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A B S T R A C T   

The incorporation mechanism of impurities derived from raw materials into a belite-sulfoaluminate cement 
clinker with bottom ash was investigated in two raw mixtures. Alkalis lowered the sintering temperature by 
50 ◦C. Ti stabilized β belite and prevented the formation of γ-belite. Sodalite solid solution showed an incomplete 
substitution of Si by Al. At a higher Ti content ferrite solid solution trended towards perovskite composition. 
Although calcium sulfoaluminate only fully developted at 1300 ◦C, the clinkers sintered at 1200 ◦C were the most 
reactive, as the presence of anhydrite at 1200 ◦C accelerated early hydration. Clinker reactivity decreased with 
an increase in sintering temperature.   

1. Introduction 

Recently, many studies have focused on the development of low 
energy and low carbon binders with physical and mechanical properties 
comparable to those of ordinary Portland cement (OPC) e.g. beli-
te–sulfoaluminate (BCSA) cements, which are also known as belite-
–ye’elimite–ferrite (BYF) cements [1–3]. Moreover, the raw BCSA 
clinker mixture allows for the incorporation of various secondary raw 
materials, therefore enabling the recycling of industrial waste [4–7]. 

The parameters that influence the reactivity of a BCSA clinker can 
generally be divided into two groups: (i) phase composition, i.e. the ratio 
between belite and calcium sulfoaluminate, and (ii) clinker micro-
structure, i.e. the grain size and morphology of phases, phase distribu-
tion, and the incorporation of foreign ions into the clinker phases [8]. 
The belite (C2S) phase represents > 50 wt% of the BCSA clinker [2]. 
Without doping, belite is presented in its β modification, which might be 
partly transformed into the γ modification during the cooling process 
[9]. If there is a sulphate surplus in the raw clinker mixture, however, 
some of the belite can be replaced by ternesite [10], which is also a 
reactive clinker phase [11]. The second most abundant phase of the 
BCSA clinker is calcium sulfoaluminate (C4A3Ś) [2], which appears in 
both cubic and orthorhombic form [12,13]. Calcium sulfoaluminate is 
an artificial analogue of the mineral Ye’elimite, an end member of 

sodalite (Na8(Al6Si6O24)Cl2) in which Na+ and Si4+ are replaced by Ca2+

and Al3+, respectively [14,15]. Another hydraulic phase of the BCSA 
clinker is ferrite (C4AF) [2]. Periclase (M), gehlenite (C2AS), mayenite 
(C12A7), perovskite (CT), arcanite (KŚ), acermanite, magnetite and 
anhydrite (CŚ) are the minor phases most commonly reported [12,16]. 
During the thermal decomposition of the sulfur-bearing phases the loss 
of SO3 can influence the thermodynamic balance and formation of the 
clinker phases [17,18]. 

In general, the microstructure of the BCSA clinker is formed by the 
reaction from solid–solid to liquid–solid state [8]. Belite usually forms 
irregularly shaped crystals with clear margins, calcium sulfoaluminate 
forms angular hexagonal crystals, while ferrite sometimes forms large 
bright crystals with irregular shapes and clear margins [5,8,19–21]. 
More commonly, ferrite is present as an interstitial phase, indicating the 
presence of liquid at the clinkering temperature chosen [22]. With re-
gard to the minor phases, dark periclase grains are occasionally evident 
on the SEM/BSE images [8]. 

BCSA clinker, prepared from impure raw materials such as secondary 
raw materials, commonly incorporates foreign elements in the main 
clinker phases which can modify the temperature of the ferrite forma-
tion and/or the amount of melt, change the rate of the reactions 
occurring in the solid state within the liquid–solid interface, and alter 
the viscosity and surface tension of the melt, consequently affecting the 
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growth and morphology of the crystals [23–25]. Foreign ions incorpo-
rated into clinker phases from impurities in the material can also in-
fluence the hydraulic properties of the material [4,5,26–29]. Belite can 
incorporate S, Al, Fe, Ti, P, Mg and alkali into the crystal structure 
[8,30,31], calcium sulfoaluminate commonly incorporates Fe, Na, and 
Si [8,32–35], while Ti, Mg and Mn can be found in ferrite [8]. It has been 
reported that foreign iron ions strongly impact the reactivity of the 
calcium sulfoaluminate phase [16,33]. 

The existing studies regarding BCSA clinkers investigate the indi-
vidual parameters that influence the clinker microstructure. Some 
studies have therefore focused on phase composition and its influence on 
the reactivity of the clinker and/or cement [11,12,27,36]. The grain size 
distribution of belite, calcium sulfoaluminate and ferrite, and the 
incorporation of foreign ions into calcium sulfoaluminate (CSA) clinkers 
has mostly been described in a range of studies on the formation of solid 
solutions inside the equilibrium phase assemblage of lime-belite- 
calcium sulfoaluminate-ferrite-anhydrite [8]. The incorporation of 
various foreign ions, including Al, B, P, Fe, S or/and K [28], into CSA 
clinkers has been studied across a range of doping levels [4,12]. The 
impurities also exert a strong influence on which of the numerous 
polymorphs are obtained – the effects of chemical–stabilising ions on the 
stability of ß–phase belite have been investigated extensively [37,38]. 
Several theoretical predictions have been made regarding which ions 
can stabilize β–belite, suggesting B2O3, Na2O, K2O, BaO, MnO2 and 
Cr2O3, or combinations thereof [38]. The influence of incorporating Ti 
in the belite phase of BCSA clinkers, however, has not yet been satis-
factorily studied. There is no systematic or detailed study investigating 
the microstructure of BCSA clinkers available in the literature [21]. In 
the studies mentioned above the clinkers were mostly prepared from 
reagent grade materials, while very few studies have been conducted 
where the BCSA clinker is made from natural and secondary raw 
materials. 

Huge amounts of coal ash (fly ash and bottom ash) are generated 
globally through coal combustion processes in thermal power-plants. 
Moreover, its rate of production is still increasing. Because of its low 
cost, availability and property–enhancing characteristics, fly ash is 
commonly used in the construction sector as a substitute for clinker. The 
low reactivity of bottom ash, however, makes it less usable for this 
purpose, and it is therefore more commonly used for the partial 
replacement of fine aggregates in concrete [39]. Additionally, coal 
bottom ash is not used as a constituent of cement because it is not 
covered by particular standards. Large quantities of bottom ash are 
therefore not used in any form and are still stored in the ash dumps [40], 
causing serious environmental problems including air, water and soil 
pollution [41]. In 2016 over 3500 kilotonnes of bottom ash was 
generated from coal combustion processes in Europe alone [42]. The 
physical, chemical and mineral properties of coal bottom ash can vary 
between different power plants as they use different types and sources of 
coal and apply different burner operating conditions [43]. 

Since BCSA clinkers from class C fly ash (>20% CaO) have been 
shown to be far more reactive than clinkers prepared from reagent 
grades [36], the incorporation of bottom ash into the BCSA clinker raw 
mix seems to be a promising solution for the reuse of bottom ash. There 
are, however, only a few studies evaluating the incorporation of coal 
combustion residuals into BCSA clinkers, which investigate the incor-
poration of fly ash into clinker raw mixtures [11,27,44–46]. Although a 
lot of bottom ash is available from dumps worldwide, and it is suitable 
for use in various construction composites [47], studies focussing on the 
use of bottom ash in BCSA clinkers are not yet available. A few existing 
studies that used bottom ash as the starting material to synthesize belite 
and calcium sulfoaluminate were based on other processes, for example 
hydrothermal calcination [48]. 

