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Abstract 

Ye’elimite is the main constituent of calcium sulfoaluminate (CSA) cement and one of the major 

constituents of belite sulfoaluminate or belite sulfoaluminate ferrite cements. The main objective of 

this work is to describe precisely the formation mechanisms of ye’elimite by solid-state reaction. 

Mineralogical composition development was monitored using XRD analysis, while microstructural 

monitoring was conducted using BSE-SEM coupled to EDS analysis. The results show that CaAl2O4 

and CaAl2O7 are the main intermediate products during ye’elimite formation. At the microstructural 

scale, ye’elimite forms on calcium aluminate phases. Finally, Avrami’s model was suggested to 

discuss the ye’elimite formation rate according to sintering temperature and duration.  

Keywords 
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1. Introduction 

Concrete is the most widely used construction material in the world. Ordinary Portland Cement 

(OPC) has traditionally been used as the binder material in concrete [1]. However, the production of 

OPC cements contributes of approximately 5% of global anthropogenic CO2 emissions [2]. The 

cement industry is making strong effort to reduce the CO2 footprint in basically three directions: 

improvement of the fabrication process, development of low CO2 cements, use of Supplementary 

Cementitious Materials (SCM) to mix with cement. Belite-CalciumSulfoaluminate-Ferrite cements 
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(BCSAF) or Calcium SulfoAluminate cements (CSA) are potential alternative cementitious binder 

for OPC cements [3,4]. The production of calcium sulfoaluminate clinkers involves lower embodied 

energy and CO2 emissions compared to the Ordinary Portland Clinker, because they require less 

limestone, lower grinding energy and lower clinkering temperatures than OPC clinker [5].  

Ye’elimite (Ca4Al6O16S or C4A3S̅)* is a significant component in BCSAF and CSA cements [5]. The 

detailed understanding of ye’elimite formation during the thermal treatment may be the key for 

solving burnability† encountered during the production of CSA type clinkers. Table 1 shows the 

cement phases present in CSA clinkers compositions given in the literature [6–12]. It is absolutely 

clear that on top of ye’elimite CSA clinker products contain various calcium aluminate phases as 

minor phases. Similar observations were made during pure ye’elimite powder preparation by solid-

state reaction methods [6,13–19] or by low temperature chemical routes [20,21], where the final 

product contained CaO, CaAl2O4 and CaAl4O7 as main impurities when the sintering temperature 

was below 1300°C. Hence, successful preparation of highly pure ye’elimite powder by solid-state 

reactions required multiple milling, pelleting and firing cycles at 1300°C. However, the question of 

how these successive processing steps increased the ye’elimite content was not raised. Table 2 

represents the possible reactions involved during ye’elimite formation in different temperature 

ranges [19]. Solid-state formation of ye’elimite from pure raw materials starts at 1000°C and it 

continues until 1300°C through reactions between calcium aluminate phases (CA, CA2) and CaSO4 

until 1300°C. In this temperature range, CA and CA2 can be qualified as ‘intermediate’ compounds 

since they form between 1000 and 1100°C. From 1300°C, ye’elimite can decompose into calcium 

aluminate phases (CA and C12A7), O2 gas and SO2 gas. Li et al. [22] studied the formation of 

ye’elimite from C3A and gypsum; they reported that the optimal conditions for C4A3S̅ formation 

were 1150 to 1350°C for 1 h to 6 h. Ca2+ and SO4
2- were the diffusive species in both the different 

reactions. Nonetheless, there is no suitable study at microstructural scale involving ye’elimite 

formation from pure Al2O3, CaO and CaSO4.2H2O phases. 

