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Abstract Calcium sulfoaluminate (CSA) cements, which

represent a CO2-friendly alternative to conventional Port-

land cements, are produced by blending CSA clinker with

gypsum and/or anhydrite. The hydration kinetics and the

hydrated phase assemblages of the main hydraulic phase

ye’elimite (calcium sulfoaluminate) with calcium sulfate

were studied by isothermal conduction calorimetry, ther-

mogravimetric analysis, X-ray diffraction analysis and

thermodynamic modelling. Two calcium sulfates with

different reactivities (gypsum and anhydrite) were applied.

It was found that the pure phase without any calcium sul-

fate addition exhibits very slow hydration kinetics during

the first 10 h. The hydration can be accelerated by the

addition of calcium sulfate or (less effective) by increasing

the pH of the aqueous phase. The amount of the calcium

sulfate determines the ratio between the hydration products

ettringite, monosulfate and amorphous aluminium

hydroxide. The reactivity of the added calcium sulfate

determines the early hydration kinetics. It was found that

the more reactive gypsum was better suited to control the

hydration behaviour of ye’elimite.

Keywords Calcium sulfoaluminate cement � Hydration �
Thermodynamic modelling � Ye’elimite

Introduction

The manufacturing of Portland cement, which is nowadays

mainly used as binder in concrete structures, counts for

about 5% of the total man-made CO2-emissions. Thus,

there is an increasing driving force for research and

development in the field of more environmental friendly

binders like blended Portland cements and non-Portland

cements. Among others, the production of calcium sul-

foaluminate cements (CSA), based on the CSA phase

(ye’elimite, 4CaO�3Al2O3�SO3, also written as C4A3S in

cement notation)1 is a promising low-CO2 alternative

[1, 2]. In contrary to Portland cements, where the main

properties like strength are due to the presence of calcium

silicate hydrates, CSA cements are systems based on cal-

cium aluminate sulfate hydrates.

The CSA clinker can be made from calcium sulfate,

limestone and bauxite at a temperature of about 1,250 �C,

which is 200 �C lower than for Portland cement clinker.

Compared to the typical Portland cement phase alite (tri-

calcium silicate) (1.80 g CO2 per mL of the cementing

phase), CSA releases only 0.56 g CO2 per mL cementing

phase during its production. In addition, this type of clinker

can be ground easier compared to ordinary Portland

cement. Besides ye’elimite, CSA clinkers usually contain

other phases like dicalcium silicate (belite), tetracalcium

aluminate ferrate, anhydrite, gehlenite or mayenite.

Typically about 15–25 mass% of gypsum and/or anhy-

drite are interground with the clinker for optimum setting

time, strength development and volume stability [2–7]. The

hydration of the obtained CSA cements and their properties

mainly depend on the amount and reactivity of the added

calcium sulfate [8–16].

F. Winnefeld (&) � S. Barlag

Empa, Swiss Federal Laboratories for Materials Testing and
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As main crystalline hydration products, ettringite and

monosulfate are formed together with amorphous alumin-

ium hydroxide (Eqs. 1, 2). The ratio between ye’elimite

and calcium sulfate determines the ratio between ettringite

and monosulfate in the final product. Above a molar ratio

of calcium sulfate to ye’elimite of 2, only the reaction (2)

will occur.

C4A3Sþ 18H! C3A � CS � 12H

þ 2AH3 ðmonosulfate formationÞ ð1Þ

C4A3Sþ 2CSH2 þ 34H! C3A � 3CS � 32H

þ 2AH3 ðettringite formationÞ
ð2Þ

In technical products containing accessory phases addi-

tional hydration products might be present like calcium

silicate hydrates, strätlingite, monocarbonate or calcium

aluminate hydrates [15–19].

While the application of CSA cements in Europe is not

yet widespread, they have been produced, used and

standardised in China since about 30 years [3–5].

Depending on the level of calcium sulfate addition, CSA

cements with different properties can be obtained. There-

fore, a formula for the calculation of optimum sulfate level

to obtain the different types of CSA cements was devel-

oped in China, which is based on stoichiometric calcula-

tions [4, 6]:

CT ¼ 0:13 M
A

S
ð3Þ

where CT, ratio gypsum/clinker by mass; A, mass% of

ye’elimite in the clinker; S; mass% of SO3 in the gypsum;

M, molar ratio gypsum/ye’elimite; and 0.13, a stoichiom-

etric factor containing all the conversions between mass%

and mole.

