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Abstract:  9 

In order to develop fire resistant geopolymer materials, it is necessary to understand the 10 

parameters controlling their thermal behavior such as the content of alkali or rare earth 11 

cations. This study highlights the effect of carbonate nature and amount on the thermal 12 

behavior of geopolymers in order to propose a model of thermal behaviour and predict 13 

shrinkage. For this, various mixtures of kaolin and calcite and/or dolomite with different 14 

percentages were calcined at 600 and 750°C. The feasibility of consolidated materials based 15 

on these mixtures were evaluated and the thermal behavior of the obtained materials was 16 

investigated. The characterization of the mixtures revealed the persistence of carbonates after 17 

calcination at 600°C and their partial decomposition after calcination at 750°C. This fact was 18 

explained in the case of high dolomite content by the existence of kaolinite gangue hindering 19 

its decomposition. Consolidated materials were obtained from the different mixtures. After 20 

thermal treatment at 1000°C, it was evidenced that the amorphous phase crystallizes to form 21 

in a major part leucite. At lower available alkaline earth species (Ca2+ and Mg2+) content, only 22 

wollastonite is formed and the shrinkage varies between 15 and 12%. However, at higher 23 

content, different calcium and magnesium silicates can be formed such calico-olivine and 24 

larnite in the case of calcite based materials and akermanite and merwinite for dolomite based 25 
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materials. This fact leads to lower shrinkage value (from 6 to 8%). Thus, it is possible to 1 

control the thermal behavior and predict the shrinkage of geopolymer materials by controlling 2 

the available alkaline earth cations. 3 

Keywords: kaolin; calcite; geopolymer; dolomite; shrinkage 4 

1. Introduction 5 

Geopolymers are amorphous three-dimensional aluminosilicate material resulting from the 6 

condensation of alumina and silica sources at high pH and low temperature (less than 100 °C) 7 

[1]. They are characterized by high mechanical properties, stability at high temperatures [2], 8 

wide range of applications [3] and low environmental impact [4]. Calcined clays are often 9 

used as aluminosilicate source for geopolymer synthesis [5,6]. They are generally composed 10 

of clays minerals, tectosilicates and carbonates. The understanding of the structural evolution 11 

of each component of the clays and the interactions between them upon thermal treatment is 12 

crucial to determine their reactivity and their effect on the geopolymer properties such as 13 

thermal resistance. Carbonate is one of the most abundant and reactive compounds on earth. 14 

Their thermal decomposition was intensively studied because of its great technological 15 

importance [7]. Different parameters can influence the carbonate thermal decomposition such 16 

as the nature and crystalline structure of carbonate and the experimental conditions such as 17 

the sample weight, the particle size, the purge gas… [8]. Calcite is the most stable crystalline 18 

form of calcium carbonate. It was proven to decompose at 750°C [9]. Dolomite was shown to 19 

decompose in two stages. The first one yield to the formation of MgO and CaO. Then, the 20 

CaO reacts to form calcite if sufficient CO2 is available [10]. The interaction between 21 

kaolinite and calcite upon thermal treatment was also studied [11, 12]. It was evidenced that 22 

calcite endothermic peak on differential thermal analysis curve was impacted by the ratio of 23 

kaolinite to calcite, the rate of CO2 flow, the mixing, the heating rate and the volatiles evolved 24 

during the dehydroxylation of kaolinite. Mitchell et al., [13] have proven that the heat 25 
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treatment of a mixture of 95% of kaolinite and 5% of calcite leads to the dehydroxylation of 1 

kaolinite at 600°C, the decomposition of calcite to form lime (CaO) and portlandite (Ca(OH)2)  2 

if high humidity. From 900°C, it was evidenced the formation of anorthite (CaAl2Si2O8) and 3 

gehlenite (Ca2Al(Al Si)O7)  and a beginning of formation of mullite (Al6Si2O13) due to the 4 

excess of metakaolinite. Mixtures of kaolin and dolomite were also studied with the same 5 

proportions. Dolomite decomposed between 500 and 600 °C to form lime and periclase. At 6 

900 °C, there is formation of gehlenite and anorthite, and persistence of periclase (MgO). 7 

Other studies investigated kaolin and dolomite mixture to produce macroporous support for 8 

ceramic membranes [14]. They have demonstrated that the sintering of kaolin was inhibited 9 

by a percentage of dolomite higher than 10 wt. %. The crystalline phases formed by in situ 10 

reaction sintering between 1150 and 1300 °C were mullite, cordierite (Al3Mg2AlSi5O18) and 11 

anorthite.  12 

Several studies [15,16,17,18] have focused on the effect of carbonates on geopolymer 13 

synthesis and properties. Kutuk and Cetinkaya [19] have shown that kaolinite-calcite based 14 

geopolymer materials can be successfully synthesized with various mass ratios of kaolinite 15 

and using alkali silicate and NaOH. Yip et al., [20] have demonstrated that the addition of 20 16 

wt.% of calcite and dolomite to metakaolin  has a beneficial effect on the mechanical 17 

properties of geopolymers. Above this percentage, the formation of geopolymer is limited and 18 

the shrinkage is increased. Valentini et al., [21] also demonstrated that the moderate addition 19 

of calcium carbonate (~ 25 wt. %) induces a significant increase of compressive strength. 20 