                                                           

* The cement phase notations are used in this work (C = CaO, A = Al2O3, S̅ = SO3, C = CO2, H = H2O). 
† The facility with which the components of CSA cements raw mixture are combined. 
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As shown by reactions R6 and R7 (table 2), ye’elimite formation involves calcium aluminate phases 

(CA and CA2). The microstructural changes happening during the formation of calcium aluminates 

are well described in literature (which is not the case for ye’elimite). For example, Iftekhar et al. [23] 

studied the formation of CA from a mixture of CaCO3-Al2O3 powders in a temperature range 

between 1300 and 1500°C. The authors noted that Ca2+ ions diffuse through calcium aluminates and 

react with alumina, the dense layer of CA2 formed around the A/CA2 contact region acts then as a 

diffusion barrier. The high calcium concentration observed at the pore surface may be an indication 

that Ca2+ diffusion during phase formation occurs at the grain surface. Other authors do not confirm 

this last hypothesis about the formation of phases in the direction of the interface but confirm the fact 

that Ca2+ diffuse through the calcium aluminates, from calcium-rich aluminates to calcium-poor 

aluminates [24] [25]. De Bilbao et al. [26] studied the corrosion kinetics of high-alumina refractories 

by a binary slag (Al2O3 50 wt.% CaO 50 wt.%) at 1650°C for 30 min. It was observed via scanning 

electron microscopy that CA6/CA2 layers formed around the alumina aggregates. The formation of 

these layers has been explained by the diffusion of Ca2+ and O2− ions, and the existence of each layer 

depends on the temperature. Mercury et al. [27] studied the formation of CA phase from a mixture of 

Al2O3 and CaCO3 milled by attrition and from a Al(OH)3 and CaCO3 powder mix. From 900°C, the 

formation of mayenite C12A7 occurs at the contact between the CaO grains and the alumina particles. 

At higher temperatures, Ca2+ ions of calcium-rich phases diffuse through the C12A7 phase layer to 

then form the CA phase and so on for the formation of the CA2 phase. Once these reactions are 

complete, the densification starts from 1250°C onwards. Scian et al. [28] also studied the formation 

of the calcium aluminte phase CA, and identified two steps in the process of its formation. During 

the first stage (short duration and low temperature), the reaction between CaO and Al2O3 produces a 

layer of calcium aluminate at a controlled rate by an interface process (chemical reaction, nucleation 

and product growth). Then, inside this interface of reaction, separating the two reagents, the calcium 

(free or combined), diffuses to react with the alumina rich phases and diffusion was identified as the 

limiting step of the reactions [29]. 
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As far as we learned from the literature [13,16–19,21,30–34], ye’elimite-rich cements present high 

compressive strength at early age of hydration. Industrial producers of this type of cements seek to 

obtain a clinker with high ye’elimite amounts. The ideal situation is to convert all the raw materials 

into ye’elimite during a thermal treatment. However, in most cases, the clinker product contains 

calcium aluminate phases (CA, CA2) and small quantities of raw materials (Table 1). The presence 

of cementitious phases other than ye’elimite in calcium sulfoaluminate cements change the hydration 

properties (workability, early strength properties, expansion and durability) [10,35–40]. In this 

context, the phenomenological description of ye’elimite formation could help calcium 

sulfoaluminate cement producers to improve the burnability of the raw materials during the 

clinkering process and it could also help academic researchers to synthesize lab-made calcium 

sulfoaluminate cement for crystallographic characterizations and hydration studies. The purpose of 

the current work is to investigate the ye’elimite formation mechanisms by solid-state reactions from 

pure raw materials: calcium carbonate (CC̅), alumina (A) and gypsum (CS̅H2). This study was 

conducted using X-ray diffraction and scanning electron microscopy to get information about 

mineralogical and microstructural assemblages at different synthesis temperatures. Avrami’s model 

was suggested to highlight the effect of synthesis conditions on ye’elimite kinetic formation. 
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2. Experiments 

2-1- Materials 

The starting materials used in this work were high purity CaCO3, Al2O3 and CaSO4.2H2O all from 

Sigma-Aldrich. Table 3 shows the chemical analysis and physical characteristics of these raw 

materials. The samples were prepared in the form of pellets from stoichiometric mixtures (SM) 

according to the protocol mentioned in [19]. Each mixture (102 g) was first homogenized in a 

