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Abstract: Illitic clays are one of the most important materials used in the ceramic industry. Carbonates 

support the densification and the sintering of ceramics. Five mixtures of illitic clay with calcite were 

prepared aiming for the crystallization of anorthite ceramics. The stoichiometric ratio of anorthite 

crystallization was determined at 21.6 wt.% of calcite content. To reveal the effect of calcite on the 

crystallization processes, two more mixtures were prepared below the stoichiometric composition 

(17.6 wt.% and 19.6 wt.%) and two more mixtures above the ideal composition (23.6 wt.% and 25.6 

wt.%). X-ray diffraction revealed that gehlenite and Ca-feldspar were formed, what are the 

intermediate phases in anorthite crystallization. However, due to the low purity of illitic clay and the 

low firing temperature no anorthite formation was observed. The influence of calcite content on the 

Youngs modulus was negligible. However, a clear effect on the open porosity was revealed. 

Keywords: Young’s modulus; porosity; illite/smectite; CaCO3; firing temperature; anorthite 

 

1. Introduction 

Illitic clays are one of the most abundant materials frequently used in the production of 

traditional ceramic products – pottery, tiles, etc. [1]. The dominant mineral phase is illite crystallizing 

in the monoclinic system with three repeating sheets – tetrahedral, octahedral, and tetrahedral. 

Between each layer an interlayer cation is located (potassium ion in most cases) or remains vacant. 

The vacant interlayer places are then occupied by water molecules [2,3]. Illite has several polytypes 

with the most frequent being the M1. The general (theoretical) formula of the mineral illite can be 

expressed as [4] 

K0.78Ca0.02(Mg0.34Al1.69Fe0.02
III )[Si3.35Al0.65]O10(OH)2 ∙ nH2O 

(1) 

However, the composition may vary depending on the origin of the clay. Due to the wide variety 

of elements in the illitic clay the high temperature crystallization processes can be tailored by addition 

of different admixtures. This allows the preparation of anorthite ceramics from illitic clays. Authors 

of [5] used a mixture of illitic clay and wollastonite to prepare anorthite ceramics. The addition of 

wollastonite supported the anorthite crystallization at temperatures as low as 1115 °C. 

Anorthite ceramics were prepared from a mixture of illitic clay and calcite by the authors of [6]. 

The authors used a high-purity illitic clay mixed with laboratory grade calcite in the stoichiometric 

ratio of anorthite, what was subsequently heated to 1150 °C. In the final product, anorthite and 
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gehlenite were identified as the dominant mineral phases. However, due to the potassium content of 

the illitic clay, crystallization of leucite was also observed. Authors of [7] investigated the carbonate 

and silicate phase reactions during the firing process of ceramics. The authors revealed, that the 

presence of carbonates supported the crystallization of various mineral phases (gehlenite, 

wollastonite, diopside, and anorthite) on the carbonate-silicate sites. The crystallization of the 

aforementioned mineral phases was supported by viscous flow combined with reaction-diffusion 

process.  

Ca-carbonates in ceramics act as flux agents supporting the sintering process and lowering the 

sintering temperature [8]. However, if the carbonate content surpasses a certain level, its presence 

limits the extent of vitrification due to the lower content of silicates [7]. The addition of an optimal 

amount of CaO improves the mechanical strength, lowers the firing shrinkage and firing 

temperature, and decreases the porosity [9–12]. 

Illitic clays play a key role in the ceramic industry. The knowledge of their mixtures with various 

additives is therefore of particular importance. Calcite, in addition to its favorable effects listed above, 

also supports the crystallization of anorthite ceramics. The aim of the this paper is therefore to 

examine the effect of the calcite amount added to the illitic clay on the phase transformations and the 

evolution of Young’s modulus after firing at various maximum temperatures. To provide a deep 

understanding of the processes running in the prepared mixtures, auxiliary thermal analyses – 

differential scanning calorimetry and thermogravimetry were performed. 

2. Materials and Methods 

The illitic clay (Fuzerradvany, Hungary, Table 1) was processed and prepared in three steps. 

