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Abstract: Elastic properties of mixtures of illitic clay, thermal power plant fly ash (fluidized fly
ash—FFA and pulverized fly ash—PFA), and grog were investigated during the heating and cooling
stages of the firing. The grog part in the mixtures was replaced with 10, 20, 30, and 40 mass% of the fly
ash, respectively. The temperature dependence of Young’s modulus was derived using the dynamical
thermomechanical analysis, in which dimensions and mass determined from thermogravimeric and
thermodilatometric results were used. Flexural strength was measured at the room temperature
using the three-point bending test. The following results were obtained: (1) Bulk density showed a
decreasing trend up to 900 ◦C and a steep increase above 900 ◦C. During cooling, the bulk density
slightly increased down to the room temperature. (2) Young’s modulus increased significantly
during heating up to ~300 ◦C. Dehydroxylation was almost not reflected in Young’s modulus.
At temperatures higher than 800 ◦C, Young’s modulus began to increase due to sintering. (3) During
cooling, down to the glass transformation, Young’s modulus slightly increased and then began to
slightly decrease due to microcracking between phases with different thermal expansion coefficients.
(4) Around the β→α quartz transition, radial stresses on the quartz grain altered from compressive
to tensile, creating microcracks. Below 560 ◦C, the radial stress remained tensile, and consequently,
the microcracking around the quartz grains and a decreasing Young’s modulus continued. (5) With
a lower amount of PFA and FFA, a higher Young’s modulus was reached after sintering. The final
values of Young’s modulus, measured after firing, show a decreasing trend and depend linearly on
the part of fly ash. (6) The flexural strength measured after firing decreased linearly with the amount
of the fly ash for both mixtures.

Keywords: clay ceramics; illite; fly ash; firing; Young’s modulus; flexural strength

1. Introduction

Industrial and agricultural sectors and cities produce large amounts of waste. Waste is grouped
based on the source and effects into four main categories: sewage sludge, ashes, inorganic and organic
wastes [1]. As societies strive to develop new ways to recycle and incorporate waste into new products,
they must consider the large mass flow and high temperatures required to make such processes viable.
One type of waste with a high potential for use in ceramic materials is fly ash, a by-product of coal
combustion in thermal power-plants.

As a waste material, fly ash is often stored in landfills, where it is a source of pollution of
surrounding areas in the form of dust and toxic substances, such as heavy metals and sulfur compounds.
Ashes mainly contain particles with dimensions of (50–100) µm, therefore no extra milling is needed.
The composition of ashes is similar to that of a raw traditional ceramic mixture with a negligible content
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of organic matter. Several previously published studies [2–9] concluded that fly ash can be used as an
additive in ceramic material and may substitute other raw components. A ceramic mixture of clay
with fly ash can be used for the production of tiles or bricks. This idea is not new, but the utilization of
fly ash in the ceramic industry still has not reached its full potential.

Cultrone and Sebastián [10] found that a 5 mass% of fly ash addition leads to reduction in bulk
density and improvement in resistance against defects induced by salt crystallization. Chandra et al. [11]
examined mixtures of kaolin and fly ash (up to 80 mass%) after firings in the temperature interval from
800 ◦C to 1150 ◦C. Wall tiles containing 60 mass% of the fly ash sintered at 950 ◦C reached sufficient
compressive strength and a low firing shrinkage. Lingling et al. [12] replaced clay with fly ash in a high
volume ratio (up to 80 mass%), reaching the compressive strength of 25 MPa after firing at 1050 ◦C
for 8 h. The possibility of using fly ash in the production of art ceramics was investigated in [13].
Promising results with respect to potential utilization of fly ash in the production of ceramic materials
are also found in [2,4,8,9,14]. In a recent study [15], the potential use of fluidized bed combustion fly
ash for the production of bricks was examined. The positive effect of fly ash substitution was the
reduction in firing shrinkage and a decrease in bulk density. On the other hand, Young’s modulus and
mechanical strength decreased dramatically with fly ash substitution, and 30 mass% of fly ash was
found to be the maximum acceptable portion in ceramic mixtures fired at 1100 ◦C. The influence of
fly ash on the flexural strength of ceramics (kaolinite, illite, and fly ash) fired at 1080 ◦C was studied
by Sokolář and Smetanová [4]. Fly ash caused a decrease in the flexural strength, a contraction after
firing, and an increase in the water absorbability. It can be said that the addition of fly ash worsens
some parameters of ceramics. Despite this, most studies conclude that fly ash is a suitable admixture
for the production of building ceramics. The addition of fly ash also decreases the firing temperature.
Another benefit is the binding of heavy metals from fly ash into the structure of the ceramic body
during its sintering [16,17].