However, the mechanical strength of geopolymer based on dolomite-metakaolin were found 21 

to be lower than the calcite based one [22] due to lower dissolved calcium, particle size and 22 

surface properties differences of dolomite compared to calcite. Although the effect of 23 

carbonates on the mechanical properties was understood, their effect on the thermal behavior 24 

is still complex and obvious as it depends on their amount and structure [23]. Dupuy et al., 25 
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[24,25] have studied the thermal behavior of argillite based alkali-activated materials. The 1 

studies evidenced that carbonates, essentially calcite and a low amount of dolomite, initially 2 

present in the argillite, decompose during thermal treatment. Thus, available calcium reacts 3 

with silica from the geopolymer amorphous phase to form wollastonite. Few studies 4 

investigate the thermal evolution of geopolymers based on dolomite. Yan et al.,[26] evidenced 5 

that the thermal treatment at 1000 °C of geopolymer foams based on metakaolin and dolomite 6 

leads to the crystallization of leucite and the formation of periclase and lime resulting from 7 

the decomposition of dolomite. Consequently, the presence of carbonates depending on their 8 

nature and amount leads at high temperature of the formation of crystalline phases due to 9 

solid state reaction. In previous work [27], it was demonstrated that  geopolymers based on a 10 

mixture of 33 wt. % of kaolin and 67 wt. % of argillite calcined at 750°C exhibit a high 11 

thermal treatment resistance at 1000°C with an improvement of post-thermal treatment 12 

strength. In order to understand this behavior and to propose a model of reactivity of this 13 

sample, different mixtures based on kaolin and carbonates (calcite and/or dolomite) with 14 

different proportions and calcination temperature (600 and 700°C) are investigated in the 15 

present study. Thus, the novelty of the study is to give further insight on the thermal behavior 16 

of geopolymer by understanding the role played by carbonate type and amount as well as the 17 

calcination temperature of the aluminosilicate source and to propose a model of thermal 18 

behaviour. In the discussion part, other formulations were added in order to validate the 19 

obtained results. 20 

2. Experimental part 21 

2.1. Raw materials and sample preparation 22 

The starting materials are reported in Table 1. The kaolin (Si/Al =1.44) contains traces 23 

of calcite [28]. The mean diameter of kaolin is 20 µm and its water demand is about 530 24 

µL/g. The BET specific surface area is 24 m2/g. The calcite (CaCO3) and dolomite 25 
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(CaMg(CO3)2) have close water demand (310 and 273 µL/g respectively) with the different 1 

particles size (2 and 14 µm respectively). CaCO3 and CaMg(CO3)2 have both similar specific 2 

surface areas (2 and 1 m2/g respectively). A commercial potassium silicate solution (Woellner 3 

GmbH, Gemany), with Si/K molar ratio of 1.7 and 79 % of water content, was used. The 4 

activation solution, labelled S, was prepared by dissolving potassium hydroxide pellets in this 5 

commercial solution in order to obtain a Si/K molar ratio of 0.58. 6 

Five mixtures were prepared as shown in the CaO-MgO-2SiO2Al2O3 ternary diagram 7 

(Figure 1): (i) Two mixtures containing kaolin and calcite with weight percentages of calcite 8 

equal to 10 and 50 wt. %, which corresponds to 21 and 70 molar percentages respectively (ii) 9 

Two mixtures containing kaolin and dolomite with weight percentages of dolomite of 10 and 10 

50 wt. % which corresponds to molar percentages of dolomite of 13 and 57 % and (iii) a 11 

mixture containing kaolin (82 wt. %), calcite (13 wt. %) and dolomite (5 wt. %) 12 

corresponding to molar percentages of 70, 25 and 5 %, respectively. The homogenization of 13 

the mixtures was performed using a turbula mixer for 1 hour with a rotation speed of 72 rpm. 14 

Then, the mixtures were calcined at 600 and 750 °C in a rotary oven (Carbolite Gero) for 1.5 15 

hours except of the mixture containing calcite and dolomite which was only calcined at 750°C 16 

in order to model the sample studied in previous work and showing optimal thermal resistance 17 

at 1000°C [26]. The geopolymer samples are prepared by mixing the calcined mixtures with 18 

the activation solution for 5 min. The K2O/H2O molar ratio is about 18.7. The samples are 19 

cast in closed polysterene mold (Ø =25 mm, H = 60 mm) and kept at room temperature for 7 20 

days. Then, the thermal resistance of the different samples was evaluated at 1000°C with a 21 

ramp of 5°/min, a dwell time of 15 min and a natural cooling in the furnace.  22 

The adopted nomenclature to identify the raw mixtures and the geopolymer samples is Mx
T