Initially, the clay was crushed using a mechanical tool, followed by milling using the Retzsch PM100 

planetary ball mill. To obtain a fine powder, the milled illitic clay was sieved and only the fraction 

with particle sizes below 100 μm was used for sample preparation. Laboratory-grade CaCO3 was 

added to the illitic clay in 5 different weight percentages: 17.6, 19.6, 21.6, 23.6 and 25.6. The amount 

of CaCO3 addition was designed to lie in the vicinity of the stochiometric ratio for anorthite 

crystallization (21.6 wt.% of CaCO3 addition). To enhance the ductility of the samples and reduce 

brittleness, a 3% polyvinyl alcohol (PVA) solution was added at a concentration of 6 wt.% to the 

powder mixtures. Rectangular samples with dimensions of 7.5 × 8.5 × 100.5 mm3 were fabricated from 

the powder mixtures using a hydraulic press at a pressure of 21 MPa.  

Table 1. Chemical composition of the illitic clay (in wt.%). 

 SiO2 Al2O3 K2O MgO Fe2O3 CaO SO3 Na2O L.O.I 

Illitic 

clay 
55.69 29.18 7.74 1.36 0.87 0.31 0.10 0.01 4.74 

Differential scanning calorimetry was performed on the Netzsch Pegasus 404 F3 facility up to 

1200 °C with a heating rate of 5 °C/min in Ar atmosphere. 

The prepared samples were investigated in terms of Young’s modulus, bulk density, and 

porosity measurements. The samples were fired in steps of 100 °C up to 900 °C. Above this 

temperature the step size was decreased to 50 °C up to the highest firing temperature of 1200 °C. 

After cooling the samples, Young’s modulus of elasticity, bulk density, and porosity were measured.  

To determine the Young's modulus, a custom-designed apparatus was employed [13,14]. The 

rectangular specimen was positioned on two supports, strategically placed at the nodal points of the 

excited standing waves. A small steel ball was utilized to induce the formation of standing waves 

within the sample. A microphone, placed in proximity to the specimen, captured the acoustic signal 

emitted by the sample. The recorded signal was subsequently processed using specialized computer 

software to identify the resonant frequency. The Youngs modulus was then calculated from the 

following equation [15] 
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𝐸 = 0.9465
𝑚 𝑙3𝑓2

𝑏4
𝑇1 (2) 

where m is the weight of the sample, l is the length of the sample, b is the thickness of the sample, f is 

the resonant frequency, and T1 is a correction coefficient. The correction coefficient is influenced by 

the thickness-to-length ratio and Poisson's ratio. However, the precise value of Poisson's ratio was 

unknown, necessitating the use of an approximate value (0.2) for all measurements. Data was 

collected from five samples for each mixture, with each sample being gradually fired at the specified 

temperatures. 

Density of the samples was determined using the ATC Pycnomatic device using He gas. From 

the measured values and calculated values of density (from the known dimensions and weight) the 

open porosity of the samples was calculated.  

The phase composition of the prepared samples was analyzed using a PANalytical Aeris 

diffractometer equipped with a CoKa tube, which operates at 40 kV and 7.5 mA. Measurements were 

conducted over an angular range of 5–85° with a step size of 0.0217°. Phase identification was carried 

out using the X'Pert HighScore software with access to the PDF-2 database of crystalline phases. 

Quantitative phase analysis was performed via Rietveld refinement in TOPAS V5, aiming to 

determine the weight percentages of all identified phases, following the methodology outlined in 

Refs. [16,17] 

3. Results 

Thermally activated processes running in the samples were monitored in terms of Differential 

Scanning Calorimetry (DSC), Figure 1. In the initial stages of heating (up to 200 °C) two distinct 

endothermic processes are visible on the DSC curves of the samples. The first peak, centered at ~70 

°C was linked to the evaporation of the added water (contained in the PVA solution). The second 

peak, centered at 150 °C, represented the removal of the physically bound water from the sample. 

The next process observed during heating of the samples was the 2-step dehydroxylation of the illite, 

what was represented by two distinct endothermic peaks in the temperature interval from ~480 °C to 

650 °C [3,18]. During this process, the chemically bound OH- groups are removed from the sample. 

