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Abstract

Samples made from illitic clay were investigated using thermogravimetry (TG), thermod-
ilatometry (TD) and dynamic mechanical analysis (DMA) during heating from room
temperature to 300 °C. TG revealed three steps of mass loss: (a) the release of weakly
bound H,O (with the maximum rate at ~120 °C) from the pores, (b) a small mass loss
event around 215 °C, (c) a small mass loss event near ~300 °C related to dehydration
when H,O molecules located in K-free sites of the illite interlayers are removed. TD indi-
cated very small dimension changes for 20 °C — 300 °C. This behavior may result from
two competing mechanisms, where the first one is regular thermal expansion and the
second one is particle rearrangement caused by the removal of physically bound water.
Young’s modulus initially decreases during heating up to approximately 70 °C. Young’s
modulus subsequently increases exponentially, which may be explained by mechanisms
analogous to those observed in the TD measurements. The activation energies derived from
the exponential dependence E(t) are 5.66 k] /mol for the temperature interval 130-200 °C
and 10.96 kJ /mol for the 200-280 °C range.

Keywords: illite; activation energy; Young’s modulus

1. Introduction

Traditional clay bricks are made through an energy-intensive firing process. Currently,
the traditional technology based on sintering of clays is still used, and incremental techno-
logical improvements remain the primary approach. The production of building ceramics
is mostly based on illite- and kaolin-based clays. The illitic clays contain 40-80 mass% of
illite. Quartz and feldspar are always present in naturally occurring clays, but montmoril-
lonite, chlorite, micas, organic materials and small amounts of other minerals can also be
present [1-3]. The mixture of clay and water is formed into a plastic ceramic body, which is
subsequently dried and fired. During firing, the raw plastic ceramic mixture undergoes
several physical and phase changes. Dehydroxylation, quartz transition, sintering, vitri-
fication and high-temperature reactions are often studied—see, e.g., [2,4—11]—although
dehydration and its influence on the physical properties of the fired ceramic body, which
occurs at the lowest temperatures of firing, are rarely investigated.

The presence of water in the fired body microstructure has two causes—the remnants
of the technological water used to prepare the plastic ceramic mixture and adsorbed
moisture from surrounding air. This water is physically bound in the pores and surfaces of
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crystals, mainly on the basal and edge faces of the illite crystals. This is supported by the
permanently negative surface charge which attracts polar water molecules. Some water
molecules are located in the interlayer space of the illite structure but their amount is very
low because this space is occupied by K* ions balancing the negative surface charge. The
surface charge plays an important role in shrinkage when a sufficient amount of water
escapes from the pores [12,13].

At the beginning of firing, when the temperature increases from room temperature up
to ~300 °C, significant changes in material properties are observed. The Young’s modulus
of kaolin and illitic clay increases by 50-100% [7,14], sound velocity increases by 50% [15],
mechanical strength increases by 83% [16] and DC electrical conductivity decreases by
6 orders of magnitude [17]. On the other hand, the volume changes are minimal [7,14];
the bulk density decreases only by ~4% [14]. The observed changes in physical properties
are generally associated with the removal of physically bound water from pores and
crystal surfaces.

The Young’s modulus of the green clay-based material increases significantly at
two stages during heating: from 20 °C to ~300 °C and from ~750 °C to the peak firing tem-
perature (1000-1150 °C). Young’s modulus increases 2.4 times within the 20-300 °C interval,
compared to a 6.5-fold increase within the 750-1100 °C interval [18]. While the sintering
stage has been extensively studied, the dehydration stage has received far less attention.
To the best of our knowledge, the evolution of the Young’s modulus of illite-based clays
during the low-temperature dehydration stage (<300 °C) has not yet been systematically
investigated. Because Young’s modulus is essential for determining the optimal firing rate,
its value must be measured at the actual temperature. Since low temperatures are critical
for crack formation, Young’s modulus represents an important parameter for estimating
suitable firing conditions [19].