 23 

and GMx
T

 respectively, with M= ca and/or do, “ca” refers to calcite, “do” to dolomite and “x 24 

to the weight percentage of each component. “T” indicates the calcination temperature (T= 25 
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600 or 750 °C). For example, Gca0.1
600 geopolymer sample was obtained by mixing the 1 

silicate solution with the mixture ca0.1
600 composed of 90 wt.% of kaolin and 10 wt.% of 2 

calcite calcined at 600 °C. 3 

2.2. Characterization techniques 4 

The particle size distributions of the raw materials and the mixtures were measured using a 5 

laser particle size analyzer (Mastersizer-2000). The powders were dispersed in water. 6 

Powder BET areas (m2/g) were determined by N2 adsorption at -195.85 °C using a 7 

Micrometrics Tristar II 3020 volumetric adsorption/desorption apparatus. Prior to the 8 

measurement, the samples were degassed at 200 °C under vacuum for 4h. 9 

The water demand (µL/g) corresponds to the volume of water that can adsorbed by one 10 

gram of powder before saturation. One gram of powder is deposited on a glass slide; water is 11 

then added to the powder using a micropipette until visual saturation.  12 

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were 13 

performed with a TA Instrument SDT Q600. Measurements were carried out under dry 14 

airflow (100 mL/min) in a platinum crucible. About 30 mg of crushed samples were heated up 15 

to 1000 °C with a rate of 10 °C/min and a dwelling time of 15 min. DTA-TGA coupled with 16 

mass spectrometry was performed with a Netzsch STA 449F3 analyzer. For these 17 

measurements, the samples were heated to 900 °C at a rate of 10 °C/min under an argon flow. 18 

Fourier-Transform Infrared (FTIR) spectra were obtained with a ThermoFisher Scientific 19 

Nicolet 380 spectrometer on the raw and calcined mixtures. Spectra were acquired in 20 

transmission mode using KBr pressed discs (100 mg of KBr and 0.6 mg of sample). The 21 

spectra were recording between 400 and 4000 cm-1 with a 4 cm-1 resolution and composed of 22 

64 scans. The atmospheric CO2 contribution was removed by using a straight line between 23 

2400 and 2280 cm-1. To allow comparison between the spectra, they were corrected using a 24 

baseline and were normalized. 25 
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X-ray diffraction (XRD) experiments were performed with a Brucker-D8 Advance which 1 

operates with Bragg-Brentano geometry and a CuKα1α2 detector. Data were recorded at a 2 

range of 10°- 50 ° (2θ) with an angular step size of 0.02 °(2θ) and a counting time of 0.26 s 3 

per step. Joint Committee Powder Diffraction Standard (JCPDS) files were used for phase 4 

identification. 5 

Dilatometric measurements were performed under air with a vertical dilatometer Setsys 6 

made by Setaram Instrumentation. The cylindrical samples (d/ H = 0.6, where d= 5 mm and H 7 

= 8 mm) were placed between two platinum/alumina holders during the analysis, and a 8 

correction was applied to remove the contribution of the device/ holders. Samples were heated 9 

until 900°C with a ramp of 5°C /min in an air atmosphere and cooled with a ramp of 20 10 

°C/min 11 

Environmental Scanning Electron Microscopy experiments were conducted using a FEI 12 

QUANTA 450 FEG microscope at 15 kV. The geopolymer sample was directly placed in a 13 

small MgO crucible covered with platinum paint (5 mm inner diameter). The thermocouple is 14 

placed below the sample. The temperature was increased from 25 to 1000°C. The pressure is 15 

maintained at 200 Pa. Many images of the sample surface were recorded during the 16 

temperature variation.  17 

III. Results and discussion 18 

1) Effect of carbonate nature and amount and the temperature of thermal 19 

treatment on kaolin-carbonates mixtures 20 

In order to understand the thermal evolution of kaolin-carbonates mixtures, they were 21 

characterized using thermal analysis, FTIR spectroscopy, XRD, chemical and physical 22 

characterization. The effect of carbonate nature and amount and the temperature of thermal 23 

treatment was highlighted.  24 

a) Structural characterization 25 
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FTIR measurements were also performed on the different mixtures. Figure 4 shows the 1 

FTIR spectra of the different mixtures. Whatever the non-calcined mixture (Figure 4 A), 2 

bands related to OH stretching vibrations at 3396, 3650 and 3620 cm-1 and bending vibration 3 

at 913 (Al2OH) cm−1 [29] are observed. These bands are characteristic of kaolinite [30]. The 4 

Si–O stretching vibrations are observed at 1100, 1034 and 1007 cm-1 [32]. The doublet at 797 5 

and 778 cm−1 and the peak at 694 cm−1 are attributed to quartz [31]. For kaolin-calcite 6 

mixtures, in addition to bands relative to kaolinite, asymmetric stretching vibrations (υ3) at 7 

1430 cm−1 and bending mode at 2511 (2υ2 + υ4), 1796 (υ1 + υ4), 875 (υ2) and 712 (υ4) cm-1  of 8 

carbonate ions relative to calcite can be detected [32,33]. The intensity of these bands 9 

increases with the increase of calcite content. For kaolin-dolomite mixtures, similar bands are 10 

observed. Compared to calcite, dolomite displays characteristic bands at 2624 and 728 cm−1 11 