This paper investigates the microstructure and phase development of 
BCSA clinkers synthesised at three different temperatures, analysed by 
X-ray powder diffraction (Rietveld refinement) and scanning electron 
microscopy. The incorporation of minor elements was studied by energy 

dispersive X-ray spectroscopy (EDS). Furthermore, the hydraulic activ-
ity of the clinker without added sulfate was investigated by isothermal 
calorimetry. Hydration curves of the two clinker compositions at the 
three sintering temperatures were compared at a similar fineness in 
order to evaluate the influence of phase composition and microstruc-
tural variations, as well as the incorporation of minor ions, on clinker 
reactivity. 

2. Experimental 

2.1. Raw materials 

The main raw materials used in this study were limestone and flysch 
(alternating layers of calcareous breccia, calcareous sandstones and 
marls [49]), coal combustion bottom ash, and white titanogypsum. 
Bauxite and mill scale were used for the correction of the aluminium and 
iron in the raw meal (Table 1). In order to prepare a batch of homoge-
neous raw materials, 5 kg of each material was milled in a ball mill, 
following the criteria that 95 wt% of the material could pass through a 
200 µm sieve. The chemical compositions of the raw materials used are 
given in Table 1. 

2.2. Synthesis of the clinkers 

The targeted phase composition of the KBA1 and KBA2 clinkers 
prepared are given in Table 2. The raw mixtures (calculated to Total =
95 wt%) were formulated according to a generalized Bogue calculation 
for sulfoaluminate cements based on fly ash [50] and are given in 
Table 1. 200 g of each mixture was homogenized in a laboratory ball mill 
(steel balls; CAPCO Test Equipment Ball Mill Model 9VS) for 3 h, using 
200 ml isopropanol as the grinding media. The isopropanol was 
removed by vacuum drying (using 1 medium permeable laboratory 
paper) followed by oven drying overnight at 40 ◦C. Pressed pellets were 
prepared using a HPM 25/5 press at 15 MPa. 15 g of material was used 
for each pellet. The clinker mixtures were subjected to heating up to 
1200 ◦C, 1250 ◦C, and 1300 ◦C in a Protherm furnace PLF 160/9 at a 
heating rate of 10 ◦C/min, held at the final temperature for 60 min, and 
then cooled in the closed furnace. 

2.3. Methods 

The phase composition of the clinker samples synthesized was 
determined by a PANalytical Empyrean X-ray diffractometer equipped 
with CuKα radiation with a wavelength of λ = 1.54 Å. Around 10 g of the 
samples were ground in an agate mortar to a particle size below 0.063 
mm. The ground powder was manually back–loaded into a circular 
sample holder (diameter of 16 mm) in order to mitigate the preferred 
orientation effect for X–ray diffraction data collection. The optical 
configuration consisted of a large soller slit (0.04 rad), a fixed diver-
gence slit (1/2◦), a fixed incident anti scatter slit (1◦), and a PIX-
cel1D–Medipix3 detector working in scanning mode with an active 
length of 3.3473◦ 2θ and a large soller slit (0.04 rad). Data for each 
sample were collected from 4◦ to 70◦ (2θ). During data collection the 
samples were rotated using a revolution time of 2 s in order to enhance 
the particle statistics. The X–ray tube worked at 45 kV and 40 mA. 
Rietveld refinements were performed using PANalytical X’Pert High 
Score Plus diffraction software v. 4.8, using the structures for the phases 
from ICDD PDF 4 + 2016 RDB powder diffraction files. The powder 
diffraction file (PDF) codes used for Rietveld refinements for the iden-
tified phases were: β–C2S (04–007–2687), γ–C2S (04–010–9508), 
C4A3Ś–orthorhombic (04–011–1786), C4A3Ś–cubic (04–009–7268), 
C4AF (04–006–8923), M (01–071–1176), CT (04–007–5451), C12A7 
(01–070–2144), KŚ (04–006–8317), KNŚ (04–007–4249), C2AS 
(01–077–1147), CŚ (01–072–0916), and C (00–037–1497). The amor-
phous phase was not considered. 

SEM/EDS analysis was performed in order to study the morphology, 
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size and distribution of the phases, as well as the incorporation of minor 
elements in the clinker phases. Uncoated polished cross–sections of the 
clinker pellets in vertical profiles were examined by a JEOL IT500 LV 
Scanning Electron Microscope (SEM) equipped with an Energy Disper-
sive X–ray spectrometer (EDS) with a W–filament, operated in low 
vacuum mode at an accelerating voltage of 20 kV and a working distance 
of 10 mm. Grain diameter was measured using the AZtec software 
“ruler” tool and grain size distribution was further processed using Excel 
software. The general elemental distribution of clinkers was determined 
by EDS elemental mapping, while data for the detailed EDS elemental 
composition of the main clinker phases were collected by EDS point 
analysis of a large number of belite, calcium sulfoaluminate and ferrite 
grains, measured on various parts of the clinker. 

The reactivity of the synthesized clinkers was assessed by isothermal 
conduction calorimetry using an eight–channel TAM Air 8 calorimeter 
(TA Instruments). Samples were ground in a laboratory disc mill 
(Siebtechnik) using a uniform procedure; 50 g of crushed clinker was 
ground for 6 s and sieved to < 125 µm, then the residue was ground 
again for another 6 s until all the sample passed through a 125 µm sieve. 
8 g of the ground clinker and 4 g of distilled water (w/c 0.5) were then 
hand mixed for 5 min and 6 g of the mixture was placed into the calo-
rimeter. The heat evolution was evaluated for 7 days at 20 ◦C. Due to the 
external mixing approach the early heat of hydration, i.e. up to 30 min, 
was not observed. The particle size distribution (PSD) of the ground 
clinkers was measured by laser diffraction granulometry using a HELOS/ 
BR + RODOS/M + VIBRI SYMPATEC laser grain–size analyser with a 
size range from 0.1 to 875 µm. Analyses of bulk samples (around 10 g) 
were performed in the dry dispersion measurement mode. The fineness 
of the ground clinkers, expressed in terms of the specific surface area, 
was determined using the Blaine air–permeability apparatus ToniPERM 
Standard Model 6578. 

3. Results and discussion 

3.1. X–ray powder diffraction 

The results of the X-ray powder diffraction analysis are given in 
Table 2. Additionally, an example XRD pattern for clinker KBA1 sintered 

at 1300 ◦C is shown on Fig. 1. XRD patterns of KBA1 at the other tem-
peratures and of KBA2 at all temperatures are omitted so as to avoid data 
duplication. Belite predominantly appeared in β–form (β–C2S) in both 
mixtures at all three sintering temperatures (1200 ◦C, 1250 ◦C and 
1300 ◦C). However, γ–belite (γ–C2S) was also detected in minor 
amounts. Calcium sulfoaluminate (C4A3Ś) was present in cubic and 
orthorhombic polymorphs. Of the minor phases periclase (M), arcanite 
(KŚ), mayenite (C12A7), perovskite (CT), anhydrite (CŚ), aphthitalite 
(KNŚ), gehlenite (C2AS) and free lime (C) were detected in different 
proportions. 