The evolution of Young’s modulus in illite-based ceramics below 300 °C deserves
detailed investigation because important physical and chemical transformations occurring
in this temperature range strongly affect the material’s elastic behavior and its susceptibility
to crack formation. Processes such as the removal of physically bound water, dehydration
of clay minerals, and initial structural rearrangements modify the stiffness of the ceramic
body and generate internal stresses that may lead to damage during firing. Since Young’s
modulus is a key parameter for evaluating stress development and determining appropriate
heating rates, accurate knowledge of its temperature dependence is essential for optimizing
firing conditions and improving the quality of ceramic products.

The aim of this paper is to contribute to the experimental investigation of the elastic
behavior of illite-based clay ceramics in the temperature range of 20-350 °C, with particular
emphasis on the evolution of Young’s modulus during the early stages of firing.

2. Materials and Methods

Samples prepared from illitic clay (Fiizérradvany, Hungary) were investigated using
thermogravimetry (TG), derivative TG (DTG), thermodilatometry (TD) and dynamic me-
chanical analysis (DMA) during heating. The chemical composition of the clay is shown in
Table 1. The clay contains 67 mass % of illite, 1 mass % of montmorillonite, and 32 mass %
of quartz.

Table 1. The chemical composition of illite (in mass%) [20].

Si0,

AlLOs

Fe,0; SO; CaO MgO K,O Na,O L.O.L

55.69

29.18

0.87 0.10 0.31 1.36 7.74 0.01 4.74
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The raw clay was first crushed and sieved to obtain a powder with particles not larger
than 0.1 mm. Then 750 g of the powder were mixed with 250 g of distilled water to obtain
a plastic mass from which cylindrical samples with diameter @11 mm were extruded. To
reduce the temperature shift between TG, TD and DMA curves, the samples for these
analyses were extruded with dimensions @11 x 30 mm for TD, @11 x 20 mm for TG/DTG
and @11 x 120 mm for DMA. After open-air free drying, the samples contained ~3 mass%
of physically bound water. A heating rate of 5 °C-min~! was used for all thermal analyses.

A DMA analyzer [21] was used for the measurement of the resonant frequency of
the sample at the actual temperature ¢ during heating from 20 °C to 350 °C. The resonant
frequency f(t), the length I(t), diameter d(t), and mass m(t) of the sample were used to
calculate Young’s modulus E(t) according to [22]. Since the ratio length/diameter = 12 < 20,
the value of Young’s modulus must be multiplied by a correction coefficient T, = 1.091015
calculated for a circular cross-section and Poisson’s ratio u = 0.2. Young’s modulus at

temperature ¢ is
Am(t)

E(t) = 1.6774"2;8 [[1 +A711§ﬂ} £2(1) (1)

where Al(t)/1ly, Am(t)/my, are relative linear thermal expansion and relative mass change of

the sample. In deriving Equation (1), equal relative expansion of the sample in both the
axial and radial directions was assumed. The values [y = 120 mm, dg =11 mm, mp =214 g
are the initial length, diameter, and mass of the sample at room temperature, respectively.

As follows from Equation (1), the determination of E(f) requires measuring the actual
dimensions and mass of the sample during heating. This task was performed by TD and
TG analyses. Given the relative expansion Al(t)/ly, as measured by the horizontal push-
rod alumina dilatometer (Netzsch DIL 402C, Selb, Germany) on samples with dimensions
211 x 30 mm, the true length I(t) and diameter d(t) of the sample were calculated. Similarly,
the true mass m(t) was determined from the relative mass change Am(t)/my measured
with TG/DTA analyzer Derivatograph 1000 (MOM Budapest, Budapest, Hungary) [23] on
cylindrical samples with dimensions of 11 x 20 mm?. All thermal analyses were performed
in a static air atmosphere. Three independent measurements were carried out for each
experiment to verify the repeatability and reliability of the obtained results.

The bulk density p and total porosity P were estimated from a volume V of the sample,
its mass m and mineral composition. Since the crystal densities of the components are
known, the volume V| of the poreless sample can be calculated. The bulk density deter-
mined from sample mass and volume is [p = {7 and porosity P = 1 — (V,/V). It should be
noted that the presented values of bulk density and porosity represent estimations derived
from dimensional and compositional data rather than direct experimental measurements.