In this study, pulverized firing fly ash (PFA) and fluidized fly ash (FFA) from the power plant
Nováky (Slovakia) were examined for their potential use in the production of building ceramics.

2. Materials and Methods

The samples were made from three basic input materials—Illitic clay, coal fly ash, and grog.
Illitic clay from Füzérradvány (north-eastern Hungary), was used. The second component in the
samples was fly ash from thermal power plant ENO Nováky (Slovakia). Two ashes were used:

• fly ash from a fluidized bed combustion boiler operating at 850 ◦C (FFA),
• fly ash from a pulverized combustion boiler operating at 1400 ◦C (PFA).

The third component was grog prepared from illitic clay heated up to 1100 ◦C for 90 min. Clay, grog,
and fly ash were crushed, milled, and sieved (200 µm mesh).

The chemical composition of clay, PFA, and FFA are given in Table 1 [5–7] and their initial mineral
composition is given in Table 2 [5–7]. The grog was used to simulate a non-plastic component used for
traditional ceramics production. Grog has a chemical composition similar to illite, because during its
preparation, mainly H2O was removed. K2O is known for its fluxing action, therefore grog contains a
lot of glassy phase created during heating above ~900 ◦C [18]. Due to the desulfurization technology
used in a fluidized boiler, FFA contained a significant amount of CaO. According to Table 2, it was
partially bound in calcite, anorthite, and gypsum, however, some amount of free CaO was still present
in FFA.
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Table 1. The chemical composition of illite, pulverized firing fly ash (PFA) and fluidized fly ash (FFA)
(in mass%).

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O L.O.I.

clay 58.00 24.00 0.60 0.05 0.38 1.70 7.85 0.10 7.30
PFA 55.90 19.70 10.60 0.59 4.80 1.89 2.00 0.80 1.30
FFA 35.50 12.20 6.10 0.32 29.2 2.90 1.20 0.69 1.80

L.O.I.—loss on ignition.

Table 2. The mineral composition of input materials (in mass%).

Mineral Clay Grog FFA PFA

illite 80.0 - - -
montmorillonite 4.0 - - -
quartz 12.0 10.0 17.5 3.0
mullite - 11.0 - -
calcite - - 11.0 0.5
orthoclase 4.0 - - -
anorthite - - 10.0 11.0
magnetite - - - 5.5
gypsum - - 1.5 -
amorphous (undefined) - 79.0 60.0 80.0

To prevent the reaction of free CaO with water during the preparation of samples, FFA was
mixed with distilled water to create Ca(OH)2. During open air drying at the room temperature,
the reaction Ca(OH)2 + CO2→ CaCO3 + H2O took place. Afterwards, FFA was crushed and sieved
again. Only fractions below 200 µm were used for the preparation of samples.

After these procedures, the studied samples (denoted as PF and FF, respectively) were prepared
according to Table 3. The grog part was replaced with 10, 20, 30, and 40 mass% of fly ash (PFA or
FFA). Additionally, a reference sample without fly ash was prepared (labeled as F0). The prepared
powders were mixed with water, and plastic mass was extruded to obtain cylindrical samples with a
diameter of 12 mm. Then, the samples were dried in open air till the equilibrium moisture was reached,
which represented, depending on the composition, (1.5–3.0) mass% of the physically bound water.
The dry samples were cut to lengths needed for the analyses.

Table 3. The composition of the studied PF and FF samples (in mass%).