In the KBA1 mixture the targeted amounts of belite, calcium sul-
foaluminate and ferrite were already formed at 1200 ◦C and their con-
tent did not significantly change by increasing the sintering 
temperature, while in the clinkers made from the KBA2 mixture the 
amount of major phases varied as the temperature increased. Belite can 
form five temperature dependent polymorphs under ambient conditions 
[51]. The α‘ modification has been shown to form at the sintering 
temperatures of the BCSA clinkers, but is transformed into β modifica-
tion with cooling below 850 ◦C [9]. Belite has been shown to form in the 
BCSA clinker in the temperature range of 1000–1200 ◦C and calcium 
sulfoaluminate between 1000 and 1250 ◦C [52]. Calcium sulfoalumi-
nate is cubic at room temperature [13]. The orthorhombic calcium 
sulfoaluminate content remained constant with the increase in tem-
perature in both clinker mixtures, while in both cases the highest 
amount of cubic calcium sulfoaluminate was detected at 1250 ◦C. As 
ionic exchanges can restore the cubic symmetry in calcium sulfoalumi-
nate [53], this could indicate that the maximum incorporation rate of 
minor elements took place at 1250 ◦C in both clinkers. It has been re-
ported that pseudo-cubic calcium sulfoaluminate reacts at a higher rate 
than the orthorhombic form [54–56]. In KBA1 the targeted amount of 
belite was reached at 1200 ◦C, and this did not change by increasing the 
temperature. In KBA2, on the other hand, the belite content decreased 
with an increase in temperature, approaching the targeted amount at 
1250 ◦C. Similar to belite, the targeted amount of calcium sulfoalumi-
nate was reached in KBA1 at 1200 ◦C and did not change by increasing 
the temperature, while in KBA2 the calcium sulfoaluminate content 
increased as the temperature increased, achieving the final amount at 
1250 ◦C. Moreover, as for both belite and calcium sulfoaluminate, in 

Table 1 
Composition of the raw materials with respect to the primary oxides, loss on ignition (LOI) at 950◦, and the proportions of raw materials in mixtures KBA1 and KBA2 
(wt%).  

Raw material CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O TiO2 MnO LOI KBA1 KBA2 

Limestone  51.51  4.76  0.86  0.51  0.09  0.90  0.14  0.81 0.04 0.04  41.41  57.9  59.1 
Flysch  28.83  32.02  7.74  3.49  0.07  1.69  1.33  0.54 0.38 0.07  24.65  23.6  11.5 
Bottom ash  5.63  59.75  18.73  10.03  0.15  2.20  1.70  1.01 0.73 0.10  1.20  9.0  9.2 
White titanogypsum  32.62  0.13  1.16  0.04  45.39  0.04  0.01  0.26 0.72 0.01  21.35  4.0  7.0 
Bauxite  0.06  5.88  87.69  1.89  0.17  0.52  0.39  0.08 3.81 0.01  0.15  5.3  12.6 
Mill scale  0.82  0.64  0.34  97.96  0.09  0.00  0.01  0.00 / b.d.l.  0.00  0.2  0.6  

Table 2 
Clinker phase composition determined by Rietveld method and targeted phase compositions of the raw mixtures (wt%). Clinker phase designations: β-C2S = β-belite; 
γ-C2S = γ-belite; C2S = belite; C4A3Ś cub. = cubic calcium sulfoaluminate; C4A3Ś or. = orthorhombic calcium sulfoaluminate; C4A3Ś = calcium sulfoaluminate; C4AF =
ferrite; M = periclase; C12A7 = mayenite; CT = perovskite; KŚ = arcanite; KNŚ = aphthitalite; C2AS = gehlenite; CŚ = anhydrite; C = free lime.  

Raw 
mixture 

Method Sintering T 
(◦C) 

β-C2S γ-C2S Σ 
C2S 

C4A3Ś 
cub. 

C4A3Ś 
or. 

Σ 
C4A3Ś 

C4AF M C12A7 CT KŚ KNŚ C2AS CŚ C 

KBA1  1200  65.7  0.1 65.8  7.8  10.6 18.4 9.6  1.3 0.9  0.5  1.1  0.7  0.6  1.2  0.0 
Rietveld 1250  64.2  1.4 65.5  10.6  9.5 20.0 10.2  1.4 /  0.1  1.1  0.3  0.7  0.7  0.0  

1300  64.9  1.6 66.5  7.9  9.7 17.5 9.6  1.4 0.7  0.4  1.6  0.9  0.8  0.5  0.0 
KBA2  1200  56.3  0.0 56.3  10.9  19.8 30.7 4.1  1.4 3.5  1.8  1.3  0.5  0.4  0.0  0.1 

Rietveld 1250  51.7  0.0 51.7  16.2  19.4 35.6 8.0  1.3 0.7  1.1  1.3  0.3  0.1  0.0  0.1  
1300  48.6  0.6 49.2  13.6  21.4 34.9 10.8  1.2 2.0  0.5  1.1  0.3  0.0  0.1  0.1 

KBA1 Targeted 
compos.    

65   20 10         

KBA2 Targeted 
compos.    

50   35 10          
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KBA1 the targeted amount of ferrite was reached at 1200 ◦C and did not 
change with an increase in temperature, while in the KBA2 clinker the 
amount of ferrite increased by increasing the sintering temperature and 
its targeted amount was reached only at 1250–1300 ◦C. The elevated 
alkali content in the KBA1 mixture, originating from the higher pro-
portion of flysch, could however be responsible for the formation of 
ferrite at a lower temperature compared to that of KBA2 [23,24]. The 
different behaviour of the ferrite phase in the clinkers could be partly 
attributed to the influence of the phase composition, namely the higher 
content of calcium sulfoaluminate in the KBA2 and consequently the 
different crystallization paths, which result from the coexistence of 
calcium sulfoaluminate and ferrite solid solutions [57,58]. The elevated 
Ti content in the KBA2 mixture, on the other hand, can promote trending 
of the ferrite solid solution towards the formation of perovskite [59–62], 
and consequently lower the amount of ferrite in this mixture (Table 2). 

With regard to the minor phases, periclase was generally constant in 
both mixtures at all sintering temperatures, while gehlenite was detec-
ted predominately in the KBA1 mixture, with its maximum content at 
1300 ◦C. In contrast to KBA1, gehlenite was not detected in KBA2 at a 
sintering temperature of 1300 ◦C, while at lower temperatures it was 
observed in quantities similar to in KBA1. Gehlenite forms in BCSA 
clinkers together with belite in the temperature interval 800–900 ◦C, 
while above 1000 ◦C it disappears [52]. At all three sintering tempera-
tures gehlenite was therefore not stable and probably formed during the 
clinker cooling process [63]. Mayenite appeared as an intermediate 
phase in both KBA1 and KBA2. In both types of clinker the maximum 
amount of mayenite was detected at 1200 ◦C, while at 1250 ◦C it was 
barely perceptible. At 1300 ◦C the amount of mayenite increased. 
Mayenite forms at 1000–1100 ◦C through the reaction of calcium 
aluminate and free lime [52]. It decreases along with an increasing 
temperature and disappears at 1250 ◦C [64], when it reacts with 
anhydrite to form the calcium sulfoaluminate phase [52]. In the calcium 
sulfoaluminate-rich clinkers, however, mayenite was detected even 
above 1250 ◦C [65], which could be attributed to the decomposition of 
the calcium sulfoaluminate phase at around 1250 ◦C [52]. The amount 
of mayenite in KBA2 was significantly higher than in KBA1, which could 
be attributed to the higher cubic calcium sulfoaluminate content in the 
KBA2 mixture [56]. The XRD results for KBA2 revealed an increase in 
mayenite and simultaneously a decrease in calcium sulfoaluminate at 
the temperature interval between 1250 and 1300 ◦C (Table 2). At the 
same time, some anhydrite was detected in KBA2 at 1300 ◦C (Table 2), 
which could be explained by the onset of calcium sulfoaluminate 
decomposition at 1250 ◦C in this sample. Consequently, mayenite and 
anhydrite were formed (Table 2). The very small quantity of anhydrite 
detected in KBA2 (Table 2), however, could also be attributed to the 
volatilisation of sulfur oxide between 1200 and 1300 ◦C, which can be 
accelerated by the increased Fe2O3 content in the raw mixture [58]. On 

the other hand, mayenite and anhydrite were barely perceptible at 
1300 ◦C in KBA1 (Table 2), which can be attributed to the lower pro-
portion of calcium sulfoaluminate in the raw mixture. The small quan-
tity of free lime presented in KBA2 could indicate the partial 
decomposition of mayenite into calcium aluminate, accompanied by 
free lime, during clinker cooling [52]. The amount of calcium aluminate 
was, however, probably very small and thus could not be detected by X- 
ray powder diffraction analysis (Table 2). 