After the dehydroxylation was finished a significant endotherm represented the decomposition of 

CaCO3 according to the following reaction 

CaCO3 → CaO + CO2 (g) (3) 

Once the decomposition was over crystallization processes started in the samples. Samples fired 

at 830 °C consisted from muscovite as the dominant phase, with microcline, quartz, and portlandite 

as additional phases (Table 2). Although portlandite decomposes at temperatures lower than the 

firing temperature (~420 °C portlandite decomposition temperature), its presence in the sample was 

expected. After decomposition of the calcite free lime was remaining in the samples structure. The 

free lime then upon cooling and during storage absorbed the atmospheric moisture and thus 

portlandite was formed. Further increase in the temperature led to the appearance of an exothermic 

peak centered at ~940 °C, what was linked to the crystallization of new mineral phases. With an 

increasing CaCO3 the peak broadened, suggesting that the CaO supported the crystallization process. 

In the Ca rich regions, gehlenite tends to crystallize, while in the regions with moderate amount of 

Ca anorthite and/or Ca-feldspar was expected to form [19]. Indeed, XRD results after firing at 1000°C 

revealed the presence of gehlenite and Ca-feldspar with amounts depending on the CaCO3 content 

in the samples. The lowest amount of gehlenite was manifested by the sample with the lowest initial 

CaCO3 content. The amount of gehlenite gradually increased with an increasing initial CaCO3 content 

reaching a maximum of 16 wt.% for the sample with 25.6 wt.% of added calcite. On the other hand, 

the evolution of the Ca-feldspar content didn’t follow a similar trend. The lowest amounts were 

observed in the samples prepared with 17.6 wt.%, 23.6 wt.%, and 25.6 wt.% of calcite. On the other 

hand, the highest amount of Ca-feldspar was manifested by the sample prepared with 19.6 wt.% of 

calcite. The Ca-feldspar phase is an intermediate phase of the anorthite. Their crystallographic lattices 
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differ in the length of the c axis. In the case of calcite mixture with kaolin, the Ca-feldspar phase 

transformed into anorthite at higher temperatures [19]. The increasing content of calcite supported 

the crystallization of C3S – the amount of C3S increased with an increasing calcite content. The 

exothermic peak at 1100 °C was linked to the crystallization process of wollastonite and leucite in the 

samples. Once the crystallization processes were finished, no other reactions were observed on the 

DSC curves. Previous studies reported the crystallization of gehlenite and anorthite in stochiometric 

mixtures of illite and CaCO3 [6,20,21] and in the mixture of clay ceramics with waste calcite [22]. 

Indeed, the amount of gehlenite and Ca-feldspar increased with an increasing calcite content as well 

as with the rising firing temperature. Although the anorthite stoichiometry was calculated to be met 

with 21.6 wt.% of calcite addition, anorthite did not crystallize in the mixtures. Moreover, the sum of 

the gehlenite and Ca-feldspar contents varied only less significantly at all temperatures. However, 

the illitic clay used in this study was of lower purity, what resulted in the formation of various 

mineral phases. Therefore, the transformation of gehlenite and Ca-feldspar into anorthite was not 

observed suggesting higher sintering temperatures are needed to the reaction to run. In addition, the 

wide variety of elements contained in the initial illitic clay gave rise to the crystallization of 

wollastonite and leucite. 

Table 2. Phase composition of the fired samples (in wt.%). 

Samp

le ID 

Quar

tz 

Muscov

ite 

Microcli

ne 

Portland

ite 

Gehleni

te 

Ca-

feldsp

ar 

C3

S 

Wollaston

ite 

Leuci

te 

830 °C 

17.6 

wt.% 
17 59 16 7 - - - - - 

19.6 

wt.% 
18 59 17 5 - - - - - 

21.6 

wt.% 
16 58 14 12 - - - - - 

23.6 

wt.% 
18 57 14 11 - - - - - 

25.6 

wt.% 
18 55 19 9 - - - - - 

1000 °C 

17.6 

wt.% 
20 27 28 0 9 12 4 - - 

19.6 

wt.% 
19 31 16 1 10 17 6 - - 

21.6 

wt.% 
19 21 25 0 13 14 7 - - 

23.6 

wt.% 
18 20 24 2 15 12 9 - - 

25.6 

wt.% 
17 21 24 2 16 11 10 - - 

1100 °C 
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17.6 

wt.% 
23 - 18 - 14 24 8 6 7 

19.6 

wt.% 
23 - 21 - 16 22 8 6 5 

21.6 

wt.% 
19 - 18 - 18 23 8 6 8 

23.6 

wt.% 
18 - 16 - 20 22 9 6 8 

25.6 

wt.% 
19 - 16 - 19 19 11 5 12 

1150 °C 

17.6 

wt.% 
17 - 15 - 15 36 - 10 7 

19.6 

wt.% 
18 - 16 - 15 28 - 12 11 

21.6 

wt.% 
17 - 15 - 17 25 - 13 14 

23.6 

wt.% 
15 - 10 - 20 26 - 16 13 

25.6 

wt.% 
13 - 12 - 23 21 - 16 15 

 

Figure 1. DSC curves of the prepared mixtures. 