Sample Clay Grog PFA Sample Clay Grog FFA

F0 60 40 0 F0 60 40 0
PF10 60 30 10 FF10 60 30 10
PF20 60 20 20 FF20 60 20 20
PF30 60 10 30 FF30 60 10 30
PF40 60 0 40 FF40 60 0 40

Temperature dependence of Young’s modulus (E) was derived using the dynamical
thermomechanical analysis (D-TMA). This analysis is based on measuring the dimensions, mass of the
sample, and its resonant frequency of the fundamental mode of flexural vibrations. To determine the
resonant frequency, the impulse excitation technique was used [19]. Young’s modulus was calculated
from the formula given in [20], adapted for temperature-dependent quantities

E(t) = 1.6067
m0l30
d4

0

[1 + ∆m(t)/m0]

[1 + ∆l(t)/l0]
f 2(t) (1)
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where l0, d0, and m0 are the initial length, diameter, and mass of the sample at the room temperature,
and f (t) is the resonant frequency. ∆l(t)/l0 and ∆m(t)/m0 are the relative linear thermal expansion and
the relative mass change of the sample at temperature t. As follows from Equation (1), calculation of
Young’s modulus requires actual dimensions and the mass at temperature t. They were determined
from the thermodilatometric (TDA) and thermogravimetric (TG) results. The correction coefficient for
the used sample Ø12 × 106 mm and Poisson’s ratio = 0.2 was incorporated into the numerical factor of
Equation (1).

The TG and differential thermal analysis (DTA) of the compact samples (Ø12 × 12 mm) were done
on analyzer Derivatograph 1000 (MOM, Budapest, Hungary), in which a pressed alumina reference
sample with dimensions Ø12 × 12 mm was used. The TDA was carried out using a horizontal push-rod
alumina dilatometer on samples with dimensions of Ø12 × 30 mm.

D-TMA and TDA were performed in the cycle 20 ◦C→ 1100 ◦C→ 20 ◦C, while TG and DTA were
only performed during heating 20 ◦C→ 1050 ◦C. All these analyses were performed in the static air
atmosphere with the heating/cooling rate of 5 ◦C·min−1 and without soaking at the highest temperature.

Flexural strength was measured at the room temperature using the three-point bending
test [21,22] on samples with dimensions of 6.5 × 6.5 × 80 mm. The span of cylindrical supports
was (74.50 ± 0.10) mm. The applied force increased with the rate of (4.80 ± 0.05) N·s−1. The samples
for three-point bending tests were fired in electric furnace with the temperature regime: heating to
1100 ◦C with the rate of 5 ◦C·min−1

→ 5 min soaking→ cooling to room temperature with the rate of
10 ◦C·min−1.

3. Results and Discussion

3.1. DTA and TG

Results of the DTA are shown in Figure 1. The DTA shows that the samples with PFA and FFA
contained a significant amount of water. This is visible as an endotherm in the DTA curves at around
125–170 ◦C, reflecting the release of the physically bound water from surfaces of crystals in both
samples (PF and FF) and dehydration of gypsum (CaSO4·2H2O) in FF samples [23]. A significant
exothermic reaction took place between 300 ◦C and 450 ◦C, which intensity correlated with PFA
and FFA content—More PFA or FFA in the sample led to a more intensive exothermic DTA peak.
This reaction could be ascribed to thermal oxidation of the remaining organic substances (as it was
confirmed by evolved gas analysis, not shown here). Other visible endothermic processes were the
dehydroxylation of illite (minimum at 585 ◦C and 700 ◦C) in PF and FF samples, decomposition of
calcite (minimum at 805 ◦C [24]) in FF samples and vitrification (minimum at 960 ◦C) in PF and FF
samples. There was also a small exothermic maximum at around ~930 ◦C in Figure 1, which was
visible for samples FF30 and FF40. It corresponds to the anorthite crystallization [25]. These minerals
were created from the dehydroxylated illite and components of FFA.