Perovskite was generally constant across all temperatures in KBA1, 
while in KBA2 its content decreased in line with an increase in tem-
perature, in direct contrast to ferrite, which increased by increasing the 
temperature in KBA2. With respect to the minor phases, some alkali 
sulphates (arcanite, aphthitalite) were detected in both clinker mixtures. 
Anhydrite was found only in KBA1, where its amount decreased by 
increasing the sintering temperature, as it was consumed during the 
crystallization of the calcium sulfoaluminate phase. A small quantity of 
free lime was detected in KBA2 at all sintering temperatures, while it 
was not present in KBA1 (Table 2). 

The results revealed that all the main clinker phases were already 
fully developed at 1200 ◦C in the KBA1 mixture, whereas this only 
occurred at 1250 ◦C in the KBA2 mixture (Table 2). The reason for the 
lower optimal sintering temperature of the KBA1 clinkers, by approxi-
mately 50 ◦C, could be the higher alkali content of the KBA1 raw 
mixture, introduced mainly by flysch (Table 1), since alkalis can modify 
the physicochemical properties of the melt and affect the phase 
composition of the clinker [66]. 

The formation of the clinker’s minor phases strongly depends on the 
impurities of the raw material. The formation of periclase, for instance, 
can mainly be attributed to Mg derived from bottom ash and flysch 
(Table 1). The proportion of bottom ash is, however, similar in the KBA1 
and KBA2 mixtures, as the amount of periclase in KBA1 and KBA2 is 
similar. The formation of perovskite can be correlated to the Ti derived 
from bauxite (Table 1), which is more common in KBA2 due to the 
higher proportion of bauxite used in this mixture (Table 1). Moreover, 
γ–belite was far more common in KBA1, while in KBA2 a small amount 
of γ–belite was presented only at 1300 ◦C (Table 2). The absence of 
γ–belite in KBA2 can be explained by the elevated content of impurities, 
such as Ti, which can stabilize β–belite [44]. Despite the fact that Na2O 
and K2O can also stabilize β–belite [38], in our case it is unlikely, 
because although the alkali content is higher in KBA1 compared to KBA2 
(Table 1), β–belite is more stable in the latter. 

3.2. SEM/EDS 

3.2.1. The influence of sintering temperature on clinker microstructure 
All clinker samples showed a fine-grained (aphanitic) texture. At a 

sintering temperature of 1200 ◦C KBA1 had an open pore structure, 

Fig. 1. XRD pattern for clinker KBA1 sintered at 1300 ◦C. Main clinker phase designations: o = belite; * = calcium sulfoaluminate; Δ = ferrite.  
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while at 1250 ◦C the pores were irregularly–shaped, commonly elon-
gated, and up to 50 µm in diameter (Fig. 3b). In KBA2 the pores were 
open at 1200 ◦C and 1250 ◦C (Fig. 2a). At a sintering temperature of 
1300 ◦C clinkers from both mixtures developed predominately circular 
and ellipse shaped pores up to 30 µm long, and smaller irregularly 
shaped pores up to 10 µm long, which appeared between the clinker 
phases. A clear decrease in porosity and an increase in clinker density 
was evident with the increasing sintering temperature in both mixtures. 

KBA2 was, however, more porous than KBA1 at all sintering tempera-
tures (Fig. 2). Densification of the microstructure led to a drop in con-
nectivity between the pore spaces, which resulted in a reduction in the 
number of open pores [67]. While in KBA1 the microstructure contin-
uously densified with the increasing temperature, a smaller change was 
observed in the microstructure of the KBA2 sample between 1200 and 
1250 ◦C, in accordance with the results of X-ray powder diffraction 
analysis, which showed that the targeted phase composition was 

Fig. 2. KBA1 (a) and KBA2 (b) sintered at 1200, 1250 and 1300 ◦C at different magnifications. Clinker phase designations: C2S = belite; C4A3Ś = calcium sul-
foaluminate; C4A3Ś (h) = calcium sulfoaluminate (hexagonal cross–sections); C4A3Ś (q) = calcium sulfoaluminate (quadrangular cross–sections); C4AF = ferrite. 
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reached at a higher temperature in this clinker composition. Addition-
ally, the reduction in porosity could contribute to the formation of the 
liquid phase, which is suggested to form at a lower temperature due to 
the greater introduction of alkalis in the KBA1 raw mixture. As evi-
denced from the X-ray powder diffraction results, in KBA2 the amount of 
ferrite increased with an increase in sintering temperature. 

As seen from Fig. 2, the belite grains differed according to the sin-
tering temperature. Moreover, the increase in belite grain size was 
evident for both clinker compositions (Fig. 3a). At 1200 ◦C the pre-
vailing belite grains had unclear boundaries, changing to anhedral to 
subhedral at 1250 ◦C and subhedral to euhedral at 1300 ◦C. At 1250 ◦C 
most of the belite grains had a diameter of 2–4 µm in KBA1, compared to 
the smaller grains of KBA2, most of which had a diameter of 1–2 µm 
(Fig. 3a), evidencing the higher development of the KBA1 microstruc-
ture at this temperature. At 1300 ◦C most of the belite grains were 2–4 
µm in diameter, the same as in KBA1 at 1250 ◦C, in both clinker com-
positions (Fig. 3a). The change in grain size from 1250 to 1300 ◦C was 
significantly higher in the KBA2 mixture, suggesting a slower sintering 
reaction compared to KBA1. The subhedral belite grains were mostly 
rounded at 1250 ◦C, while some grains also presented as subangular and 
subrounded. Euhedral belite grains showed quadrangular and hexago-
nal cross–sections. At sintering temperatures of 1200 ◦C and 1250 ◦C 
calcium sulfoaluminate formed as an interstitial phase between the 
grains of belite. At 1300 ◦C subhedral to euhedral grains with 
quadrangular and hexagonal cross–sections or anhedral crystals devel-
oped between the belite, most of which measured 1–2 µm in diameter in 
both KBA1 and KBA2 (Fig. 2, Fig. 3b). Ferrite commonly formed an 
anhedral interstitial phase between the belite and calcium sulfoalumi-
nate at all sintering temperatures (Fig. 2). 

In accordance with the targeted and actual phase compositions, as 
determined by the Rietveld method (Table 2), the amount of belite was 
higher in KBA1, while the amount of calcium sulfoaluminate was higher 
in KBA2, which was especially evident at sintering temperatures of 1250 
and 1300 ◦C (Fig. 2, Table 2). Some fractured belite grains, attributed to 
its gamma modification, were also found in KBA1. Ferrite was clearly 
evident in KBA1 at all sintering temperatures (Fig. 2a), which was 
supported by the constant amount of ferrite detected by the Rietveld 
method (Table 2). On the other hand, ferrite was barely visible in KBA2 
at 1200 ◦C (Fig. 2b), with only 4 wt% determined by Rietveld refinement 
(Table 2). The amount of ferrite in KBA2 increased with a rising sintering 
temperature (Fig. 2, Table 2). In contrast to ferrite, perovskite was more 
abundant at a low temperature (Fig. 2, Table 2). At 1200 and 1250 ◦C 
other minor phases were too small for a reliable estimate of their inci-
dence using SEM/EDS. 