Turbula© shaker for 15 min. Then it was crushed and homogenized again at 120 rpm for 1 h in 

planetary ball mills, using a 250 ml corundum jar and fifty corundum balls of 10 mm diameter. The 

homogenized mixture was uniaxially pressed under a load of 1 ton into pellets using a 20 mm 

cylindrical die. The compacted green body was subsequently placed in a platinum crucible and 

thermally treated. Table 4 shows the sample identification names and the corresponding thermal 

cycles (one or two cycles) for each prepared sample. The choice of 1300°C for isothermal study is 

based on the results of our previous work [19] on pure ye’elimite synthesis since we found that 

1300°C was the optimal ye’elimite synthesis temperature. The heat treatment from 1100 to 1300°C 

were performed in a platinum crucible and in an elevator-furnace to ensure air quenching. To avoid 

the degradation of the elevator-furnace heating elements, experiments at 1000°C were carried out in 

muffle furnace without air quenching.  

2-2- Characterization techniques 

The scanning electron microscope (SEM, JSM-IT300, JEOL, Japan) used for this study was 

equipped with an Energy Dispersive Spectrometer (EDS, Oxford, UK). The microscope was 

operated at 15 kV accelerating voltage. Prior to any observation, a 15 nm Au-Pd or Carbone coating 

was deposited in order to ensure suitable electronic conduction at the surface of samples. The 

specimens were stored in desiccators filled with silica gel prior to and after examinations to prevent 

hydration or carbonation. Colored Backscattered Electron (BSE) images reveal the different phases 

because of the atomic number contrast. EDS mapping and compositional profile along a line were 

made to localize each formed phase. For reliable observations, the essential prerequisite is a well-

polished sample. Polished sections can provide representative images of a cross section of the 
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samples microstructure. In this respect, the impregnation of the sample (under the form of a pellet) is 

done with a low-viscosity epoxy resin (IP, PRESI France). The hardening time of the resin is about 

24 h at room temperature. Once the sample is removed from the mold, the top side of the embedded 

sample is polished using SiC paper and absolute ethanol as a lubricant. Water should not be used at 

any time as it could lead to hydration of anhydrous grains. Regular observation of the surface under a 

light microscope is essential to check the surface aspect after each polishing step. Polishing was 

performed using Minitech 233 type machine (Presi, France). Details of the polishing protocol are 

given in table 5.  

X-Ray Diffraction (XRD) data were collected at room temperature in the Bragg-Brentano geometry 

using a Bruker D8 Advance X-ray diffractometer with CuKα radiation (λCu= 1.54056 Å, without 

monochromator) at a step scan of 0.02° with a time counting per step of 0.45 second operated at a 

voltage 40 kV and an electric current 40 mA. The sample was rotated during data collection at 15 

rpm in order to increase particle statistics. The diffractometer was equipped with energy-dispersive 

LYNXEYE XE-T detector for filtration of fluorescence and Kβ radiation. Table 6 shows ICSD 

(Inorganic Crystal Structure Database) collection codes used for XRD phase identification [34,41–

44]. 

The particle size distribution (PSD) of the raw powders was obtained using a Mastersizer 2000 laser 

size analyzer (Malvern). Prior to this measurement, the powder (approximately 80 mg) was mixed in 

20 ml of absolute ethanol and the suspension was sonicated 1 min in order to break the coarse 

agglomerates. The BET specific surface area was estimated from N2 adsorption experiments using a 

Micromeritics model Tristar®II 3020 analyzer. Prior to measurements, a degassing step of the 

sample powder was carried out at 80°C overnight in order to achieve a pressure equal to 60 mTorr.  

