples in the Bragg–Brentano geometry with CuKa radiation

on the Seifert XRD7 diffractometer. The point detector was

used to detect the diffracted beam, and the diffraction

patterns were measured with a step of 0.05�.
Microstructure observations were performed using the

FEI QuantaTM FX200 scanning electron microscope with

an accelerating voltage of 10 kV in low vacuum mode

(100 Pa). The micrographs were taken from fracture sur-

faces of samples.

Kinetic analysis

Calculation of kinetic parameters

The kinetic parameters were calculated using the Kissinger

method, which is often used for crystallization kinetics

[19, 20]. It is based on the following equation [21]:

ln
b
T2

m

� �
¼ const � EA

RTm

; ð1Þ
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where b is the heating rate, Tm is the temperature at which

the process has maximum rate, A is the pre-exponential

factor, EA is the apparent activation energy and R is the

universal gas constant. The value of EA can be determined

from the slope of the plot of ln(b/Tm
2 ) versus Tm

-1.

Next, the crystallization mechanism can be determined

using the Avrami peak factor nA which is defined as

[16, 22–24]:

nA ¼ 2:5T2
mR

w1=2EA

; ð2Þ

where w1/2 is the half-width of a peak.

Peak separation

For the separation of overlapping peaks, the Fraser–Suzuki

function [25] was applied to the expansion rate curves

(dTDA). It can be written as:

yðxÞ ¼ a0 exp � lnð2Þ
ln 1 þ 2a1

x�Tm

w1=2

� �
a1

2
4

3
5

2
2
64

3
75; ð3Þ

where a0, a1, Tm and w1/2 are the height, asymmetry,

position and half-width of the peak, respectively. Values of

these parameters are found by using numerical

optimization.

Results

According to the XRD results (see Fig. 1), the dominant

mineral phase in the studied green samples is illite

(80 mass%) and the major impurities are quartz

(12 mass%), orthoclase (4 mass%) and montmorillonite

(4 mass%). The reflections corresponding to the illite

vanished at the temperature of 1100 �C. On the other hand,

the quartz reflections are still visible along with a newly

formed mullite phase. At 1300 �C, the peaks belonging to

the quartz and the newly formed mullite phase are more

significant and remain visible even at 1500 �C. In addition,

at this temperature, the formation of a new phase, cristo-

balite, is observed. The increasing content of the amor-

phous phase with increasing temperature (especially at

1500 �C) is also observed.

The fracture surface of the green sample consists of

aggregates of small flat grains of illite (see Fig. 2a). After

thermal treatment at the temperature of 1100 �C (see

Fig. 2b), the illite grains are still flat but thicker and

smoother. The formation of mullite needles occurred at a

higher temperature (1300 �C); see Fig. 2c. The results

show that the mullite needles are getting thinner with

increasing temperature up to 1500 �C (Fig. 2d).

The results of the non-isothermal TDA up to 1300 �C
with different heating rates are shown in Fig. 3. The first

observed effect, in the temperature interval from 450 to

800 �C, corresponds to the dehydroxylation of illite, during

which the structurally bound water leaves the crystal lattice

[3]. After that, the crystal structure of illite remained

almost unchanged up to * 950 �C where the shrinkage of

the sample due to sintering is observed. According to the

dTDA results (see Fig. 4), this process can be divided into

two steps. The temperature region above * 1215 �C was

not studied due to the effects of force (15 cN) which push

on the sample in the dilatometer.

Peak separation

The peak separation procedure was applied to the dTDA

curves after the baseline subtraction (see Fig. 5). This

procedure allows determination of the values of Tm and

w1/2 for the reaction sintering of illite using numerical

optimization. The values for the first and second steps of

the illite sintering for different heating rates are shown in

Table 1.

θ

(a)

(b)

(c)

(d)

Fig. 1 XRD patterns of the green sample (a), sample fired at

temperatures 1100 �C (b), 1300 �C (c), and 1500 �C (d) [I - illite,

Q - quartz, F - K-feldspar (orthoclase), N - montmorillonite, M -

mullite, C - cristobalite]
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Kinetic analysis

From the determined values of Tm of both processes

(Table 1) with corresponding heating rates b, the Kis-

singer-type plot was made (see Fig. 6). As shown in Fig. 6,

the Kissinger-type plots exhibit only one linear part, which

indicates the independence of the values of apparent acti-

vation energy of both reactions on the heating rate. The

determined value of the apparent activation energy for the

first step of illite reaction sintering is EA

= (625 ± 18) kJ mol-1 and for the second step is EA

= (575 ± 14) kJ mol-1. On the other hand, the value of EA

for the first step is six times higher than the value reported

in [6] (100 kJ mol-1). However, the value of the apparent

activation energy in the aforementioned study was calcu-

lated using the Arrhenius plot based on the measurements

of the sample shrinkage after firing, which can cause large

uncertainties. As the authors noted, due to the implication

of different activated phenomena, the correlation factor is

not close to one. The sintering mechanism was identified as

viscous flow and the investigation was in the temperature

interval from 850 to 1075 �C.

The average value of the Avrami peak factor

(nA = 1.18 ± 0.07) for the first step (Table 2) suggested

Fig. 2 SEM images of the fracture surface of the green illite sample

(a), samples fired at temperature 1100 �C (b), 1300 �C (c) and

1500 �C (d)

Fig. 3 Thermodilatometric curves of illite samples with various

heating rates

Fig. 4 Expansion rate curves (dTDA) of illite samples in the sintering

region with various heating rates

Fig. 5 An example of peak separation procedure for heating rate of

10 �C min-1
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that this step can be characterized as the growth of plates of

finite dimensions. The average value (nA = 1.36 ± 0.14)

for the second step can be described as thickening of the

long mullite needles [26]. This is in good agreement with

the observation of illite by SEM (Fig. 2).

Conclusions

The sintering of illite was studied using non-isothermal

thermodilatometric analysis under dynamic N2 atmosphere.

The kinetic analysis was carried out using the Kissinger

method. The summary of the results is as follows:

• The determined values of the apparent activation energy

for the first and second steps are EA = (625 ± 18)

kJ mol-1 and EA = (575 ± 14) kJ mol-1, respectively.

• The values of Avrami peak factor for the first and second

steps are nA = 1.18 ± 0.07 and nA = 1.36 ± 0.14,

respectively.

• Based on these results, the first step can be character-

ized as the growth of plates of finite dimensions and the

second step can be described as the thickening of long

mullite needles.

• Results also show that the apparent activation energy of

both steps is independent on the heating rate.

In this study, a kinetic analysis was employed to

determine the mechanisms of illite reaction sintering for

the first time. The results contribute to the basic knowledge

about the sintering of wide-range ceramic products based

on clay mineral illite. From a more practical perspective,

the kinetic parameters can be used for the simulation and

optimization of the sintering process. For this purpose, the

pre-exponential factor must be determined in addition to

the activation energy and Avrami peak factor. This is,

however, relevant only for particular ceramic mixtures

used for the production of ceramics.
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