[34]. 12 

Whatever the mixture, after calcination at 600°C (Figure 4 B), the bands of kaolinite 13 

disappear revealing the dehydroxylation of kaolin at this temperature. However, the band of 14 

carbonates persists and broadens overlapping new contributions at 1397 cm–1 corresponding 15 

to hydrogen carbonate HCO3 [35] and another contribution at 1500 cm–1 attributed to the 16 

asymmetric stretching vibrations of carbonate groups [36]. After calcination at 750°C (Figure 17 

4 C), carbonates bands persist and in addition to that, peaks at 3700 and 3640 cm-1  appear due 18 

to stretching vibrations O-H of Mg(OH)2 and Ca(OH)2 [37,38]. These findings are in 19 

accordance with the results of thermal analysis discussed above. For kaolin-calcite mixtures, 20 

the band is composed of three contributions at 1397, 1430 and 1500 cm–1. For kaolin-dolomite 21 

mixtures and especially with high dolomite content do0.5
750 sample, a strong and broad band is 22 

observed in the region 1300-1600 cm-1 revealing structural transformations of dolomite. 23 

Indeed, the band overlaps, in addition to the contributions at 1397 and 1500 cm-1, a 24 

contribution at 1450 cm-1 attributed to the non-decomposed dolomite and another contribution 25 
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at 1414 cm-1 which  is related to CaCO3 resulting from the decomposition of dolomite [7]. The 1 

appearance of peaks at 2521, 1800, 874 and 713 cm-1 confirms the formation of CaCO3. To 2 

emphasize all these contributions, the intensity of the band related to hydrogen carbonate 3 

HCO3
- at 1397 cm–1 

4 

 normalized by the intensity of the peak of water at 1640 cm–1 was plotted in function of the 5 

number of moles of decomposed M2+ deduced from thermal analysis in Figure 5A. The 6 

appearance of this band is due to the partial decomposition of carbonates and their possible 7 

reaction with the air of atmosphere. In general, the intensity of hydrogen carbonate band 8 

increases with the increase of the number of moles of non-decomposed carbonates except of 9 

do0.5
T mixtures. In fact, at 600°C, for mixtures with low amount of carbonates, a low amount 10 

of M2+ (1.81*10-5 and 1.53*10-5 mol for ca0.1
600 and do0.1

600 mixtures, respectively), 11 

corresponds to low intensity of hydrogen carbonate band (2.56 and 1.29 for ca0.1
600 and 12 

do0.5
600 mixtures, respectively). However, a higher content of calcite leads to the increase of 13 

decomposed M2+ (7.74 *10-5 mol for ca0.5
600 mixture) and therefore the increase of the 14 

normalized intensity of hydrogen carbonate bands (4.94). This is not the case of do0.5
600 

15 

sample which shows a low intensity ratio (0.91). For mixtures calcined at 750°C, the same 16 

evolution is noticed except of do0.5
750 sample. The mixture containing calcite and dolomite 17 

shows an intermediate position. These data suggest that a part of dolomite is surrounded of a 18 

kaolinite gangue hindering its decomposition. Similarly, the intensity of the band at 1500 cm–1 19 

normalized by the intensity of the peak of water at 1640 cm–1 was plotted in function of the 20 

number of moles of non-decomposed M2+ in Figure 5B. This band results also from a reaction 21 

of carbonates with the air of atmosphere [39]. The same trend as observed in Figure 5A is 22 

obtained showing the increase of the band intensity with the increase of the number of moles 23 

of non-decomposed M2+ except of dolomite based mixtures do0.5
T samples). These mixtures 24 
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show low intensity of the band at 1500 cm–1 indicating lower formation of this carbonate 1 

which means lower reaction with the atmosphere. 2 

Consequently, the thermal treatment at 600 and 750 °C induces partial decomposition of 3 

carbonates and the appearance of hydrogen carbonates. The decomposition of dolomite seems 4 

to be hindered by a kaolinite gangue.  5 

In order to obtain more accurate structural information about the mixtures based on calcite 6 

and dolomite, XRD characterization was performed. The XRD patterns are presented in 7 

Figure 6. For kaolin-calcite mixtures, after calcination at 600°C, kaolinite peaks disappear. 8 

However, the peaks of calcite persist. The same observation is noted at 750°C with the 9 

appearance of peaks related to CaO and Ca(OH)2. These data complete the results of TGA 10 

and FTIR analysis showing incomplete decomposition of calcite. For kaolin-dolomite 11 

mixtures (dox
T), the patterns evidence also the persistence of dolomite rays at 600°C and 12 

750°C. However, at 750°C, the intensity of dolomite decreases drastically and rays relative to 13 

calcite and MgO appear. These results also show the incomplete decomposition of dolomite at 14 