The value M (and also whether gypsum or anhydrite is

used) is related to the type of CSA cement. M = 0–1.5

with a low calcium sulfate content yields a rapid hardening

or high-strength cement, which is also confirmed by the

experimental data given in [15]. Higher sulfate levels are

applied to formulate expansive (M = 1.5–2.5) and self-

stressing cements (M = 2.5–6).

Shrinkage compensated, expansive and self-stressing

cements generate expansive (compressive) stresses in the

final, dried paste, mortar or concrete, which are low

(\1 MPa) in the case of shrinkage compensated and high

(up to 8 MPa) in the case of self-stressed systems [20]. The

latter have to be restrained by a suitable reinforcement in

order to avoid excessive expansion and crack formation.

Thus, according to Eq. 3, the properties of the CSA

cements are directly related to the formation kinetics and to

the total amount of the voluminous ettringite phase in the

hardened system.

However, in the absence of calcium oxide or calcium

hydroxide, which both accelerate ettringite formation [15],

CSA cements are often dimensionally stable [17]. They

even exhibit a chemical shrinkage, which means that the

volume of the anhydrous material plus the mixing water is

higher than the volume of the hydrated paste. This is

related to the fact that the apparent density of the water

bound in the hydrate phases like ettringite is higher than the

density of free water. It can be calculated by thermody-

namic modelling that CSA cements should have a theo-

retical chemical shrinkage of about 11 cm3/g cement after

28 days [16], whereas an ordinary Portland cement reaches

about 4–5 cm3/g. Chemical shrinkage of a CSA cement

was experimentally determined in [21] and found to be in

the same order of magnitude as the predicted value.

However, expansion may occur if ettringite forms in rea-

sonable amounts after setting. Several mechanisms are

discussed in literature [20]: (i) the topochemical formation

of ettringite at certain locations leading to local stresses,

(ii) crystallisation pressure generated by an oriented,

anisotropic growth of ettringite, (iii) water adsorption at the

surface of colloidal ettringite causing interparticle repul-

sion and (iv) osmotic pressure at a semi-permeable mem-

brane around the anhydrous cement particles.

The optimum calcium sulfate content is one of the key

issues concerning the relevant properties like rapid hard-

ening, high strength and expansive with respect to the

application of CSA cements. Thus, the hydration of pure

synthetic ye’elimite was examined in this study using

several blends with gypsum and anhydrite by means of

conduction calorimetry, thermogravimetric analysis (TGA)

and X-ray diffraction (XRD).

As the pH value of the liquid phase (pore solution)

should greatly influence the reaction kinetics [17], the

experiments were carried out in water and in diluted

potassium hydroxide solutions. The experimental results

will be compared with thermodynamic calculations of the

stable hydrate assemblages.

Materials and methods

Calcium sulfoaluminate (ye’elimite) was synthesized from

a stoichiometric mixture of calcite, aluminium oxide and

gypsum. The analytical grade materials (Fluka) were

homogenised and then pelletized with water. Afterwards

the pellets were fired in a laboratory kiln at 1,300 �C for

4 h. The obtained material was identified by XRD as pure

ye’elimite. It exhibited a free calcium oxide content of 0.2

mass% as determined using the extraction method

according to [22]. Prior to the use in the experiments the

powder was ground using an automatic agate mortar

grinder mill (Retsch RM100). The final product exhibited a
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bulk density of 2.60 g/cm3 and a specific surface of

5,520 cm2/g according to EN 196-6 (Blaine method).

Analytical grade calcium sulfate dihydrate and potas-

sium hydroxide (Fluka) were used. The latter was dissolved

in demineralised water to obtain 0.1 and 0.01 molar solu-

tions. Anhydrite was prepared by burning calcium sulfate

dihydrate in a laboratory furnace at 700 �C for 2 h.

Anhydrite formed under these conditions exhibits much

slower dissolution kinetics than calcium sulfate dihydrate

[8, 11, 15].