Chemical analyses of the raw materials powders were carried out using X-ray fluorescence 

spectrometer, PANalytical, Zetium model. Samples were prepared as fused beads using glass discs 

prepared by melting about 1 ±0.001 g of sample powder with 10 ±0.001 g of lithium tetra borate 

flux. The Loss on Ignition (LOI) was calculated for samples treated at 1050°C for 1 h. The oxide 

contents are expressed in weight percent (wt.%).  
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3. Results and discussion 

3-1- Mineralogical analysis 

Fig. 1 represents X-Ray diffractograms of the samples heated between 1000 to 1300°C for 3 h. For 

temperatures ranging from 1000 to 1200°C, the diffraction peaks with the main intensities 

correspond to CaO (C), Al2O3 (A) and CaSO4 (CS̅). The peaks for ye'elimite (C4A3S̅) and krotite 

(CA) are much smaller. The appearance of CaSO4 and CaO phases is attributed to the decomposition 

of gypsum and CaCO3, respectively (reactions R1 and R2 in table 2). At 1100°C, CA2 diffraction 

peaks appear, while those related to CaO and Al2O3 are attenuated. Grossite (CA2) forms by the 

solid-state reaction between CaO and Al2O3 (reaction R5 in table 2) [27]. From 1100 to 1200°C, the 

diffraction intensities of CaO and Al2O3 are attenuated while those of CA and CA2 peaks are slightly 

more intense; this variations in peak intensities can be related to the crystallisation of calcium 

aluminates (reactions R3 and R5, Table 2) [27]. Beyond 1200°C, the peak intensities of CA and CA2 

decrease while the peak intensities of ye’elimite increase; this last phase can form through solid-state 

reaction between calcium aluminates and calcium sulphate reactions R6 and R7 (table 2) [19]. 

Hence, the reaction of ye’elimite formation is well activated by increasing sintering temperature, 

especially from 1200 to 1300°C.  

Fig. 2 shows the XRD patterns of the samples heated at 1300°C for various durations, from 15 to 180 

min. CaO, CaSO4, Al2O3, CA, CA2 and ye’elimite were identified in the sample heated at 1300°C 

and immediately quenched (dwell time at 1300°C : 0 min). By increasing the dwell time from 0 to 

180 min, CA diffraction peaks become more intense, while those related to CaO, Al2O3 and CaSO4 

are attenuated. Simultaneously, the intensity of the peaks related to ye’elimite phase increases with 

increasing the dwell time with a simultaneous decrease in calcium aluminate peak intensities. This 

confirms the conversion of calcium aluminate phases to ye’elimite phase according to the reactions 

R6 and R7 (table 2). Hence, the reaction of ye’elimite formation is well activated by increasing the 

dwell time at 1300°C. 
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The XRD results can be summarized as follows: (i) ye’elimite starts forming at 1000°C; (ii) CA and 

CA2 are intermediate phase formed between 1000 and 1100°C; (iii) above 1100°C, CA (resp. CA2) 

progressively react with CS̅ through R6 (table 2), (resp. C and CS̅ through R7, table 2) to convert 

into ye’elimite. 

3-2- Microstructural observation 

The observed microstructural changes during ye’elimite formation are shown in fig. 3 and fig. 4. The 

colored EDS mapping of back-scattered electron images for the samples sintered at different 

temperatures (from 1000 to 1300°C) for 3 hours are shown in fig. 3. The following descriptions can 

be made: samples treated at 1000°C present a heterogeneous microstructure with the presence of 

three materials, namely Al2O3, CaO and CaSO4. CaO and CaSO4 come respectively from CaCO3 

decarbonation and CaSO4.2H2O dehydration. After sintering at 1100°C, small amounts of CA and 

CA2 are formed around fine alumina grains. Similar observations can be made for the sample 

sintered at 1200°C. By increasing the temperature to 1250°C, the CA layer around alumina 

aggregates thickens while alumina grains decrease in size. We also see C4A3S̅ grains formed thanks 

to the reaction between CA and CaSO4 grains. As the temperature increases to 1300°C, the CA phase 

almost totally surrounds alumina grains whose size reduces considerably. These observations are in 

accordance with the XRD results shown in fig. 1.  

After the examination of the microstructural changes as a function of heating temperature, it is 

interesting to look at the microstructural changes as a function of dwell time for a given temperature. 