Minerals 2020, 10, x FOR PEER REVIEW 4 of 12 

D-TMA and TDA were performed in the cycle 20 °C → 1100 °C → 20 °C, while TG and DTA 

were only performed during heating 20 °C → 1050 °C. All these analyses were performed in the static 

air atmosphere with the heating/cooling rate of 5 °C·min−1 and without soaking at the highest 

temperature. 

Flexural strength was measured at the room temperature using the three-point bending test [21,22] 

on samples with dimensions of 6.5 × 6.5 × 80 mm. The span of cylindrical supports was (74.50 ± 0.10) mm. 

The applied force increased with the rate of (4.80 ± 0.05) N·s−1. The samples for three-point bending tests 

were fired in electric furnace with the temperature regime: heating to 1100 °C with the rate of 5 °C·min−1 

→ 5 min soaking → cooling to room temperature with the rate of 10 °C·min−1. 

3. Results and Discussion 

3.1. DTA and TG 

Results of the DTA are shown in Figure 1. The DTA shows that the samples with PFA and FFA 

contained a significant amount of water. This is visible as an endotherm in the DTA curves at around 

125–170 °C, reflecting the release of the physically bound water from surfaces of crystals in both 

samples (PF and FF) and dehydration of gypsum (CaSO4·2H2O) in FF samples [23]. A significant 

exothermic reaction took place between 300 °C and 450 °C, which intensity correlated with PFA and 

FFA content—More PFA or FFA in the sample led to a more intensive exothermic DTA peak. This 

reaction could be ascribed to thermal oxidation of the remaining organic substances (as it was 

confirmed by evolved gas analysis, not shown here). Other visible endothermic processes were the 

dehydroxylation of illite (minimum at 585 °C and 700 °C) in PF and FF samples, decomposition of 

calcite (minimum at 805 °C [24]) in FF samples and vitrification (minimum at 960 °C) in PF and FF 

samples. There was also a small exothermic maximum at around ~930 °C in Figure 1, which was 

visible for samples FF30 and FF40. It corresponds to the anorthite crystallization [25]. These minerals 

were created from the dehydroxylated illite and components of FFA. 

  

Figure 1. Differential thermal analysis (DTA) of PF (left) and FF (right) samples. 

TG curves have a typical shape for clays, comprising of steps representing mass losses from the 

release of the physically bound water, constituent water, and CO2 from burned organic substances 

and decomposition of calcite (see Figure 2). These steps were in a good correlation with endothermic 

and exothermic peaks in DTA. The total mass loss (determined at 900 °C) increased with the amount 

of PFA and FFA. It had a linear relationship for PF samples (Δm/m0 = 4.310 + 0.016 c(PFA); R2 = 0.866; 

c(PFA) is a part of PFA in mass%) and also for FF samples (Δm/m0 = 4.310 + 0.141 c(FFA); R2 = 0.988; 

c(FFA) is a part of FFA in mass%), see Figure 3. 

Figure 1. Differential thermal analysis (DTA) of PF (left) and FF (right) samples.



Minerals 2020, 10, 930 5 of 12

TG curves have a typical shape for clays, comprising of steps representing mass losses from the
release of the physically bound water, constituent water, and CO2 from burned organic substances and
decomposition of calcite (see Figure 2). These steps were in a good correlation with endothermic and
exothermic peaks in DTA. The total mass loss (determined at 900 ◦C) increased with the amount of
PFA and FFA. It had a linear relationship for PF samples (∆m/m0 = 4.310 + 0.016 c(PFA); R2 = 0.866;
c(PFA) is a part of PFA in mass%) and also for FF samples (∆m/m0 = 4.310 + 0.141 c(FFA); R2 = 0.988;
c(FFA) is a part of FFA in mass%), see Figure 3.
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3.2. Thermal Expansion