In the experiments, ye’elimite was blended with differ-

ent quantities of gypsum or anhydrite (molar ratios 1:1, 1:2,

1:3 and 1:4) to cover the whole range between undersupply

and surplus of calcium sulfate with respect to Eq. 2. The

hydration experiments were carried out either in deminer-

alised water or in aqueous potassium hydroxide solution

(0.01 molar and 0.1 molar) in order to study the impact of

pH on the hydration kinetics of ye’elimite. All experiments

were done at 20 �C.

A conduction calorimeter (Thermometric TAM Air) was

used to determine the hydration heat flow using the admix

ampoules described in [23]. 1 g of solid was weighed into the

ampoule, and 2 g of liquid were filled into the two syringes.

The admix ampoule was then inserted into the calorimeter.

After equilibration the liquid was injected into the ampoule,

and the hydration heat flow was recorded for 18 h.

Similar pastes were prepared by blending solid and

liquid in a plastic container using a spatula for 2 min. After

18 h, the hydration was stopped by submersing the crushed

paste in isopropanol, filtering and washing the residue first

with isopropanol and then with diethyl ether. Afterwards,

the samples were ground by hand to a grain size

\0.063 mm. TGA was carried out in N2 atmosphere on

about 10 mg of sample using a Mettler-Toledo TGA/SDTA

851 instrument at 20 �C/min up to 980 �C. XRD patterns

were measured with a Panalytical X’Pert Pro powder

diffractometer equipped with an X’Celerator detector in a

2h range of 5–80�.

Thermodynamic calculations were carried out using the

geochemical GEMS-PSI software [24], coupled with the

cement-specific CEMDATA database [25]. Recent exam-

ples of the application of thermodynamic modelling to

cement hydration using the GEMS-PSI code are given in

[16, 26, 27].

Results and discussion

Conduction calorimetry

The influence of the gypsum to ye’elimite molar ratio on

the hydration heat flow of pastes mixed with deionised

water is shown in Fig. 1. Without gypsum, the pure

ye’elimite phase shows two maxima in the heat flow curve.

The first occurs directly when the water is added and can be

attributed to heat of wetting and very early hydration

reactions (Fig. 1a). After that, a so-called dormant period

occurs with a low heat flow during about 10 h. This long

dormant period could be explained by a surface coverage

of the clinker grains by early hydration products. After-

wards the heat flow increases again, reaching a second

maximum after about 15 h of hydration (Fig. 1b). This heat

event covers the main part of the hydration reactions and is

responsible for setting and hardening of the paste. Beyond

the maximum, the heat flow decreases without showing any

other maximum or shoulder in the heat flow curve. Tech-

nical clinkers show a similar behaviour when hydrated at a

water/cement ratio of 0.7 with a very long dormant period

compared to Portland cements [15]. In [28] a faster kinetics

with a dormant period of about 2 h is reported for pure

ye’elimite hydrated at 25 �C, but the synthesis procedure

and experimental conditions are different.
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All mixtures with gypsum show a similar initial peak as

the pure ye’elimite paste (Fig. 1a). However, this heat

event appears to be more intense in the mixtures with

gypsum, indicating a higher intensity of the reactions and/

or the formation of different products during very early

hydration. When gypsum is added, the dormant period is

shortened to about 2–3 h (Fig. 1b). Thus, gypsum accel-

erates the hydration of the ye’elimite phase, which is

comparable to the behaviour of calcium aluminate cements

[29].

The heat flow of the subsequent peaks (one or two)

exhibits lower values than for the pure ye’elimite paste.

The two samples with the lowest gypsum additions exhibit

two heat flow maxima after the dormant period. The first is

in both cases after about 6 h, the second after 10.5 h (molar

ratio 1:1) or 15.5 h (molar ratio 1:2). On the contrary, the

samples with higher gypsum contents display only one

maximum beyond the dormant period. It can be assumed

that the second maximum after the dormant period indi-

cates the depletion of the gypsum, which results in the

formation of monosulfate (according to Eq. 2) instead of

ettringite (Eq. 1). This maximum does not occur in the

samples with molar ratios 1:3 and 1:4, as they exhibit a

surplus of gypsum with respect to the formation of

ettringite.

Figure 2 shows the influence of the anhydrite to

ye’elimite molar ratio on the hydration heat development.