750 °C and confirm the presence of a kaolinite gangue hindering the total decomposition of 15 

dolomite. 16 

2) Geopolymer materials  17 

Feasibility tests of consolidated materials were carried out for all the studied mixtures. All 18 

samples exhibit a consolidated appearance and a red-brown color due to the initial color of the 19 

used kaolin containing Fe2O3 [40]. However, Gca0.5
750 mixture exhibits a high viscosity and a 20 

flash consolidation which can be explained by high amount of reactive calcium [41]. A gel was 21 

also observed on the surface of Gdo0.5
600 sample revealing a low amount of reactive 22 

aluminium (low amount of kaolinite) and an excess of non-reacted silicate species from the 23 

alkaline solution [27]. The XRD patterns of the samples shows an amorphous dome centered 24 

at 28° characteristic of geopolymer materials as well as crystalline phases. For samples based 25 
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on calcined mixtures at 600°C, Gca0.25
600 (Figure 7A.a) sample shows impurities of quartz, 1 

anatase and hematite from kaolin [49] and persistence of calcite. Gca0.5
600 sample (Figure 2 

7A.b) exhibits the same phase but with higher intensity of calcite peaks. For kaolin-dolomite 3 

mixtures based sample, dolomite and small peaks of calcite can be detected for Gdo0.1
600 

4 

(Figure 7A.c). Less intense peaks of dolomite and more intense peaks of calcite are found in 
5 

Gdo0.5
600 (Figure 7A.d) confirming the partial decomposition of dolomite. The XRD patterns 6 

of samples based on calcined mixtures at 750°C highlight the persistence of calcite and the 7 

formation of lime and portlandite in the kaolin-calcite based geopolymers (Figure 7C.a,b). 8 

For kaolin-dolomite based geopolymers (Figure 7C.c,d), dolomite was also found in addition 9 

to the formation of calcite, MgO and Mg(OH)2. In the case of kaolin-dolomite-calcite based 10 

geopolymer, (Figure 7C.e), dolomite, calcite, CaO, MgO, Ca(OH) 2 and Mg(OH)2 are 11 

detected. 12 

Consequently, consolidated materials were successfully obtained from the different 13 

mixtures of kaolin and carbonates calcined at 600 and 750°C. The mineral composition shows 14 

the coexistence of an amorphous geopolymer network, residual non-decomposed carbonates 15 

and reactive alkali earth cations resulting from decomposed carbonates.  16 

b. Thermal behavior 17 

In order to evaluate the thermal behavior of the synthesized geopolymers, they were heated 18 

at 1000°C. Then, X- ray diffraction was performed to identify the mineralogical changes. The 19 

chemical composition and the PDF files of the different mineral phases are reported in 20 

supplementary file. Whatever the sample, crystalline phases can be detected. Gca0.1
600 21 

sample (Figure 7B.a’) shows the persistence of quartz and the formation of leucite 22 

K(AlSi2O6) and wollastonite (CaSiO3). The formation of leucite (KAlSi2O6) was previously 23 

evidenced in potassium based geopolymers [42,43]. Its formation is favored at higher 24 

temperature (>800°C) and higher Si/Al molar ratio. Wollastonite was also found in the work 25 
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of Dupuy et al.[24] and results from a reaction at 780°C between silica from the amorphous 1 

phase and available calcium from carbonate decomposition [44]. With the increase of calcite 2 

content in Gca0.5
600 sample (Figure 7B.b’), the quartz peaks intensity decreases drastically 3 

and more wollastonite is formed to the detriment of leucite and kalsilite due to higher 4 

available calcium. Furthermore, others calcium silicates are formed such as Ca2SiO4 (α C2S) 5 

calico-olivine (γ C2S), larnite (β C2S). Indeed, Larnite can be formed from a reaction between 6 

quartz and lime from a temperature of 930 °C [45]. Calcio-olivine is the stable 7 

Ca2SiO4 polymorph and is formed according to literature during cooling to room temperature 8 

[48]. No differences can be detected for kaolin – dolomite based samples (Figure 7D. c’and 9 

d’).  10 

The same phases as at 600°C are detected for samples based on mixtures calcined at 750°C 11 

(Figure 7D. a’,b’ and c’) except of Gdo0.5
750 sample (Figure 7D.d’) showing the formation 12 

of additional phases such as akermanite (Ca2MgSi2O7), merwinite (Ca3Mg(SiO4)2) and 13 

potassium magnesium silicate due to higher availability of magnesium and calcium. In the 14 

case of kaolin-dolomite-calcite based geopolymer (Figure 7D.e’), quartz, leucite, kalsilite, 15 

merwinite wollastonite and calico-olivine are detected. 16 

In summary, the thermal treatment at 1000°C leads to the formation of crystalline phases 17 

which depend on the initial chemical composition of the mixture. In fact, the amorphous 18 

phase crystallizes to form potassium aluminium silicate, kalsilite and /or leucite. At lower 19 

content of alkaline earth species (Ca2+ and Mg2+), only wollastonite is formed. However, at 20 

higher content different calcium and magnesium silicates can be formed. 21 

Dilatometry measurements and DTA-TGA thermal analysis have been also carried on the 22 

geopolymer samples. The shrinkage curves as well as the TGA curves of the samples are 23 

presented in Figure 8. For kaolin –calcite based samples calcined at 600 °C, for Gca0.1
600 a 24 

very small shrinkage (1%) is observed until 200°C and associated to an important weight loss 25 
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of 19.6 % and is due to the release of free and physisorbed water [46]. Then, a shrinkage of 1 