The thermodilatometric curves (see Figure 4) showed the expansion of all PF samples with a
step between 500 ◦C and 600 ◦C as a consequence of the dehydroxylation of illite and the α → β

transition of quartz. Beginning from 900 ◦C, intensive sintering took place and its rate increases with
the part of PFA. Total relative shrinkage, registered at the room temperature, depends linearly on the
amount of PFA (∆l/l0 = 4.770 + 0.071 c(PFA); R2 = 0.992; c(PFA) is a part of PFA in mass%), see Figure 5.
The reason was the high glassy phase content in PFA and partially the fluxing action of iron oxides.
This result is positive from the point of view of PFA sinterability. On the other hand, rapid changes
in dimensions bring additional problems to the production process during the firing. If the obtained
fitting equation is used, the total shrinkage for sample with 70 mass% of fly ash will be 9.74%, which is
in good agreement with the results in the study of Sokolar and Smetanova [4], where it was from 4.9%
to 11.2%. The differences could be caused by different chemical composition of used clays and fly
ashes, preparation of samples or firing regime.

The relative expansion of FF samples during their heating up to 900 ◦C was similar to the results
for PF samples (see Figure 4). It was characterized by a modest expansion before dehydroxylation,
an increasing expansion during dihydroxylation, and the α→ β transformation of quartz between
~400 ◦C and ~700 ◦C. The presence of FFA decreased the sintering temperature. A positive effect of FFA
presence was the decrease in the sintering shrinkage, which was particularly visible for FF30 and FF40.
This could be explained by the presence of anorthite in the fired samples. The total relative shrinking
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registered at the room temperature depended linearly on the amount of FFA (∆l/l0 = 4.770–0.092 c(FFA);
R2 = 0.929; c(FFA) is a part of FFA in mass%), see Figure 5.
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after firing at 1100 ◦C).

3.3. Bulk Density

Bulk density (ρ) calculated from the TG and TDA results (see Figure 6) showed a decreasing
trend up to 900 ◦C because of the mass loss, which was more intensive than thermal expansion.
Above 900 ◦C, intensive sintering begins, which led to a steep increase in the bulk density up to 1100 ◦C.
Then, during cooling, when only the β→ α transition of quartz occurred and the mass was constant,
the bulk density slightly increased down to the room temperature.
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The final values of the bulk density linearly depended on the content of PFA and FFA, see Figure 7.
For PFA, it was as follows: ρ = 1.870 − 0.003·c(PFA); R2 = 0.802; c(PFA) is a part of PFA in mass%.
Similarly, for FFA, it was: ρ = 1.870 − 0.014·c(FFA); R2 = 0.973; c(FFA) is a part of FFA in mass%. A lower
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bulk density has advantages: lower bulk density is generally reflected in better thermal insulation
properties of the building ceramics.
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Figure 7. The bulk density of PF (left) and FF (right) samples (measured at the room temperature after
firing at 1100 ◦C).

3.4. Young’s Modulus

The results of D-TMA of the samples with PFA and FFA are shown in Figures 8 and 9. The behavior
of Young’s modulus (E) during heating (see Figure 8) was qualitatively the same for all samples up to
900 ◦C. Young’s modulus increased significantly during heating up to ~300 ◦C despite a decrease in
the bulk density (see Figure 6) and the increase in the thermal expansion (see Figure 4). This behavior
is typical for samples containing kaolinite and/or illite, if the samples are not completely dried [26,27].
When water is in pores, molecules of H2O and products of their dissociation adsorbed on surface
defects are removed by heat, the crystals set closer to each other, and stronger contacts are created by
the van der Waals forces.
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In the temperature interval from 300 ◦C to 800 ◦C, a typical decrease in Young’s modulus caused
by the weakening of the internal bounds in crystals was observed. Here, two processes took place,
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namely dehydroxylation of illite and the α→ β transition of quartz. In the dehydroxylation region,
the structure of illite changed irreversibly and became more defected and disordered, deteriorating
the mechanical properties, which was reflected in a decrease in Young’s modulus between 500 ◦C
and 700 ◦C.

At temperatures higher than 800 ◦C, Young’s modulus began to increase for all studied samples.
This was caused by the solid-state sintering and sintering in the liquid phase at the highest temperatures.
Some irregularities were presented in the curves of Young’s modulus at the temperatures above 1000 ◦C.
These were caused by creation of the viscous glassy phase in the samples, which suppressed free
resonant vibrations. It brought difficulties in the measurement, and some scatter of the results.