Relative mass change (Figure 2) of the samples was measured after each firing temperature. In 

the initial stages (firing temperatures up to 200 °C) the removal of the physically bound water led to 

a decrease in the sample mass. The mass changes fell into a narrow interval between 1.1% (sample 

with 17.6 wt.% of CaCO3) to 1.9% (sample with 25.6 wt.% of CaCO3), with no significant influence of 

the CaCO3 content. Further firing up to 400 °C did not led to a visible change in the samples mass. 

Above 400 °C several processes ran in the samples starting with the dehydroxylation of portlandite 

followed with the dehydroxylation of illite. The corresponding mass losses ranged from 8 wt.% to 10 

wt.% in the temperature interval from 400 °C to 800 °C. Further firing led to the decomposition of 
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CaCO3 what led to a reduction in the samples mass being the highest for the sample with the highest 

amount of calcite addition. After these reactions ended the samples mass did not manifest 

considerable changes. The total mass losses fell into the interval from 12.6 wt.% to 16.4 wt.% being 

the lowest for the sample with 17.6 wt.% of CaCO3 addition and the highest for the sample with 25.6 

wt.% of calcite addition. 

 

Figure 2. Relative mass change of the samples. 

The dimension of the samples manifested only small contraction with increasing firing 

temperature up to the start of the illite dehydroxylation (Figure 3). In the temperature interval of the 

illite dehydroxylation (firing temperatures ranging from 400 °C to 800 °C) a significant expansion of 

the samples (up to 1.15%) was observed. Following the dehydroxylation the decomposition of calcite 

led to a contraction of the samples. In the temperature interval from 900 °C to 1100 °C only a less 

pronounced contraction of the samples was observed. Above 1100 °C sintering of the samples started 

leading to a significant reduction of the samples dimensions. The highest overall length change was 

manifested by the sample with 19.6 wt.% of CaCO3 while the lowest was reached by the sample 

containing 25.6 wt.% of calcite, what was in agreement with previous results obtained on a ceramic 

body with calcite addition [23].  

 

Figure 3. Relative length change of the samples. 

Matrix density of the samples (Figure 4) was measured after each firing temperature. The initial 

values of the raw samples ranged from 2.70 g/cm3 to 2.78 g/cm3. The increasing amount of CaCO3 did 

not influence the value of matrix density of the samples. However, after heating the samples at 100 
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°C and removing the adsorbed water from their structure, the matrix density of all samples increased. 

The highest value was manifested by the sample containing 23.6 wt.% of CaCO3 (3.02 g/cm3), while 

the lowest value was reached by the sample with the lowest amount of CaCO3 (2.82 g/cm3). Further 

firing the samples up to the start of the illite dehydroxylation had only a less significant increase of 

the bulk density of the samples. The dehydroxylation of illite resulted in a significant reduction in 

the bulk density up to 700 °C. Further increase in the firing temperature initially led to an increase in 

the matrix density at 800 °C, what was followed with a plateau region up to 900°C. After the firing 

temperature exceeded this temperature, the sintering of the samples started, what led to a decrease 

in the observed matrix densities. Illitic clays are characterized by sintering assisted with viscous flow, 

what leads to an enhanced densification of the samples. However, if the diffusion of gaseous 

substances is slow, these molecules remain trapped in the glassy matrix forming closed porosity. The 

resulting matrix densities ranged from 2.67 g/cm3 to 2.82 g/cm3 for samples with 17.6 wt.% and 23.6 

wt.%, respectively. 

 

Figure 4. Matrix density of the prepared samples. 

Bulk density of the samples (Figure 5) was measured after each firing temperature. The highest 

values of the bulk density were manifested by the samples prior to heat treatment. The increasing 

amount of CaCO3 decreased the bulk density of the samples up to a CaCO3 content of 23.6 wt.%. 