Colored EDS mapping of back-scattered electron images for the samples sintered at 1300°C from 15 

to 180 min are shown in Fig. 5. After 15 min heat treatment at 1300°C, ye’elimite surrounds CA and 

CA itself surrounds Al2O3 grains (fig. 4a). Some lime grains are present. For the sample sintered for 

30 min, we notice the presence of a core of Al2O3 grains surrounded by CA2, CA and an external 

layer of C4A3S̅ (fig. 4b). For the sample sintered for longer time (60 and 120 min, fig. 4c and 4d), 

C4A3S̅ becomes dominant compared to CA and Al2O3. Lastly, after 180 min, large C4A3S̅ grains are 
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formed and no Al2O3, CaO and CaSO4 are left (fig. 4e). It clearly shows that the formation of 

ye’elimite is almost complete for sintering duration above 120 min.  

Fig. 5a corresponds to EDS data of atomic percentage for calcium, aluminum and sulfur elements as 

a function of the position on the scan line for the sample heated at 1300 °C for 30 min (see the red 

line on fig. 4b). We can obviously identify four zones in fig. 5a. To identify the compositions 

corresponding to each zone, the data are plotted in atomic percentage in the ternary composition 

diagram Al-Ca-S (fig. 5b). Four regions can be distinguished: the first is Al2O3 rich (blue ellipse), the 

second is close to CA2 (red ellipse), the third is close to CA (green ellipse) and the last one is close to 

C4A3S̅ (pink ellipse). Thus, CA2 phase tends to form on Al2O3 grains, then CA phase tends to form 

on CA2 grains and C4A3S̅ forms on CA grains according to solid-state reaction R5 (table 2).  

3-3- Discussion 

Based on the XRD analysis and the microstructural observations, ye’elimite amount increases as the 

sintering temperature goes from 1000 to 1300°C for 3 h. However, it is still not pure at 1300°C since 

some CA, CA2, CaO, Al2O3 and CaSO4 remain. The presence of these phases could be explained by 

an incomplete solid-state reaction between the different reactants.  

Fig. 6a summarizes the possible solid-state diffusion during ye’elimite formation. Fig. 6b and 6c give 

a schematic representation of the microstructure transformations as a function of temperature for a 

given duration (fig. 6b) and as a function of dwell time at 1300 °C (fig. 6c). Based on the literature 

[22], we assume that the diffusive species are Ca2+ and SO4
2-. Ca2+ ions coming from CaO can reach 

the CA/CA2 interface and react with CA2 to produce CA (reaction (a), fig. 6a); the consequence is a 

growth of CA grain and a consumption of CA2 (the movement of the CA/CA2 interface is 

schematized by arrow 1, fig. 6a). Alternatively, CA can decompose into CaO – thus producing Ca2+ 

ions – and CA2 (reaction (b), fig. 6a); the result is a growth of CA2 grain and a decrease of CA (the 

displacement of the CA/CA2 interface is schematized by arrow 2, fig. 6a). The Ca2+ ions can also 

reach the next interface CA2/Al2O3 and consume alumina to form CA2 (reaction (c) with a growth of 

CA2 and a decrease in size of Al2O3, arrow 3). For the outer layer which contains C4A3S̅ phase, its 
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growth depends upon the contact between CA phase and CaSO4 phase. Ca2+ and SVI+ may diffuse 

from CaSO4 grains to C4A3S̅/CA and/or to C4A3S̅/CA2 to form C4A3S̅ (reactions R6 and R7, table 2). 

Fig. 6b and fig. 6c give a schematic representation of the microstructural evolutions. As the 

temperature increases (fig. 6b), the Al2O3 grains progressively disappear and are replaced by CA and 

CA2. These two compounds themselves eventually transform into ye’elimite. From microstructural 

observations of samples treated at 1300°C for different durations (fig. 4), the schematic 

representation on fig. 6c represents what happens: Al2O3 grains then calcium aluminate phases 

present at 1300°C are progressively consumed to give C4A3S̅-rich regions.  