Another reason for the improvement of Young’s modulus was that new phases were created above
800 ◦C when dehydroxylated illite changes into a partially disordered structure. It was not possible to
distinguish the effects of the high-temperature processes (in particular, the anorthite crystallization
in FF samples) on Young’s modulus, and only the mutual influence of sintering and creation of
new phases could be observed. After the maximum temperature of 1100 ◦C was reached, and the
cooling stage of the firing began, sintering temporarily continued because of the high temperature;
however, its intensity decreased with the decreasing temperature. Until the temperature of the glass
transformation at ~750 ◦C was reached, Young’s modulus slightly increased in its values. Under the
glass transformation temperature, Young’s modulus began to slightly decrease due to microcracking
between phases with different thermal expansion coefficients [18]. Around the β→ α quartz transition
at 573 ◦C, quartz grains shrank steeply, and radial mechanical stresses on the quartz grain surfaces
altered from compressive to tensile, creating micro-cracks in their close vicinity. During this alteration,
no stress acts on the grain as a mathematical model [28], and experimental study [5,18] showed in
previous studies. This leads to the creation of the V-shape minimum [29], which is visible in Figure 9.
At temperatures below 560 ◦C, the radial stress remained tensile, and consequently, microcracking
around the quartz grains continued, which caused decreasing Young’s modulus down to the room
temperature. The circumferential cracks are formed [18,28,29]. The result is a sample with a relatively
high number of circumferential microcracks around the quartz grains.

Some impact of the PFA and FFA presence in the samples on Young’s modulus was observed.
The lower amount of PFA and FFA, the higher Young’s modulus was reached after sintering. The final
values of Young’s modulus measured at the room temperature after heating at 1100 ◦C showed
a decreasing trend (see Figure 10) and depend linearly on the part of fly ash for PF samples:
E = 32.140−0.109·c(PFA); R2 = 0.762; c(PFA) is a part of PFA in mass%. However, a trend was
exponential for the FF samples: E = 32.140·e−0.033·c(FFA); R2 = 0.987; c(FFA) is a part of FFA in mass%.
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3.5. Mechanical Strength

The flexural strength (σf) was measured at the room temperature after firing at 1100 ◦C
(see Figure 11). The strength decreased linearly for PF samples: σf = 38.077−0.389·c(PFA); R2 = 0.973;
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c(PFA) is a part of PFA in mass%, and exponentially for FF samples σf = 38.077·e−0.037·c(FFA); R2 = 0.999;
c(FFA) is a part of FFA in mass%.
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A direct linear correlation was valid between Young’s modulus and the mechanical strength.
Consequently, if Young’s modulus decreased with the PFA and FFA content, the same was observed for
the mechanical strength. An explanation of this behavior could be based on microcracks, the amount of
which increased with part of the PFA and FFA in the samples. If the obtained fitting equations are used,
the flexural strength for the sample with 70 mass% of fly ash will be 10.8 MPa or 2.8 MPa, which is not
in good agreement with the results obtained in the study of Sokolář and Smetanová [4] where it varied
from 17.2 MPa to 31.3 MPa. The differences could be caused, as it was mentioned for results of firing
shrinkage, by the different chemical composition of used clays and fly ashes, preparation of samples,
or firing regime.

Mechanical strength (compressive or flexural) is a parameter of the highest importance for
building ceramics. Mechanical strength of a common fired brick depends on the composition of the
clay and the degree of firing. The compressive strength of the clay bricks may vary from 3.5 MPa
to 35 MPa [30]. Flexural strength 1.5 MPa is sufficient for small tiles which are not mechanically
loaded [8]. According to Griffith and Vaculik [31], the flexural strength of the fired clay brick is
3.55 MPa, and Young’s modulus is 52.7 GPa. Results show that the flexural strength laid between
22 MPa and 32 MPa for samples with PFA and between 8 MPa and 25 MPa for samples with FFA
(see Figure 11). Since the compressive strength can be 7–10 times higher than the flexural strength,
the compressive strength expects high values compared with the written above, which were obtained
on industrial bricks. These bricks are much larger than laboratory samples (used in this research) and
contain many defects in their microstructure (cracks, voids, inhomogeneities), which cause the rupture.