3.2.2. Microstructure at a sintering temperature of 1300 ◦C 
The microstructures of KBA1 and KBA2 differed at 1300 ◦C, since the 

belite/calcium sulfoaluminate ratio varied as a result of the difference in 

targeted phase compositions (Table 2). 
The microstructure of the KBA1 clinker was homogeneous (Fig. 4a, 

b). The main constituent was belite (Fig. 4c), evident by the presence of 
subhedral to euhedral rounded grains 1–10 µm in length, with the 
highest proportion in the range of 2–4 µm (Fig. 3a). In places the belite 
grains were connected by their necks [68] (Fig. 4d). In some places 
smaller belite grains were surrounded by the calcium sulfoaluminate 
phase, indicating that the enclosing sulfoaluminate phase was younger 
(Fig. 4d, e). 

Calcium sulfoaluminate (Fig. 4c) formed grains of up to 6 µm in 
length, predominately euhedral and less commonly subhedral, with the 
highest proportion sized between 1 and 2 µm (Fig. 3b). In KBA1 calcium 
sulfoaluminate crystals most commonly appeared as individual grains, 
while less commonly it contacted adjacent grains by “neck boundaries” 
or formed anhedral crystals filling the interstitial areas between other 
grains, usually belite (Fig. 4e). In some parts calcium sulfoaluminate 
grew over small belite grains (Fig. 4d, e). 

Ferrite (Fig. 4c) appeared as the interstitial phase, which xen-
omorphically filled the area between the belite and calcium sulfoalu-
minate phases (Fig. 4c, e, f). 

With respect to the minor phases, individual, unevenly distributed 
subhedral grains of periclase 2–5 µm in length appeared between the 
grains of belite and calcium sulfoaluminate (Fig. 4g). Moreover, nee-
dle–like fibrous gehlenite crystals, approximately 1–3 µm in length, 
formed in the interstitial area between the grains of calcium sulfoalu-
minate and belite. The fact that gehlenite grew over the grains of belite 
and calcium sulfoaluminate, and its rather preferred orientation, indi-
cate the late-stage formation of gehlenite from a melt, probably during 
clinker cooling (Fig. 4h). Namely, since gehlenite is not stable at T >
1200 ◦C [39], its formation was attributed to the decomposition of the 
calcium sulfoaluminate phase. In some parts of the clinker, the dark 
interstitial phase mayenite appeared between the calcium sulfoalumi-
nate grains (Fig. 4i). 

The microstructure of KBA2 was less homogeneous than the micro-
structure of KBA1 (Fig. 5a, b). As the most abundant phase, belite 
(Fig. 5c) had subhedral to euhedral predominately rounded and sub-
–rounded grains, 1–8 µm in length, with the highest proportion in the 
range 2–4 µm (Fig. 3a). In some places belite grains contacted in “neck 
boundaries”, similar to in KBA1 (Fig. 5d). In many parts, however, belite 
grains formed elongated contacts with wider “neck boundaries”, as 
observed in KBA1. Small belite grains were commonly surrounded by 
the calcium sulfoaluminate phase (Fig. 5e, i). 

Calcium sulfoaluminate (Fig. 5c) formed predominately euhedral 
isometric or hexagonal grains up to 4 µm in length, with the highest 
proportion in the 1–2 µm range (Fig. 3b). Calcium sulfoaluminate grains 
were commonly concentrated in groups, with individual crystals being 
rare. It often developed “neck boundaries” with neighbouring grains or 
anhedral crystals filled the interstitial areas (Fig. 5e). In some parts it 

Fig. 3. Grain size distribution of belite at sintering temperatures of 1250 ◦C and 1300 ◦C (a) and of the calcium sulfoaluminate phase at 1300 ◦C (b).  
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surrounded smaller belite grains (Fig. 5e). 
Ferrite (Fig. 5c) most commonly appeared as the interstitial phase 

and anhedral filled the area as above between the belite and calcium 
sulfoaluminate grains (Fig. 5 e, f). Moreover, the interstitial ferrite, with 
a diameter of approximately 15 µm, was concentrated in individual 
areas (Fig. 5f). Ferrite crystals up to 6 µm in length appeared in nests of 
up to 25 µm long (Fig. 5g), which made KBA2 less homogeneous than 
KBA1. The fact that the brightness of the phases observed in BSE analysis 
is proportional to their mean atomic weight can be used for the assess-
ment of the iron content of the ferrite phase [42]. Consequently, in BSE 
mode ferrites with a high Fe content are brighter than ferrites with lower 
Fe contents [42]. In KBA2 the interstitial ferrite phase (Fig. 5c, d, e, f, h, 
i) was brighter than the ferrite crystal nests (Fig. 5g), which could 
indicate that the ferrite crystals contained less iron than the interstitial 
ferrite phase, as the ferrite solid solution was trending towards 
perovskite. 

Periclase formed between the belite and calcium sulfoaluminate 
phase, as subhedral crystals approximately 2 µm in length (Fig. 5h). 
Mayenite appeared between the calcium sulfoaluminate grains (Fig. 5i) 
and was more common in KBA2 than in KBA1. 

In addition to the difference in the proportions of belite and calcium 
sulfoaluminate between the two clinkers, the belite and calcium sul-
foaluminate formed larger grains in KBA1 compared to in KBA2. On the 
other hand the contact area between the belite grains was generally 
larger in KBA2 than in KBA1, where neck boundaries were common. The 
calcium sulfoaluminate in KBA1 mostly appeared as individual grains, 
while in KBA2 it was concentrated in groups. In KBA1 ferrite presented 
only as an interstitial phase, while in KBA2 it also formed crystals, 
concentrated in nests. With respect to the minor phases periclase was 
evident in both clinkers in similar proportions, while gehlenite was 

found only in KBA1. In KBA2 the dominant minor phase was mayenite, 
which was barely evident in KBA2. 

3.2.3. The incorporation of minor ions 
Fig. 6 shows the elemental distribution of KBA1 (a) and KBA2 (b) 

sintered at 1300 ◦C, as revealed by EDS analysis (SEM statistics). 
With regard to the major clinker phases, belite, an analogue of the 

naturally occurring mineral larnite, incorporated Al and Fe in both types 
of clinker, followed by Mg, S and Ti in KBA1, and S, Ti and Mg in KBA2. 
This is consistent with the findings that Si can be replaced by other 
multivalent ions [51,69]. Moreover, in both clinkers belite also incor-
porated some Na and K, which can substitute Ca in its crystal structure 
[20,29,70]. 

The calcium sulfoaluminate in KBA1 and KBA2 also exhibited some 
Si, Fe, and Ti. The calcium sulfoaluminate could, however, contain some 
Si, as Al did not replace all of the Si in the sodalite solid solution [13,15]. 
Moreover, its structure commonly incorporates some Fe and Ti [20]. 
Some Mg was also detected, which was attributed to the replacement of 
Ca in the calcium sulfoaluminate structure [20]. In both clinkers the 
calcium sulfoaluminate also incorporated Na and K, which can be pre-
sented in its sodalite type structure [32]. 

Furthermore, the ferrite in KBA1 and KBA2 incorporated Si, Ti and S. 
In KBA2 the amount of Ti was greater than S, while in KBA1 the amount 
of Ti and S were approximately the same. It has been reported that Si and 
S can substitute Al and Fe in the alumina–ferrite phase [20,71]. In both 
clinkers calcium sulfoaluminate also included Na and K. 