1.5 % is detected until 800°C and can be attributed to the release of hydroxyl groups on the 2 

surface [47]. The TGA curve shows a weight losses of 2.2 % between 600 and 800°C 3 

attributed to the decomposition of the remaining calcite. A major shrinkage of 9.7 %, not 4 

accompanied by a weight loss, is observed between 800 and 1000°C and attributed to two 5 

phenomena i) the formation of a viscous flux and the ii) crystallization of crystalline phases 6 

from 900°C which can be wollastonite and leucite according to XRD data [48]. A different 7 

shrinkage curve is observed in the case of Gca0.5
600 sample with an expansion between 600°C 8 

to 800°C followed by a shrinkage of 5 % between 800 and 1000°C. The expansion is may be 9 

due to the decomposition of carbonates. In fact the corresponding TGA curve shows three 10 

weight losses of about 2.6, 2.9 and 8.6% in the temperature ranges 500-550, 550-650 and 650-11 

800°C, respectively. In order to identify the different weight losses, mass spectrometry 12 

coupled with thermal analysis was performed. Only the obtained curve relative to the 13 

mass/charge ratio (m/z) of 44 corresponding to the release of CO2 is given in supplementary 14 

file. As expected, three contributions of CO2 between 500-550, 550-650 and 650-800°C are 15 

shown. This results confirms the decomposition of three types of carbonates with different 16 

crystallinities which can be attributed to hydrogen bicarbonate [49], mixed carbonates and 17 

calcite. The hydrogen bicarbonate results from the interaction with humidity of the air and the 18 

mixed carbonates from the exchange of alkali and alkali earth cations [52].  A slightly higher 19 

total shrinkage (15 %) is observed in the case of Gdo0.1
600 sample. This is not the case of 20 

Gdo0.5
600 sample showing the lowest shrinkage value (6.9 %). Three weight losses were also 21 

observed in the TGA curves of 2.6, 4.0 and 6.5% in the temperature ranges 500-550, 550-650 22 

and 650-800°C respectively. The formation of viscous flux begins at lower temperature 23 

(712°C). This is due to the presence of a higher amount of alkali-earth cations (Ca2+ and 24 

Mg2+) acting as flux lowering the viscous flux temperature [50]. At 750 °C, similar shrinkage 25 
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curves are observed except of Gca0.5
750 showing an expansion from 600°C to 800°C then a 1 

shrinkage of 4 % between 800 and 1000°C. The expansion could be explained by on one hand 2 

the higher carbonate content which decomposes between 600 and 800°C and on the other 3 

hand the elimination of residual stress caused by the flash consolidation of this sample such as 4 

in glasses [51]. The TGA curve presents three weight losses (4.2, 3.7 and 6.4 in the 5 

temperature ranges 500-550, 550-650 and 650-800°C respectively) corresponding to the 6 

decomposition of hydrogen bicarbonate [52], mixed carbonates and calcite as previously 7 

demonstrated. Once again, Gdo0.75
750 shows a low shrinkage (8%) and the formation of 8 

viscous flow and the crystallization of crystalline phases of lower temperature (700 and 9 

800°C respectively). This results is in accordance with XRD data and literature showing 10 

crystallisation of akermanite and merwinite at 850°C [53,54]. The TGA curve shows also 11 

three weight losses of 2.6, 2.9 and 2.8% between 500-550, 550-650 and 650-800°C, 12 

respectively.  13 

The total shrinkage is plotted in function of the viscous flux temperature determined from 14 

the first derivative of the shrinkage curve (maximum of viscous flux) (Figure 9A). In order to 15 

validate the correlations, three extra formulations previously studied have been added, one 16 

based on kaolin and argillite calcined at 750°C [26] and two formulation based on metakaolin 17 

and Moroccan clays rich in carbonates [55]. The formulations were also added in the CaO-18 

MgO-2SiO2Al2O3 ternary diagram (see supplementary file). A linear correlation is evidenced 19 

showing the increase of the shrinkage value from 6 to 15.6% with the increase of viscous flux 20 

temperature from 687 to 922 °C for Gca0.5
750 and Gdo0.1

600 samples respectively. The 21 

shrinkage and the temperature of viscous flow are low for Gca0.5
T and Gdo0.5

T samples. This 22 

fact can be explained in the first case by the formation of different calcium silicate 23 

compounds as demonstrated by XRD lowering the shrinkage. In the second case, for high 24 

dolomite content based samples Gdo0.5
T, the presence of magnesium lowers the viscous flow 25 
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temperature. The silica is consumed for the formation of magnesium and calcium silicate and 1 

will not be available to form a liquid phase which decreases the shrinkage [56]. Higher 2 

shrinkage values and viscous flow temperature are obtained for low carbonates content based 3 