Avrami’s kinetic model based on geometrical contraction of reactant grains, can be qualitatively 

applied to our case. Quantitative calculations cannot be done because the grains geometry is more 

complex than simple spheres. Nervertheless, Avrami’s This model enables us to identify the 

parameters which influence upon the microstructural changes as a function of time or temperature. 

The rate of a solid-state reaction is described by equation (4) [45]: 

��

��
= k f(σ)  Eq.(4) 

where σ is the conversion fraction given by equation (5), f(σ) is the function of the reaction model 

and k is the reaction rate constant, k is usually given by the Arrhenius equation (equation 6) [46]: 

σ = 
�
���

�
���
 Eq.(5) 

m0 is the initial reactant weight, m� is the reactant weight at sintering time t, and m� is the final 

weight which is generally approximated to be equal to 0 (complete reaction). 

k = A. e
���

���  Eq.(6) 

A is the frequency factor, R is the gas constant, T is the sintering temperature and Ea is the activation 

energy. In the terminology of homogeneous kinetics, the activation energy (Ea) is usually identified 

as the energy barrier that must be overcome to enable the occurrence of the bond redistribution steps 

required to convert reactants into products. The pre-exponential term, or frequency factor (A), gives 
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an indication of the frequency of occurrence of the reaction situation. It is usually dependent upon 

the vibration frequency of the reaction co-ordinate [47].  

 

Fig. 7 is a schematic representation of the successive layers formed on the surface of Al2O3 grain. In 

the present case, the rate of Al2O3 grain consumption is supposed to be controlled by the progress of 

the interface reaction towards the middle of the grain. The radius (r) at sintering time t is given by 

equation (7) [45]: 

r = r0 – kt Eq.(7) 

where r0 is the radius at time t0 and t is the solid-state reaction time.  

If we make a simple assumption that Al2O3 grains are spherical with a volume of 4πr3/3 and a density 

ρ, equation (5) becomes: 

σ = 
�
�

���

��

�
�

����

�
�

���

�  

Eq.(8) 

which reduces to equation (9): 

1- σ = 
��

�

� Eq.(9) 

By combining equation (7) with equation (9) we have: 

1- (1- σ)1/3 = 
 

�

 t = f(σ) Eq.(10) 

By combining equation (4) with equation (6) and (10) we can write: 

dσ

dt
=  A. e(�

��
��)  

t

r%
 

Eq.(11) 

The suggested model expressed by equation (11) highlights qualitatively the effect of the synthesis 

conditions on ye’elimite formation using a simple 3D-geometrical contraction model. To go further, 

i.e. to obtain quantitative values for Ea and A, it would be in principle feasible, but their values 

would be meaningless and would not describe precisely the complex solid-state formation of 
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ye’elimite. In fact, there are many limitations to discuss quantitatively the application of the 

proposed model. First, the starting point of theoretical explanation of Arrhenius behavior in 

homogeneous reactions is the Maxwell-Boltzmann energy distribution function, although this model 

is inapplicable to immobilized constituents of a solid [47]. Furthermore, the formation process of 

ye’elimite involves many reactions that occur sometimes simultaneously. Thirdly, the suggested 

model assumes one value of alumina particle radii. In reality, there is a distribution of alumina 

particle size and the particles sometimes agglomerate. Since no realistic alternative is capable of 

expressing the formation rate versus temperature during complex solid-state reactions [47], Avrami’s 

model based on the Arrhenius equation has been widely accepted and successfully applied by many 

authors to describe numerous reactions involving solids. 

In the present case, the proposed sequence is the following: Al2O3 converts into CA2 which in turn 

transforms into CA. Then CA reacts with CaSO4 to form C4A3S̅. So ye’elimite formation depends on 

Al2O3 consumption. Referring to Avrami’s kinetic model mathematically expressed by equation 

(11), Al2O3 conversion rate increases with increasing sintering temperature (T), increasing sintering 

time (t) and/or reducing the size of the starting Al2O3 grain (r0). This could explain qualitatively the 

high thickness of C4A3S̅-rich and CA-rich regions around the smallest Al2O3 grains. It should be 

noted that  there is some extreme values for T and t that should not be exceeded due to the sulfate 

instability above 1300°C as synthesis temperature and/or 4 h duration [19].  