The values of the minor elements listed above decrease from left to 
right. A clear difference was evident between KBA1 and KBA2, espe-
cially in the Ti enrichment of the clinker phases. Belite, calcium sul-
foaluminate and ferrite incorporated more Ti in KBA2 compared to 

Fig. 4. General microstructure (a–c) and microstructural details of KBA1 sintered at 1300 ◦C: d) Belite (C2S) grains with “neck boundaries” and belite enclosed in 
calcium sulfoaluminate (C4A3Ś); e) Euhedral, subhedral and anhedral calcium sulfoaluminate grains and belite grains surrounded by calcium sulfoaluminate; f) 
Ferrite (C4AF) as an interstitial phase; g) periclase (M); h) Elongated gehlenite crystals (C2AS); i) Mayenite (C12A7) as a dark interstitial phase between grains of 
calcium sulfoaluminate. 
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KBA1, which can be explained by the higher Ti–rich bauxite content of 
the KBA2 raw mixture (Table 1). 

Fig. 7 (a–d) shows variations in the chemical composition of the 
calcium sulfoaluminate phase, the main early age hydration phase of the 
BCSA clinkers, as determined by EDS analysis. As seen from Fig. 7a, Si 
was negatively correlated with Al in the calcium sulfoaluminate of both 
types of clinker, indicating the substitution of Si with Al in the sodalite 

solid solution [77]. 
Calcium sulfoaluminate as sodalite can have Si/Al ratios ranging 

from zero, for a pure alumina framework, such as ye’elimite, to ∞, for a 
pure silica one [78]. Its crystalline structure accepts noticeable amounts 
of Fe+3 instead of Al+3 forming solid solution. This indicates that Si was 
a remnant from the early stages of the sodalite solid solution system 
[77]. The presence of Si in the calcium sulfoaluminate phase has, 

Fig. 5. General microstructure (a–c) and microstructural details from KBA2 sintered at 1300 ◦C: d) Belite (C2S) grains with “neck boundaries” and belite enclosed in 
calcium sulfoaluminate (C4A3Ś); e) Euhedral, subhedral and anhedral grains of calcium sulfoaluminate and belite grains surrounded by calcium sulfoaluminate; f) 
Ferrite (C4AF) as an interstitial phase; g) Nest of ferrite crystals; h) Periclase (M) and single elongated gehlenite (C2AS) crystals in the ferrite interstitial phase; i) 
Mayenite (C12A7) as the dark interstitial phase between grains of calcium sulfoaluminate. 

Fig. 6. Elemental EDS maps for KBA1 (a) and KBA2 (b) sintered at 1300 ◦C.  
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Fig. 7. Comparison of the composition of KBA1 and KBA2, as determined by EDS analysis (weight %), with respect to the following main hydraulic clinker phases: 
calcium sulfoaluminate (a–f), belite (g–m) and ferrite (n–s). 
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however, already been reported [8,35]. Furthermore, it has been shown 
that Na is substituted by Ca in the calcium sulfoaluminate solid solution 
[31]. As indicated in Fig. 7b, Na was replaced by Ca and Mg in both 
KBA1 and KBA2, while Mg showed a similar trend as the sum of Ca and 
Mg (Fig. 7c). The sum of Ca and Mg was positively correlated to Si in 
both KBA1 and KBA2 (Fig. 7d), which suggests that Ca and Mg were 
embedded in the calcium sulfoaluminate simultaneously with Si 
(Fig. 7a). Although in theory Fe is substituted for AI in the calcium 
sulfoaluminate solid solution [31], Fe and Al seemed not to be correlated 
in the samples studied (Fig. 7e). On the other hand, Fe and Ti showed a 
clear positive correlation in KBA1 (Fig. 7f), indicating that Ti did not 
replace Fe but that they were simultaneously incorporated into the 
calcium sulfoaluminate structure. The Ti content was higher in KBA2 
than in KBA1, but the values were scattered, with a less clear trend than 
was seen in KBA1 (Fig. 7f). 

Belite solid solution represents the main late-stage hydration phase 
of BCSA clinkers and enables the substitution of Ca with univalent/ 
bivalent ions, such as Mg or alkalis, and the substitution of Si with 
multivalent ions such as Al, Fe, Ti, and S [69]. Fig. 7 (g-m) shows var-
iations in the chemical composition of the belite phase, as determined by 
EDS analysis. In belites, Si was negatively correlated with Al (Fig. 7g), Fe 
(Fig. 7h), S (Fig. 7i) and Ti (Fig. 7j) in both KBA1 and KBA2, indicating 
the substitution of Si with Al, Fe, S and Ti in the belite solid solution 
[14]. Similarly, Ca showed a negative correlation with Mg and alkalis 
(Fig. 7k-m), confirming this substitution. 

The ferrite phase has a perovskite type structure, which allows the 
incorporation of a large amount of foreign elements [71]. The substi-
tution of Si and S with Fe or Al has been reported previously [71]. Si and 
S are negatively correlated with Fe in both KBA1 and KBA2, although 
the trend is scattered. Si shows a clear negative correlation with Al 
(Fig. 7p), indicating the substitution of Al with Si in ferrite in both types 
of clinker. On the other hand, in both clinkers S shows a clear positive 
correlation with Al (Fig. 7r), which could indicate that S was embedded 
in the ferrite simultaneously with Al. It has been reported that Ti in the 
ferrite phase primarily substitutes at octahedral sites, replacing Fe [14]. 
In both KBA1 and KBA2, however, a positive correlation between Ti and 
Fe was determined for the ferrite phase, indicating that Ti did not sub-
stitute Fe in the ferrite phase of either KBA1 or KBA2 (Fig. 7u). There 
was also a clear difference between the ferrite phase composition of the 
two clinkers, with more Ti incorporated in the ferrite phase of KBA2 
compared to KBA1, and a tendency towards a perovskite composition in 
the former (Fig. 7s). 

The most Ti was, however, incorporated into the ferrite phase. As an 
artificial equivalent of the natural mineral brownmillerite, ferrite has a 
perovskite–like structure that enables various cation substitutions [72]. 
Several studies have demonstrated the possible existence of the per-
ovskite–brownmillerite pseudobinary series [59–62]. Ti is one of the 
most common minor elements, which is often introduced to the cement 
kilns by industrial waste. Ti is usually present in OPC clinker raw ma-
terial in an amount of up to 1 wt% [73], but the same amount of Ti has 
been documented in BCSA clinkers [74]. The presence of Ti in the 
clinker raw mixture, even in small quantities, significantly improves its 
hydraulic properties [75] through the substitution of Si with Ti in the 
ferrite crystal lattice [76]. X-ray powder diffraction results showed the 
presence of perovskite in both KBA1 and KBA2. Moreover, nests of 
ferrite crystals, which were found in KBA2 and belong to the per-
ovskite–type of the ferrite phase, were enriched by Ti as shown by EDS 
analysis. It is evident from Fig. 6 that the least amount of Ti was 
incorporated into the calcium sulfoaluminate phase. 

Higher amounts of Mg were identified in KBA1 due to the higher 
amount of Mg–rich flysch in the raw mixture (Table 1 and 2). According 
to Rietveld analysis and SEM/BSE observations, the amount of periclase 
in KBA1 did not increase. The excess Mg in KBA1 was, however, docu-
mented in the belite, calcium sulfoaluminate and ferrite. Alkalis were 
identified in all phases in both KBA1 and KBA2. KBA1 incorporated 
more Na than KBA2 (Fig. 7b), however, which can be attributed to the 

higher flysch content in KBA1 compared to in KBA2 (Table 1). Similar to 
Na, higher amounts of K were detected in KBA1 compared to KBA2, 
corresponding to the higher flysch content in the KBA1 mixture 
(Table 1). 