The initial peak directly after water addition (Fig. 2a) is not

significantly influenced by the addition of anhydrite,

probably because anhydrite has less impact on the very

early reactions due to its slow dissolution kinetics. It is

found as with the gypsum, that the calcium sulfate addition

generally accelerates the hydration of the ye’elimite

(Fig. 2b), shortening the dormant period to 4 h (molar ratio

1:1) or 2 h (all other ratios). The shapes of the curves

obtained from the mixtures with anhydrite are different

from those of the mixtures with gypsum. The dissolution

kinetics of anhydrite being much slower than that of gyp-

sum could result in an undersupply of calcium and sulfate

ions with respect to the formation of ettringite, which could

slow down the formation of ettringite and favour the

reaction to monosulfate. This is in agreement with [11, 13,

15], where a lower amount of ettringite is formed during

early hydration when anhydrite is used instead of gypsum.

It may result in a poor early strength development. This

behaviour of anhydrite is confirmed by a study on the pore

solution chemistry of two technical CSA cements [16]. It

was shown that the pore solution of the cement containing

gypsum was saturated in calcium and sulfate with respect

to gypsum, while with the cement with anhydrite addition

the pore solution was undersaturated in calcium and sulfate

with respect to gypsum or anhydrite. This indicates that the

dissolution of anhydrite is kinetically hindered. Also a

study using Raman spectroscopy to monitor the hydration

of ye’elimite based pastes containing gypsum and anhy-

drite [30] found that the anhydrite started to react only

when most of the gypsum had been consumed.

The influence of potassium hydroxide solutions on the

hydration kinetics of ye’elimite is shown in Fig. 3. On one

hand, the initial peak directly after mixing is significantly

increased when a KOH solution is applied instead of

deionised water (Fig. 3a). This might be due to an

enhanced dissolution and precipitation of more hydrate

phases during the first minutes of hydration. On the other

hand, the hydration of ye’elimite is accelerated by the

alkaline solutions, as the main hydration peak occurs ear-

lier and is sharper (Fig. 3b). In both cases the higher

concentrated KOH solution exhibits the stronger effect.

Mixtures of ye’elimite and calcium sulfate, as shown in

Fig. 4 for the mixture of ye’elimite with gypsum with a

molar ratio of 1:1, are also accelerated if KOH solutions

are used instead of deionised water (Fig. 4b). The initial

peak (Fig. 4a) is also significantly increased when a 0.1

molar KOH solution is used.
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X-ray diffraction and thermogravimetry

XRD and TGA analyses of the ye’elimite/gypsum blends

after 18 h of hydration are shown in Figs. 5, 6. The XRD

pattern (Fig. 5) of the pure ye’elimite paste reveals that

traces of C4A3S are still present after 18 h. Monosulfate

was identified as the main hydration product, besides some

ettringite. Some authors [9, 10] did not report the
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occurrence of ettringite, while it was postulated by [23]

that hydration products in pure ye’elimite pastes could also

be produced via the reaction given in Eq. 4. However,

C3AH6 was not identified in the present study. It was

perhaps below detection limit of the XRD measurements.

C4A3Sþ 80H! C3A � 3CS � 32Hþ C3A � CS � 12H

þ 2C3AH6 þ 8AH3 ð4Þ

Aluminium hydroxide occurs in an X-ray amorphous

form, which only shows some broad background in the

XRD pattern, where crystalline Al(OH)3 (gibbsite) would

exhibit its main reflections. Similar information can be

obtained from the TGA analysis (Fig. 6), where monosul-

fate can clearly be identified. In contrary to the XRD, TGA

is suitable to identify amorphous Al(OH)3, which loses its

bound water around 250–280 �C. Ettringite cannot clearly

be identified in TGA, as it is present in only minor amounts

and its dehydration peak overlaps the one of monosulfate.

When gypsum is added to the ye’elimite in a molar ratio

of 1:1, ettringite occurs as the main hydration product of

the paste, whereas monosulfate is hardly visible in the

XRD pattern, probably due to poor crystallinity. In

the TGA diagram some water loss can be observed in the

derivative curve around 170 �C, which can be attributed to

monosulfate. In addition, it appears that slightly less

Al(OH)3 is produced when gypsum is added compared to

the pure ye’elimite which is due to the dilution of the

ye’elimite with gypsum, leading to less aluminium in the

mixture.