 

4. Conclusion 

The reaction sequence by which ye’elimite forms through solid-state reactions from pure raw 

materials (alumina, lime and gypsum) was studied. First, mineralogical development during 

ye’elimite formation from 1000 to 1300°C for 3 hours and from 15 to 180 min at 1300°C, shows that 

ye’elimite content increases with increasing sintering temperature and duration. These results were 

confirmed by microstructural observations using colored EDS mapping of BSE micrographs. The 

formation of thick ye’elimite region and the remanence of small alumina grains is explained 
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qualitatively by the dependence of diffusion rate with sintering temperature, sintering duration and 

Al2O3 grains size. The microstructure forms in different layers going from Al2O3-rich region to 

C4A3S̅-rich region, where Ca2+ diffuses from CaO to Al2O3 through CA and CA2, and SVI+ diffuse 

through C4A3S̅ to calcium aluminate phases to form ye’elimite. It was concluded that CA and CA2 

are the mean intermediate products during ye’elimite formation. Finally, the formation rate of 

ye’elimite could be simply described by the geometrical contracted Avrami’s model. This model 

provides an insight about the relation between alumina consumption grains during clinking and 

ye’elimite formation. 

The results reported herein deepen the understanding of the phenomenological description of 

ye’elimite solid-state formation, which could help cement producers to improve the burnability of 

raw materials during the clinkering process of calcium sulfoaluminate cements (ye’elimite-rich 

cements) and to minimize the presence of secondary phases like calcium aluminate phases. Lastly, 

the present study could also help academic researchers to synthesize lab-made calcium 

sulfoaluminate cements for crystallographic characterizations and hydration studies.  
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Figure captions 

Figure 1 X-Ray diffractograms of samples treated from 1000 to 1300°C for 3 h. 

Figure 2 X-Ray diffractograms of samples treated at 1300 °C from 0 to 180 min. 

Figure 3 EDS mapping of elements present in the samples treated for 3 h between 1000°C (a), 

1100°C (b), 1200°C (c), 1250°C (d) and 1300°C (e). Magnification of x150 was used of 

all images (Bars represent 250 μm). The corresponding EDS point analysis are shown in 

Appendix A. 

Figure 4 EDS mapping of elements present in the samples treated at 1300°C for different 

durations: 15 min (a), 30 min (b), 60 min (c), 120 min (d) and 180 min (e). Magnification 

of x500 was used of all images (Bars represent 50 μm). The red line of the sample treated 

at 30 min (Fig. 3(a)) represents EDS line-scan, the results of the line scan are shown in 

Fig. 4 and the corresponding EDS point analyses are shown in Appendix A. 

Figure 5 (a) Composition profile obtained by EDS along the red line for the sample treated at 

1300°C for 30 min (The EDS line-scan is represented by the red line in Fig. 3), (b) 

Representation of EDS line scan data in ternary atomic percentage diagram of Al-Ca-S 

(the red square, represents theoretical atomic composition of CA2, the green square 

represents theoretical atomic composition of CA and the purple square represents 

theoretical atomic composition of C4A3S̅. The black triangles are associated to the 

collected EDS data. 

Figure 6 (a) Schematic representation of solid-state diffusion during ye’elimite formation. (b) 

Schematic representation of microstructural development of ye’elimite formation 

according to the sintering temperature. (c) Schematic representation of microstructural 

development of ye’elimite formation according to the sintering duration. 

Figure 7 Simple schematic model of reaction-product layers forming on alumina grain. 

Appendix 

A 

Typical EDS spectra of samples shown in fig. 3 and fig. 4. 
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Appendix A – typical EDS spectra of samples shown in fig. 3 and fig. 4. 
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Table captions 

Table 1 Some CSA clinkers compositions found in literature. 

Table 2 Possible reactions involved during ye’elimite formation in different temperature ranges 

[19]. The cementitious notations are the following: C= CaO, A = Al2O3, S̅ = SO3, C̅ = 

CO2, H = H2O 

Table 3 Chemical analysis and physical characteristics of the raw materials. 