3.3. Isothermal calorimetry 

The reactivity of the KBA1 and KBA2 clinkers, sintered at 1200 ◦C, 
1250 ◦C and 1300 ◦C without the addition of gypsum, was studied in 
order to evaluate the influence of the phase microstructure of the clinker 
and temperature dependent variations in phase composition on clinker 
reactivity. Because the addition of gypsum significantly influences hy-
dration kinetics [79], clinker reactivity can be investigated without the 
addition of a sulfate source [16]. Calcium sulfate controls the ratio of 
precipitated ettringite to monosulfate, resulting from the hydration of 
calcium sulfoaluminate. In the absence of sulfate, monosulfate and 
aluminium hydroxide are formed when calcium sulfoaluminate reacts 
with water, while in the presence of a source of calcium sulfate the main 
hydration product is ettrigite [70,79,80]. As it is also the main phase 
hydrating in the early stages, however, the hydration of calcium sul-
foaluminate itself is very complex; namely ettringite can act as the main 
hydration product instead of monosulfate [54,74], while ettrignite and 
monosulfate can also occur together [56,80]. The first dissolution peak 
is only partly visible due to the external mixing method. 

After the initial peak, KBA1 sintered at 1200 ◦C showed a short 
dormant period [81] until around 2 h, followed by two main exothermic 
peaks [21], the first occurring at 3 h and the second one after 6 h of 
hydration (Fig. 8a). These peaks are probably attributed to the precip-
itation of monosulfate and amorphous aluminium hydroxide resulting 
from the hydration of ye’elimite [21,56]. Similar hydration kinetics 
were seen in the KBA2 sintered at 1200 ◦C as in the KBA1 sintered at 
1200 ◦C, but KBA2 had a longer dormant period after the initial peak, 
which lasted until a sample age of around 7 h. The first main hydration 
peak occurred at 9 h and a second heat flow maximum occurred after 11 
h of hydration (Fig. 8a). The appearance of two main exothermic peaks 
at 1200 ◦C can be attributed to the slow dissolution kinetics of anhydrite 
[79] in KBA1 (Table 2), while in KBA2 it could be attributed to the 
changed dissolution kinetics resulting from the fact that the targeted 
amount of calcium sulfoaluminate had not yet been reached at 1200 ◦C 
(Table 2). 

A dormant period was observed in KBA1 sintered at 1250 ◦C after the 
initial peak at about 13 h. Consequently, formation of the main hydra-
tion peak occurred later, at 23 h. After 46 h of hydration a weak second 
heat flow maximum was identified (Fig. 8b). The dormant period of 
KBA2, sintered at 1250 ◦C, was shorter, lasting until a sample age of 
about 6 h, while the main hydration peak didn’t occur until 18 h 
(Fig. 8b). 

The dormant period of KBA1 sintered at 1300 ◦C occurred at an in-
termediate value, lasting until a sample age of about 7 h. The main 
hydration peak occurred at 24 h (Fig. 8c). The shortest dormant period 
occurred in KBA2 sintered at 1300 ◦C, terminating at a sample age of 
about 3 h. The main hydration peak occurred at 14 h of reaction 
(Fig. 8c). 

The highest total cumulative heat after 72 h was identified in the 
KBA1 sintered at 1200 ◦C (138 J/g), while after 72 h the KBA1 sintered 
at 1250 and 1300 ◦C both had a total cumulative heat of 123 J/g. Similar 
to in the KBA1 mixture, in KBA2 the highest total heat flow of hydration 
value after 72 h (184 J/g) was determined at 1200 ◦C. 

In both KBA1 and KBA2 the reaction of the clinker sintered at 
1200 ◦C yielded the shortest dormant period. The smallest calcium 
sulfoaluminate grain size, however, as observed by SEM, occurred in the 
clinkers sintered at 1200 ◦C, which could lead to the fastest dissolution 
rate. The wetting time and main hydration peak of KBA1 sintered at 
1250 and 1300 ◦C were similar, but at 1250 ◦C a second hydration peak 
occurred, which was not detected at 1300 ◦C. In KBA2, the sample 
sintered at 1250 ◦C reacted faster than the one sintered at 1300 ◦C. 
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Comparing the clinkers sintered at 1200 ◦C, the hydration of calcium 
sulfoaluminate was more rapid in KBA1 compared to in KBA2 (Fig. 8a). 
As both clinkers had a similar Blaine specific surface area (Table 3), the 
faster early hydration of KBA1 can be attributed to the presence of 
anhydrite in KBA1, which represented an additional sulfate source to 
accelerate the formation of monosulfate. 

In KBA1 less heat flow was released during the hydration compared 

to in KBA2 at all three sintering temperatures. Moreover, after 72 days of 
hydration KBA2 had a higher total cumulative heat than KBA1, again at 
all sintering temperatures (Fig. 8). This indicates that KBA1 was 
generally less reactive than KBA2, as is consistent with the targeted 
phase composition; KBA2 contains 35 wt% of calcium sulfoaluminate, 
the most reactive early age hydration phase, compared to only 20 wt% 
of this phase in KBA1 (Table 1). Another parameter which could 
contribute to the higher reactivity of KBA2 is the calcium sulfoaluminate 
grain size, since a decrease in the grain diameter has been proven to 
improve the reactivity of the clinker phases. Namely, the proportion of 
the smallest grain sizes (0–1 µm) in the calcium sulfoaluminate was 
higher in KBA2 than in KBA1 (Fig. 3). Moreover, EDS analysis revealed 
that the calcium sulfoaluminate incorporated more Ti in KBA2 than in 
KBA1 (data measured on clinkers sintered at 1300 ◦C). Given that Ti can 
promote the hydraulic activity of the clinker phases [75], a higher Ti 
content in KBA2 could also contribute to a higher reactivity. The latter 
was studied for the OPC system, however, since data regarding the 
incorporation of Ti in calcium sulfoaluminate are not available. Finally, 
a lower reactivity of KBA1 could also be partly explained by the greater 
formation of nonreactive gehlenite in KBA2 compared to KBA1. 

In both KBA1 and KBA2 the Blaine specific surface area decreased 
with an increase in sintering temperature (Table 3), which was associ-
ated with densification of the microstructure [82], as was also evident 
by SEM/EDS analysis (Fig. 2). Comparing KBA1 and KBA2 sintered at 
the same temperatures, the specific surface area of KBA2 was slightly 
higher, which could be attributed to the higher calcium sulfoaluminate 
content of the KBA2. The exception was at 1200 ◦C, where KBA1 had a 
slightly higher specific surface area than KBA2 (Table 3). The differences 
in Blaine specific surface area between KBA1 and KBA2 at the same 
sintering temperature are small (84 cm2/g at 1200 ◦C, 172 cm2/g at 
1250 ◦C and 180 cm2/g at 1300 ◦C) and should therefore not signifi-
cantly contribute to clinker reactivity (Table 3). The overall PSD of 
KBA1 sintered at 1200, 1250 and 1300 ◦C showed similar unimodal 
distributions (Fig. 9a), with a main peak at around 2 µm, while the 
amount of coarse fraction increased by increasing the temperature. In 
contrast, the amount of the finest fraction decreased by increasing the 
temperature (Table 3), as a consequence of the decreased clinker 
grindability [82]. Namely, at a higher sintering temperature, the 
microstructure is densified [83] and the grains are larger. The density 
distribution was less uniform in KBA2; at 1200 ◦C and 1250 ◦C it was 
bimodal with peaks at around 2 µm and 8 µm, while at 1300 ◦C it became 
a unimodal curve with a main distribution peak at around 2 µm (Fig. 9b). 
Similar to KBA1, the increase in coarse fraction and decrease in the finest 
fraction in line with an increase in sintering temperature was also 
evident in KBA2 (Table 3). The clinkers sintered at 1200 ◦C, however, 
reacted faster and reached a higher cumulative heat compared to the 
clinkers sintered at higher temperatures, which can mostly be attributed 
to the effects of particle size distribution and specific surface area. KBA2 
clinkers were finer than KBA1 (d values in Table 3), probably due to the 
lower belite content, which contributes to easier grinding. 