3. Results and Discussion

The results of TG and DTG of the illitic clay (Figure 1) exhibit three steps of mass
loss. These steps reflect three overlapping processes. The first step corresponds to the
release of weakly bound H,O (between 20 °C and 300 °C with the maximum loss rate
at ~120 °C) from the pores. The interval is rather large, which indicates differences in
attractive forces between water molecules and crystal surfaces. A small shoulder is visible
on the DTG peak of the main dehydration at ~210 °C indicating a hidden DTG peak which
represents a small amount of the escaping water vapor. The origin of this second stage
of mass loss remains unclear. Since its temperature interval is relatively narrow, specific
charged defects may interact more strongly with water molecules, so higher energy is
necessary to remove them. As noted above, DC conductivity decreases by 6 orders of
magnitude between 70 °C and 170 °C. This behavior is likely associated with the decrease
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in the concentration of H" and OH™ ions generated by the ionization of water. These
ions, after recombination, as water molecules simultaneously evaporate with other water
molecules from the sample. The results of DC conductivity are consistent with TG and DTG
results and point out the importance of electrostatic forces within the clay microstructure
at low temperatures. The third step, in accordance with [24], is characterized by a DTG
minimum at ~300 °C. It is attributed to the release of H,O molecules located in K*-free
sites within the illite interlayers.
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Figure 1. TG and DTG of the illitic clay.

The TD curve of illitic clay is shown in Figure 2. At low temperatures, very small
dimension changes are measured. This behavior may be attributed to two competing
mechanisms, where the first one is regular (linear) thermal expansion and the second one
is reduction in dyp; basal spacing due the gradual loss of interlayer water [25-27]. The
microstructure of the green sample is full of small pores and capillaries, and water vapor is
inside them. According to [28], internal steam pressure of several MPa must be generated
to surpass the surface stress which happens at higher drying temperature. As the drying
temperature increases, the drying process is accelerated and the drying shrinkage of the
fired sample decreases. The gaps among the crystals decrease, while the grains themselves
expand [26,27]. At the same time due to the great number of pores and capillaries and
their increased size resulted from more intensive drying, the total shrinkage decreases. The
drying temperature and the drying dynamics can essentially influence the microstructure
and physical properties of the brick at the lowest firing temperatures.
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Figure 2. TD and coefficient of linear thermal expansion (CLTE) of the illitic clay.

A development of Young’s modulus (E) within the low-temperature region is illus-
trated in Figure 3. Young’s modulus begins to decrease immediately upon the onset of
heating. This transient phenomenon persisting up to ~70 °C is regularly observed when
DMA of air-dried kaolin-based and illite-based clays is performed [29]. The origin of this
decrease remains to be fully elucidated.
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Figure 3. Young’s modulus of the illitic clay.

Following this temporary decrease, Young’s modulus begins to increase. This enhance-
ment may be associated with the release of water from pores, which allows a reduction
in inter-crystalline distances. The formation of stronger inter-crystalline contacts may
contribute to the observed exponential increase in Young’s modulus (Figure 4). When the
dependence E(t) is presented in Arrhenius coordinates, the experimental data are separated
into two linear segments with a transition point ~200 °C. The activation energies (E;)
derived from these segments are 5.66 k] /mol for the temperature interval 130-200 °C and
10.96 k] /mol for the 200-280 °C range (Figure 4). Calculation of E; was performed by
multiplying the slope of the linear curve (Table 2) with a constant of 19.147 (obtained as
multiplication of the universal gas constant R with 2.303 due to the use of logjg instead
of In). These energies may correspond to thermally activated microstructural changes.
The transient temperature of 200 °C is the same as that around which the hidden DTG
peak in Figure 1 arose. Similar behavior has also been observed in illitic clays of various
provenances and compositions. The obtained results suggest that microstructural changes
may occur (expansion of crystal volume, decrease in interparticle distances [26,27]) as a
consequence of simultaneous heating and dehydration.
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Figure 4. Exponential increase in Young’s modulus (E) between 130 °C and 280 °C (red
line—fitted curve).