Testing of brick prisms indicates that Youngs’ modulus of bricks falls between 700 and 1200 times
the flexural strength [32]. It means, that Young’s modulus can be 3.5 GPa–35 GPa if the flexural
strength is multiplied by 1000. The value of Young’s modulus 12.7 GPa is given for a fired clay brick.
It follows from our results shown in Figure 10, that Young’s modulus varied (in dependence on the
fly ash content) between 8 GPa and 33 GPa for samples with FFA and between 27 GPa and 33 GPa
for samples with PFA. These values are in accordance with those published in [30,32] but are lesser
than Young’s modulus in [31]. When the numerical values of Young’s modulus (8 GPa–33 GPa for
FFA) and (27 GPa–33 GPa for PFA) are compared with flexural strength (9 MPa–38 MPa for FFA) and
(23 MPa–38 MPa for PFA), it can be seen that flexural strength is numerically ~1000 times less than
Young’s modulus, i.e., similarly as given in [32].

4. Conclusions

The elastic properties of samples of illitic clay, thermal power plant fly ash (fluidized fly ash—FFA
and pulverized fly ash—PFA), and grog were investigated during heating and cooling stage of the
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firing. Grog, which was used to simulate a non-plastic component in the mixtures, was prepared
from illitic clay heated at 1100 ◦C for 90 min. Clay, grog, and fly ash were crushed, milled and sieved
(200 µm mesh). The grog part was replaced with 10, 20, 30, and 40 mass% of the fly ash, respectively.
Prepared powders were mixed with water and a plastic mass was extruded to obtain cylindrical
samples with diameter of 12 mm.

Development of the bulk density was calculated from the TG and TDA results. Temperature
dependence of Young’s modulus was derived using the dynamical thermomechanical analysis in
which dimensions and mass at actual temperature were used. Flexural strength was measured at the
room temperature using the three-point bending test.

It was found that:

• The TDA shows expansion of all samples with a step between 500 ◦C and 600 ◦C as a consequence
of dehydroxylation and the α→ β transition of quartz. Beginning at 900 ◦C, intensive sintering
took place, the rate of which increased with the part of PFA. Total shrinking after firing depended
linearly on the amount of PFA and FFA. The reason was a high glassy phase content in PFA
and FFA.

• Bulk density showed a decreasing trend up to 900 ◦C because of the mass loss, which was more
intensive than thermal expansion. Above 900 ◦C, a steep increase in the bulk density up to
1100 ◦C was observed. Then, during cooling, the bulk density slightly increased down to the
room temperature.

• Young’s modulus increased significantly during heating up to ~300 ◦C when water was removed
from pores. Crystals set closer to each other and stronger contacts were created.

• Dehydroxylation was almost not reflected in Young’s modulus. At temperatures higher than
800 ◦C, Young’s modulus began to increase for all mixtures. This was caused by the solid-state
sintering and sintering in the liquid phase at the highest temperatures.

• During cooling, until the glass transformation at ~750 ◦C was reached, Young’s modulus
slightly increased. Under this temperature, Young’s modulus began to decrease slightly due to
microcracking between phases with different thermal expansion coefficients.

• At around the β→ α quartz transition, quartz grains shrank steeply and radial mechanical stresses
on the quartz grain surfaces altered from compressive to tensile, creating micro-cracks in their
close vicinity. At temperatures below 560 ◦C, the radial stress remained tensile, and consequently
microcracking around the quartz grains continued, which caused decrease in Young’s modulus
down to the room temperature.

• The lower the amount of PFA and FFA, the higher Young’s modulus was reached after sintering.

The presence of fly ash in clay ceramics (up to 40 mass%) decreases Young’s modulus and
mechanical strength. In spite of this, their values are high enough to be used ceramics such as the
production of bricks and tiles.
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