samples (Gca0.1
T and Gdo0.1

T). Indeed, silica from the amorphous phase remains free leading 4 

to higher liquid phase and thus higher shrinkage. In order to verify this result, the shrinkage 5 

values were also plotted in function of the molar ratio of the remaining M2+ in geopolymer 6 

samples determined from TGA analysis (weight loss between 500-800°C) and the M2+ 
7 

initially present in the raw mixtures (Figure 9B). It is shown a decrease of the shrinkage in 8 

function of this ratio. For low carbonates content samples, whatever the calcination 9 

temperature, the molar ratios varies between 0.06 and 0.13 with shrinkage values between 15 10 

and 12% which corresponds to Gdo0.1
600 and Gca0.1

750 samples. For high carbonates content 11 

samples, the molar ratios varies between 0.18 and 0.44 between which corresponds to a low 12 

shrinkage value varying between 6 and 8 % for Gca0.5
750 and Gdo0.5

750 samples, respectively. 13 

Indeed, the increase of available alkaline earth cations leads to the creation of non-bridging 14 

oxygens NBO and disorder favoring the formation of crystalline phases [57]. In fact, they will 15 

react at high temperature to form calcium and/or magnesium silicates which reduces the 16 

shrinkage. SEM photos at the temperature of viscous flux temperature appearance (Figure 17 

9A) and at 1000°C are reported in Figure 10. Three examples of sample were selected. For 18 

low carbonates content such as Gdo0.1
750 sample (Figure 10a) exhibiting high viscous flux 19 

temperature and high shrinkage (878°C and 12 % respectively), the observed microstructure 20 

is similar to typical metakaolin based geopolymer showing glass-like structure with high 21 

porosity content [58]. For Gca0.13do0.05
750 sample (Figure 10b), having intermediate values of 22 

viscous flux temperature and shrinkage (813°C and 10% respectively) it is observed the 23 

sintering of the amorphous phase and also the appearance of crystals and fibrous particles. For 24 

high carbonate content such as Gca0.5
750 sample (Figure 10c) characterized by low viscous 25 
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flux temperature and shrinkage value (687°C and 6 % respectively). More heterogeneous 1 

microstructure is observed indicating the formation of different crystalline phases. These 2 

observations corroborate the data in Figure 9. Consequently, it is possible to control the 3 

thermal shrinkage by the control of the carbonates content (nM2+) in the geopolymer and the 4 

well knowledge of the raw materials. 5 

 6 

Conclusion 7 

This study aims to propose a model of thermal behaviour of geopolymer materials by 8 

investigating the effect of carbonate nature and amount and the calcination temperature of the 9 

aluminosilicate source. For this, two mixtures of kaolin and calcite (10 and 50 wt.% of 10 

calcite), two mixtures of kaolin and dolomite (10 and 50 wt.% of dolomite) calcined at 600 11 

and 750°C and a mixture composed of kaolin, dolomite (5 wt.%) and calcite (13 wt.%) 12 

calcined at 750°C were studied. The characterization of these mixtures by thermal analysis, 13 

FTIR spectroscopy and XRD evidenced the complete dehydroxylation of kaolin and the 14 

persistence of carbonates after calcination at 600°C. Partial decomposition of calcite and 15 

dolomite was proven after calcination at 750°C. Furthermore, it was demonstrated that a 16 

kaolinite gangue can hinder the decomposition of dolomite in the case of mixture composed 17 

of 50 wt. % of dolomite. Then, the thermal behavior at 1000°C of the obtained consolidated 18 

materials based on these mixtures was evaluated. Two different behaviours can be 19 

distinguished: 20 

i) Geopolymers based on low carbonates content exhibit high shrinkage (from 12 to 16%) 21 

and viscous flow at high temperature. They are characterized by the formation of potassium 22 

aluminium silicate, kalsilite, leucite and wollastonite. 23 
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ii) Geopolymers based on high carbonates content exhibit lower shrinkage (from 6 to 8%), 1 

the appearance of viscous flow at lower temperature and the crystallisation of different 2 

additional phases (calcium and/or magnesium silicates). 3 

 4 
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Figure 1 : Chemical composition of the mixtures caxdoy in the CaO – MgO – Al2O3-2SiO2 ternary 

diagram ca0.1 (▲), ca0.5 (●), do0.1 (■), do0.5 (♦) and ca0.13do0.05 (◄) 
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Figure 2 : TGA curves of caxdoy
T mixtures (A) before and after calcination at (B) 600 and (C) 750 °C for ca0.1 (---), ca0.5 

(…), do0.1 (-.-.-), do0.5 (-..-..-), ca0.13do0.05 (—)  
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Figure 3 : Value of decomposition temperature of carbonates of caxdoy
T mixtures calcined at 600 

(empty) and 750 °C (black) (ca0.1 (○, ●), ca0.5 (∆,▲),do0.1 (□, ■), do0.5 (◊,♦); ca0.13do0.05 (◄))  
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Figure 4 : FTIR spectra of mixtures caxdoy