Simultaneously, a common thermal expansion takes place. This process leads to
bond elongation within the illite crystals (and other), which also causes their weakening,
and consequently, reduces Young’s modulus. Similar behavior has been reported for
various metals and ceramics. Since the increase in Young’s modulus during heating
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was experimentally observed, the effect of the thermal expansion on Young’s modulus is
evidently weaker than the competing mechanism of crystal compaction. In the dry form,
the illite plate-like crystals are held together by van der Waals forces. The escape of water
from the pores and the resulting direct contact between the crystals may allow van der
Waals interactions to act more effectively.

Table 2. Parameters of the fitted linear curve.

130-200 °C 200-280 °C
Intercept 1.435 2.011
Slope —0.296 —0.573
R-square 0.996 0.992
E, (kJ/mol) 5.66 10.96

Young’s modulus is proportional to the bulk density. Since the sample dimen-
sions change very slowly (~0.15% between 20 °C and 250 °C) and the mass loss
changes faster (~3% between 20 °C and 250 °C), the bulk density slightly decreases
p(250 °C) = 0.95p(20 °C). The improvement of the contacts among crystals overcomes the
slight decrease in bulk density and the minor increase in porosity, which changes from
P(20 °C) = 37% to P(250 °C) = 38.5%. When the water molecules escaped, thermal expan-
sion remains the only mechanism affecting Young’s modulus. It shows a slight decrease
above 300 °C [14,29]. The change in the microstructure during drying proposed in [28] can
explain a small increase in porosity and very slight increase in the sample volume, but not
the increase in Young’s modulus. The thermal expansion and porosity generally reduce
Young’s modulus. This requires another mechanism which increases Young’s modulus. A
possible explanation is the tighter packing of crystals above 70 °C and the expansion of
pores due to water vapor escape at the lowest temperatures (20 °C — 70 °C) can explain
a small decrease in Young’s modulus. The significant increase in Young’s modulus (from
E(70 °C) = 5 GPa to E(300 °C) = 10 GPa) may therefore be associated with progressive
improvement of inter-crystalline contacts during dehydration.

4. Conclusions

Illitic clay samples were investigated by thermogravimetric (TG), thermodilatometric
(TD), and dynamic mechanical analyses (DMA) during heating from room temperature to
300 °C in order to evaluate the influence of dehydration on their thermal and elastic behav-
ior. The obtained results demonstrated that the dominant process within the investigated
temperature range was the gradual removal of physically bound water. A pronounced
release of pore water was observed with a maximum rate at approximately 120 °C, accom-
panied by a minor mass-loss event near 215 °C and a further small mass decrease around
300 °C, which may be related to the release of H,O molecules from K*-free interlayer sites
in illite.

Despite the ongoing dehydration processes, only very small dimensional changes
were detected during heating. This behavior may be explained by the competition between
conventional thermal expansion and reduction in distances between the individual crystals
associated with water removal from pores and crystal surfaces.

Young’s modulus initially decreased between room temperature and approximately
70 °C, after which it increased exponentially from approximately 5 GPa at 70 °C to 10 GPa at
300 °C. This increase in Young’s modulus may be associated with progressive improvement
of inter-crystalline contacts resulting from dehydration-induced microstructural changes.
The Arrhenius representation of the experimental data revealed two distinct temperature
intervals characterized by activation energies of 5.66 kJ /mol (130-200 °C) and 10.96 kJ/mol
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(200-280 °C), suggesting the presence of two thermally activated processes occurring
during dehydration.

The presented results contribute to a better understanding of the elastic behavior of
illite-based clays during the early stages of firing. Since low-temperature dehydration
processes may significantly influence stress evolution and crack formation, the obtained
findings may be useful for optimizing firing schedules and improving the quality of
ceramic products.
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