In the 1:2 mixture no traces of monosulfate are

observed, neither with XRD nor with TGA. Ettringite and

amorphous Al(OH)3 are the only hydration products. The

hydration reaction was not complete, as traces of unreacted

gypsum can be identified in the XRD pattern.

Beyond the ye’elimite to gypsum molar ratio 1:2, gyp-

sum is always present in the XRD pattern and can also be

identified easily in the TGA diagram. Those mixtures

contain a surplus of calcium sulfate with respect to the

formation of ettringite, according to Eq. 1.

The mixtures of ye’elimite with anhydrite exhibit the

same hydrate assemblages than those with gypsum (Figs. 7,

8). The slower dissolution kinetics of anhydrite compared to

gypsum is evident from the XRD patterns. Unreacted

anhydrite can be identified in all ye’elimite/anhydrite

mixtures, even in those with molar ratios 1:1 and 1:2, where

the anhydrite amount could theoretically been used up in the

production of ettringite. Moreover, secondary gypsum is not

observed in those samples. Thus, any calcium and sulfate

originating from the dissolution of anhydrite is rapidly

consumed by the formation of ettringite.

When KOH solutions are used as liquid reagent, the

same hydrate assemblages are present after 18 h as in the

pastes prepared with deionised water. Thus, the alkaline

solutions mainly influence the dissolution kinetics of the

anhydrous phases and not the kind of hydrates formed.

Thermodynamic modelling

Thermodynamic modelling was used to calculate the stable

hydrate assemblages of ye’elimite/calcium sulfate mixtures

and to compare those findings with the experimental

results. In the calculations, the mixtures of ye’elimite and

calcium sulfate were allowed to hydrate completely in

deionised water at a water/solid ratio of 2, as used in the

calorimetric measurements. From a thermodynamic point

of view there is no difference between gypsum and anhy-

drite addition, as they both are able to dissolve and react

with the ye’elimite. The only difference is their dissolution
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kinetics. Thus, gypsum and anhydrite are referred to as

calcium sulfate in this chapter.

The software originally predicted the formation of

gibbsite instead of amorphous Al(OH)3, which is not in

agreement with the experimental findings, as the conver-

sion of amorphous to crystalline Al(OH)3 is kinetically

hindered at room temperature. Also, some calcium alumi-

nate hydrate CAH10 was predicted to form, but this is not

confirmed by experimental data. It could be due to uncer-

tainties of the thermodynamic data of CAH10 reported in

[27]. Thus, the formation of both gibbsite and Al(OH)3 was

suppressed in the software. At present, experiments are

undertaken at the authors’ institution in order to revise the

thermodynamic data of CAH10. However, CAH10 may

occur as hydration product in technical CSA cements,

especially in those, which contain calcium aluminate CA as

minor constituent [15].

Figure 9 shows the calculated phase assemblages of

ye’elimite/calcium sulfate mixtures in a range between

100% ye’elimite and a 50/50 blend (in mass%). The

investigated molar mixtures are marked in the diagram as

well as the boundaries between rapid hardening/high

strength, expansive and self-stressing systems according to

[4, 6].

The calculations reveal that monosulfate and amorphous

aluminium hydroxide are the hydrate phases of pure ye’eli-

mite. The occurrence of some ettringite (about 0.7 cm3/

100 g of solid phase) was predicted as well, confirming the

experimental results. However, the amount of ettringite

found experimentally exceeds the calculated quantity.

Thermodynamic calculations yield the stable phase

assemblages and quantities, whereas the thermodynamic

equilibrium might not be reached under experimental con-

ditions, which could explain this discrepancy.

With increasing amount of calcium sulfate and

decreasing amount of ye’elimite in the mixture, the quan-

tity of monosulfate decreases and the amount of ettringite

increases. The content of amorphous Al(OH)3 slightly

decreases when calcium sulfate is added, as both reactions

(see Eqs. 1, 2) form the same molar quantities of Al(OH)3.