T (A) non-calcined, calcined at (B) 600 and (C) 750°C 

(with (a) ca0.1, (b) ca0.5, (c) do0.1, (d) do0.5 and (e) ca0.13do0.05) 
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Figure 5 : Ratio of  
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 (A) and  
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 (B) for the mixtures caxdoy

T 

calcined at 600 °C (empty) and 750 °C (black) (ca0.1 (○,●), ca0.5 (∆,▲), do0.1 (□,■), do0.5(◊,♦) and  
ca0.13do0.05 (◄). 
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Figure 6 : XRD patterns of mixtures caxdoy

T where ca0.1(a, a’), ca0.5(b, b’), do0.1(c, c’), do0.5(d, d’) and 
ca0.13do0.05 (e, e’) calcined at (A) 600 and (B) 750 °C ( Q-quartz, Ca-calcite, Do-dolomite) 

  

15 20 25 30 35 40 45 50

CaQ

2θ(°)

a

Ca

Ca

Ca

CaQ
b

QQ
DoQQ

c

Do

Do

DoDo

Do

Ca
D

Q
d

15 20 25 30 35 40 45 50

CaQQ

2θ(°)

a'

Ca

Ca

CaO
MgOCa

Ca

Q
b'

Q Q

Q

Ca

c'

d'

QQQ
Ca

Ca

Ca

Q

Q

e'



8 

 

600°C 

Before heat treatment at 1000°C 

 

After heat treatment at 1000°C 

 

750°C 

 

 

 

 

Figure 7:  XRD patterns of geopolymers Gcaxdoy
T based on the mixtures (a, a’) ca0.1, ca0.5, (b, b’) do0.1, (c, c’), 

(d, d’) do0.5 and (e, e’) ca0.13do0.05 calcined at 600°C and 750°C before and after heat treatment at 1000 °C (Q-

quartz, Ca-calcite, Do-dolomite, A-anatase, L-leucite, G-gehlenite, W-wollastonite, C-O – calcio-olivine, La-larnite, K-

kalsilite, Me – merwinite, Ak - akermatite) 
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Figure 8: (A, B) TGA and (C, D) dilatometric curves of geopolymers samples based on the mixture 

CaxDoy
T calcined at (A, C) 600 and (B, D) 750°C with ca0.1 (---), ca0.5 (…), do0.1 (-.-.-), do0.5 (-..-..- ) and 

ca0.13do0.05 (—).
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Figure 9: Value of shrinkage between 30 and 1000 °C of geopolymer samples G(caxdoy)T based on the 

mixtures calcined at 600 °C (empty) and 750 °C (black) (ca0.1 (○,●), ca0.5 (∆,▲), do0.1 (□,■), do0.5(◊,♦) 
and ca0.13do0.05 (◄) and extra formulations (►) from [26] and (�, �) from [57]  in function of (A) 
viscous flux temperature and (B) the molar ratio (nM2+available in geopolymers/ nM2+ initial in raw 
materials)
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Figure 10: SEM images of geopolymer samples at (A) the temperature of viscous flux appearance and 

(B) at 1000 °C for (a) Gdo0.1
750, (b) Gca0.13do0.05

750 and (c) Gca0.5
750 

 



Table 1. Chemical and physical characteristics of uses raw materials 

Raw 

materials 
Supplier D50 (µm) 

SBET 

(m2/g) 

Water 

demand 

(µL/g) 

Kaolin 
Argeco 
(France) 

20 24 530 

Calcite 
Ceradel 
(France) 

2 2 310 

Dolomite 14 1 273 

 

 

  



 

Table 2: Values of decomposition temperature and loss of masse according to DTA-TGA for 
the different mixtures caxdoy

T based on calcite or / and dolomite 

 

  

(caxdoy)T 

Temperature of 

treatment 

(°C) 

Mass loss (%) 

30-200 (°C) 400-600 (°C) 600-800(°C) 

ca0.1 

25 1.2 3.9 4.2 

600 0.6 0.2 4.9 

750 0.5 0.2 1.6 

ca0.5 

25 0.6 3.6 22.1 

600 0.4 0.2 22.0 

750 0.3 0.2 22.3 

do0.1 

25 1.2 6.0 4.3 

600 0.6 0.4 5.4 

750 0.5 0.3 1.7 

do0.5 

25 0.6 3.7 23.1 

600 0.5 0.3 24.1 

750 0.4 0.2 23.9 

ca0.13do0.05 

25 1.2 5.1 11.3 

750 0.6 0.3 6.9 



Table 3: SBET and D50 values of different mixtures caxdoy
T based on calcite or/ and dolomite calcined at 

600 and 750 °C 

Sample SBET (m2/g) D50 (µm) 

ca0.1
600 

 
18 23 

ca0.5
600 

 
10 3 

do0.1
600 

 
20 18 

do0.5
600 

 
10 5 

ca0.1
750 

 
19 18 

ca0.5
750 

 
10 5 

do0.1
750 

 
19 22 

do0.5
750 

 
17 18 

ca0.13do0.05
750 

 
19 17 

 



Leucite, wollastonite

Leucite, wollastonite, 

≠ Ca-Mg silicates

Kaolin-calcite and/or dolomite based geopolymers
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