Development of good mechanical strength and durability properties 
in cement pastes commonly requires the addition of a sulfate source 
[81]. The hydration of cements containing calcium sulfoaluminate is a 
complex process that depends on various parameters [21]. The addition 
of gypsum, however, generally accelerates the hydration of calcium 

Fig. 8. Heat flow and cumulative heat curves for KBA1 and KBA2 (w/c = 0.5 at 
20 ◦C) sintered at 1200 ◦C (a), 1250 ◦C (b) and 1300 ◦C (c). 

Table 3 
The main parameters of the PSD curves, specific density and Blaine SSA.  

Sintering T (◦C) 1200 1250 1300 

Raw mixture KBA1 KBA2 KBA1 KBA2 KBA1 KBA2 

PSD d10 (µm) 1.42 2.87 2.44 3.58 3.18 3.74 
PSD d50 (µm) 8.99 13.52 18.39 17.83 39.38 29.87 
PSD d90 (µm) 27.09 34.11 71.23 46.58 104.73 82.46 
Specific density (g/cm3) 3.23 3.11 3.23 3.11 3.23 3.08 
Blaine SSA (cm2/g) 3827 3743 2860 3032 2237 2417  
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sulfoaluminate [54]. For example, in the clinker with the KBA1 phase 
composition, sintered at 1250 ◦C and blended with 20.3 wt% gypsum, 
the precipitation of ettringite occurred at around 3 h [84,85], while in 
the pure clinker this only occurred at about 13 h of hydration (Fig. 8b). 
At 7 days of hydration cement pastes made with the KBA1 clinker (20.3 
wt% of gypsum, w/c = 0.5) and sintered at 1250 ◦C reached a 
compressive strength of around 13 N/mm2 [84], while the strength of 
the same clinker sintered at 1300 ◦C ranged from 11.5 to 18.8 N/mm2 

[86], depending on the clinker cooling method employed and its 
consequent microstructure. The compressive strength of the KBA1 
cement pastes (w/c = 0.5) sintered at 1250 ◦C and blended with 20.3 wt 
% gypsum was fairly constant until 28 days of hydration (approx.13 N/ 
mm2), whereas a significant increase was evident after 90 days of hy-
dration, with the compressive strength rising to around 22 N/mm2 [84]. 

4. Conclusions 

The aim of this paper was to investigate the incorporation mecha-
nisms of bottom ash into BCSA clinkers. The microstructures of two 
different BCSA cement clinkers (with targeted phase compositions of 65 
wt% belite, 20 wt% calcium sulfoaluminate, 10 wt% ferrite (KBA1) and 
50 wt% belite, 35 wt% calcium sulfoaluminate and 10 wt% ferrite 
(KBA2)) sintered at 1200 ◦C, 1250 ◦C and 1300 ◦C were studied. Both 
mixtures incorporated approximately 9 wt% bottom ash. 

The targeted phase composition of KBA1 was reached at a temper-
ature 50 ◦C lower than KBA2, which could be related to the higher alkali 
content in the raw mix. With respect to the minor phases, periclase, 
perovskite, arcanite and aphthialite were presented in both types of 
clinker. Gehlenite, some mayenite, γ–belite and anhydrite were also 
detected in KBA1, while in KBA2 mayenite and some free lime were 
present. The absence of γ–belite in KBA2 can be attributed to the higher 
Ti content in the raw mix, which stabilized the β–belite. 

Clinkers showed a fine-grained texture with a decrease in porosity 
occurring with an increase in sintering temperature. Belite grains with 
unclear boundaries were already evident at 1200 ◦C and with an in-
crease in temperature, their form changed from being mostly rounded 
anhedral/subhedral to subangular, subrounded quadrangular and hex-
agonal subhedral. Calcium sulfoaluminate formed an interstitial phase 
between the belite grains at 1200 and 1250 ◦C and only at 1300 ◦C 
developed subangular to quadrangular and hexagonal subhedral to 
euhedral grains. The grain size of belite increased with an increase in 
sintering temperature. Ferrite formed an interstitial phase at all sinter-
ing temperatures in both clinker phase compositions. At 1300 ◦C geh-
lenite was clearly evident on SEM images in KBA1, while it was not 
present in KBA2. On the other hand, mayenite was clearly present in 
KBA2, but was barely detectable in KBA1. 

Some Si presented in calcium sulfoaluminate as a result of the 
incomplete substitution of Si by Al in the sodalite solid solution. Na was 
substituted by Ca and Mg, while Fe and Ti became incorporated into the 
sodalite structure, without replacing Al. In belite Si was replaced by Al, 

Fe, S and Ti, while Ca was replaced by Mg, Na and K. In ferrite Al was 
substituted with Si, while S was simultaneously incorporated into the 
ferrite phase by Al. Ti was incorporated into ferrite without the 
replacement of Fe. The mechanism of incorporation of minor elements 
into the main clinker phases was similar in both KBA1 and KBA2. As 
ferrite incorporated higher amounts of Ti in KBA2, however, the solid 
solution trended towards a perovskite composition. In KBA1 the main 
clinker phases incorporated more alkalis and Mg than in the KBA2 
clinker, which was attributed to the higher flysch content of KBA1. 

The variation in sintering temperature influenced the clinker phase 
composition and contributed to clinker reactivity, as was evident by 
isothermal calorimetry. Due to its lower calcium sulfoaluminate content 
KBA1 was generally less reactive than KBA2. The clinkers sintered at 
1200 ◦C were the most reactive. The presence of anhydrite in KBA1, and 
the changed dissolution kinetics in KBA2 at 1200 ◦C, due to the fact that 
the targeted amount of major clinker phases had not been reached, 
resulted in two main exothermic peaks. In KBA1 1.2% of anhydrite 
formed at 1200 ◦C, significantly accelerating early hydration compared 
to KBA2, in which no anhydrite presented at the same temperature. 

A second hydration peak occurred at 1250 ◦C in KBA1, which was 
mainly attributed to the formation of monosulfatetogether with 
aluminium hydroxide. Clinker reactivity was, however, additionally 
influenced by the particle size distribution and specific surface area, as 
in both phase compositions the most reactive clinkers were those sin-
tered at 1200 ◦C. In KBA2, the clinker sintered at 1250 ◦C was more 
reactive than that sintered at 1300 ◦C. 

In this study bottom ash was shown to be an adequate raw material 
for the synthesis of BCSA clinkers. The main clinker phases of the belite- 
sulfoaluminate clinker enabled the incorporation of various minor ele-
ments, however, which influenced the clinker’s properties. This can be 
controlled by the appropriate selection of basic raw materials (limestone 
or siliciclastic rocks). Sintering temperature, on the other hand, highly 
affected the microstructure and grindability of the clinker, which 
resulted in a decrease in clinker reactivity with an increase in sintering 
temperature. Since BCSA clinkers are very sensitive to impurities 
derived from the raw mixture, which can strongly influence the hydra-
tion behaviour of the clinker, further studies are necessary before the 
wider production of BCSA clinkers from secondary raw materials can be 
implemented. As such, our results offer an important starting point for 
future research. 
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Torre, L. León-Reina, M.A.G. Aranda, Rietveld quantitative phase analysis of 
Yeelimite-containing cements, Cem. Concr. Res. 42 (7) (2012) 960–971, https:// 
doi.org/10.1016/j.cemconres.2012.03.018. 
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