Table 4 Samples identification and corresponding thermal cycle. 

Table 5 Polishing steps. 

Table 6  ICSD collection codes used for XRD phase identification. 

 

  



Table 1 

 

Reference Composition Wt.% 
Ye’elimite  CA CA2 C12A7 C3A Other phases 

[6] 50.0 8.0 - - - 42.0 
[7] 52.1 - - 1.2 9.4 37.3 
[8] 62.8 8.1 3.1 - - 26.0 
[9] 68.1 3.2 0.7 1.4 - 26.6 

[10] 50.0 - - - < 8.0 42.0 
[11] 57.0 15.0 - 1.0 - 27.0 
[12] 68.1 7.8 1.2 - 3.4 19.5 

 

  



Table 2 

Solid-state reaction Temperature range 

CS̅H2 → CS̅ + 2 H 

CC̅ → C + C̅ 

(R1) 

(R2) 

T < 1000 °C 

C + A → CA 

3C + 3A + 1CS̅ → C4A3S̅ 

(R3) 

(R4) 

1000 °C < T < 1100 °C 

 

CA + A → CA2 (R5) 

3CA + 1CS̅ → C4A3S̅ 

3C + 3CA2 + 2 CS̅ → 2C4A3S̅ 

(R6) 

(R7) 

1100 °C < T < 1300 °C 

CS̅ → C + S̅ → C + SO2
↑ + ½O2

↑ 

C4A3S̅ → 1/5 C12A7 + 8/5 CA + SO2
↑ + 1/2 O2

↑ 

(R8) 

(R9) 

T > 1300 °C 

 

  



Table 3 

Raw material Alumina Gypsum Calcium carbonate 

Mineralogical analysis (a) Al2O3 CaSO4.2H2O  CaCO3 

 Real density (b) (g/cm3) 3.08  2.30 2.67 

Specific surface BET (c) (m2/g) 0.58 4.19 0.22 

 

Particle size (d) 

d10 (µm) 3.11 9.92 4.70 

d50 (µm) 5.62 23.08 10.83 

d90 (µm) 11.38 45.32 24.16 

Chemical analysis 
(wt.%) (e) 

Al2O3  99.869 0.030 - 

Fe2O3  0.046 - 0.057 

SiO2  - 0.042 0.039 

SO3  - 46.504 0.062 

CaO  - 33.777 56.029 

SrO  - 0.017 0.033 

Ga2O3  0.011 - - 

Ignition loss  0.07 19.63 43.78 

(a) XRD phase identification 
(b) Helium pycnometery 
(c) BET analysis 
(d) Laser diffraction granulometry 
(e) XRF analysis 
  



Table 4 

Samples identification Thermal cycle 

SM(1000;3) 

       

SM(1100;3) 

 

SM(1200;3) 

 

SM(1250;3) 

 

SM(1300;3) 

 

SM(1300;0) 

 

SM(1300;15) 

 

SM(1300;30) 

 

SM(1300;60) 

 

SM(1300;120) 

 

SM(1300;180) 

 



Table 5 

Polishing 

Steps 

SiC paper Lubricant Polishing 

time (s) 

Force 

(daN) 

Rotation speed of the 

polishing disc (rpm) 

1 P240 Ethanol(*) 30 0.25 150 

2 P600 Ethanol 180 0.25 150 

3 P1200 Ethanol 270 0.25 150 

4 P2400 Ethanol 360 0.25 150 

5 P4000 Ethanol 450 0.25 150 

(*) Absolute ethanol was used as polishing lubricant to avoid sample hydration reactions. 

  



Table 6  

Phase name Formula ICSD codes Ref. 

Orthorhombic ye’elimite orth-C4A3S̅ 80361 [34] 

Krotite CA 260 [41] 

Grossite CA2 34487 [42] 

Lime C 52783 [43] 

Anhydrite CS̅ 15876 [44] 

 