Firing the samples up to the start of the illite dehydroxylation had only a less significant increase of 

the bulk density of the samples. A gradual decrease was observed. However, the dehydroxylation 

process resulted in a significant reduction in the bulk density up to 800°C. Further increase in the 

firing temperature had only minor effects on the value of bulk density up to 1150°C. At this 

temperature, the densification of the samples started resulting in an increase in the value of the bulk 

density. The values of the bulk density after heating at the highest temperature ranged from 1509 

kg/m3 to 1653 kg/m3 for samples prepared with 25.6 wt.% and 19.6 wt.% of CaCO3, respectively. 
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Figure 5. Bulk density of the prepared samples. 

Open porosity of the samples gradually increased with an increasing firing temperature. The 

pores were generated through the evaporation of the physically bound water as well as due to the 

dehydroxylation of illite in the samples. The rapid increase in the value of porosity between firing 

temperatures 700 °C and 900 °C was linked to the decomposition of CaCO3. A further increase in the 

firing temperature resulted in sintering of the samples what in turn led to a decrease in the value of 

the open porosity. However, the open porosity of the samples remained relatively high, ranging from 

38% to 44% (Figure 6). 

 

Figure 6. Open porosity of the prepared samples. 

Young’s modulus (E) of the samples manifested little changes upon firing up to 800 °C (Figure 

7). Indeed, in this temperature region (apart from the illite dehydroxylation) no major changes were 

observed in the sample structure. Firing the samples at 900 °C led to a significant increase in the value 

of E. The values of E ranged from 9.3 (17.6 wt.% of CaCO3) to 11.2 (23.6 wt.% of CaCO3) GPa. Above 

800 °C the CaCO3 decomposed and the sintering of the sample started. During sintering assisted with 

viscous flow [6], the interparticle bonding was enhanced what resulted in the increase of the E. The 

increasing character of the E remained intact up to the firing temperature of 1000 °C, where a local 

maximum was reached. Further increase in the firing temperature led to a notable decrease in the 

values of E for all samples what lasted up to 1100 °C. At this temperature, new mineral phases 

emerged and due to the high temperature, sintering assisted with viscous flow continued resulting 

in a stronger interparticle bonding. In turn, E increased with an increasing firing temperature. 
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Figure 7. Youngs modulus of the prepared samples. 

Varying the amount of added CaCO3 did not have a significant effect on the E. All samples 

manifested similar behavior to that prepared with the stochiometric amount of CaCO3 for anorthite 

crystallization. Sample composition varied moderately/little with respect to the increasing amounts 

of CaCO3. One reason for this is the mixture of elements contained in the illite-smectite clay. Although 

the stochiometric amount of CaCO3 was added, in addition to anorthite several other mineral phases 

crystallized. In places where excess CaO was present gehlenite formation arose, what gradually, with 

an increasing temperature transformed to anorthite. Due to the potassium content of illite at 

temperatures around 1150 °C leucite crystallizes, what generally leads to a small expansion of the 

sample. Moreover, a considerable amount of amorphous phase was formed upon heating, what 

supported the sintering via viscous flow. 

This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 

drawn. 

5. Conclusions 

Mixtures of illitic clay with various amounts of calcite were studied. The mixtures were designed 

to lie in the stoichiometric composition of anorthite (21.6 wt.% of calcite added) with two 

compositions lying below this ratio (17.6 wt.% and 19.6 wt.%) and above this ratio (23.6 wt.% and 

25.6 wt.%). Thus, allowing to assess the effect of calcite content on the crystallization behavior, as well 

as on the Youngs modulus of the prepared ceramics after firing at various temperatures. The 

crystallization of anorthite was not observed in the mixtures, instead gehlenite and Ca-feldspar 

emerged during firing due to the low purity of the applied illitic clay and a low sintering temperature 

(1150 °C). The potassium content of the illite supported the crystallization of leucite at high 

temperatures. Youngs modulus of the prepared ceramic (measured after firing at different 

temperatures varying from 100 °C to 1200 °C) did not exhibited a well-pronounced dependence on 

the calcite content. However, the influence of the different calcite additions was more significant on 

the open porosity and bulk density of the samples. The lowest porosity was manifested by the sample 

with the lowest calcite content (17.6 wt.%). 
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