Therefore, the decrease is due to the dilution of the

ye’elimite by the calcium sulfate addition, which leads to

less aluminium in the mixture. The ettringite content

reaches its maximum at a molar ratio of ye’elimite to

calcium sulfate of 1:2. Beyond that molar ratio, monosul-

fate is no longer formed, but instead surplus calcium sul-

fate is present as gypsum, and the ettringite content

decreases due to the dilution of the ye’elimite by the added

calcium sulfate, leading to less aluminium in the mixture.

The total volume of hydrates increases with increased

calcium sulfate content until it reaches a maximum at a

molar ratio of 1:2, then the volume of the hydrate phases

decreases again. At this molar ratio, the total volume of the

paste (free water plus hydrates) reaches a minimum, and

the amount of chemically bound water a maximum.

According to the formula given in [4, 6], ye’elimite–gyp-

sum blends to the molar ratio of 1:1.5 and beyond are

classified as expansive and self-stressing, confirming the

fact that ettringite in the phase assemblage is responsible

for the expansive processes.

General discussion

The heat flow of hydrating ye’elimite paste is characterised

by an initial peak (first minutes), a long dormant period

exhibiting a very low heat flow (until 10 h) and a main

peak with a maximum heat flow after 15 h of hydration,

covering the main hydrations reactions. The long dormant

period could be explained by a surface coverage of the

clinker grains by early hydration products. Main hydration

products are monosulfate and amorphous aluminium

hydroxide besides ettringite.

The addition of gypsum accelerates the hydration of

ye’elimite. At molar ratios gypsum to ye’elimite of 2 and

higher, ettringite and Al(OH)3 are the only hydration

products. At lower molar ratios, monosulfate starts to form

instead of ettringite, when the gypsum is depleted. This is

indicated in the calorimetric curve by a shoulder or an

additional peak beyond the main hydration peak. Thus, a

reactive calcium sulfate addition like gypsum is very

suitable to control hydration and setting of ye’elimite

pastes.

In contrast to gypsum, the less reactive anhydrite leads

to more complicated early hydration kinetics. However, the

phases formed are the same as with gypsum, but the
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kinetics of ettringite formation seems to be delayed. This

could be due to the hindered dissolution of anhydrite

causing a lack of calcium and sulfate ions in the pore

solution. This probably slows down the dissolution of the

ye’elimite, which could be blocked by early hydration

products like amorphous Al(OH)3, which retard further

hydration. The hydration can restart, when again a part of

the anhydrite dissolves, and calcium and sulfate ions

become available in the pore solution.

Besides calcium sulfates, solutions of potassium

hydroxide are able to accelerate the hydration, by speeding

up the dissolution kinetics of ye’elimite. They do not have

a significant impact on the phase assemblage. Other alka-

line solutions like sodium hydroxide would probably gen-

erate the same effect.

The thermodynamic stable phase assemblage of com-

pletely hydrated mixtures of ye’elimite and gypsum as

calculated using a geochemical model (GEMS-PSI) is in a

good agreement with the experimental data.

Concerning expansive processes, the formation of

ettringite and its kinetics seems to be the key parameter. It

can be controlled by the ratio of ye’elimite to calcium

sulfate, as stated in the formula developed by [4, 6], see

Eq. 3. In systems with low calcium sulfate additions, the

ettringite formation is terminated shortly after setting.

Thus, expansive ettringite reactions cannot occur. On the

contrary, the expansive behaviour of systems with

ettringite/gypsum molar ratios of about 1:2 and beyond is

related to the ongoing formation of ettringite in systems

after setting. Those systems exhibit a rigid structure, in

which further ettringite formation may cause expansion

according to the mechanisms described in [20].

Conclusions

It is shown by experimental data and thermodynamic

modelling that the amount and the reactivity of calcium

sulfate plays a key role in controlling the hydration of

ye’elimite, the main phase of CSA cements. The quantity

of calcium sulfate added to the clinker influences the ratio

of the main hydrate phases ettringite and monosulfate.

With increasing amounts of calcium sulfate, more

ettringite is forming. This may lead to an expansive

behaviour of the mixture, when high amounts of ettringite

are forming within the hardened matrix. By the use of a

reactive calcium sulfate like gypsum, setting behaviour

and early strength properties can be controlled, whereas a

low reactive calcium sulfate like some anhydrites cause a

lack of calcium and sulfate ions in the pore solution,

leading to a delay in ettringite formation and strength

development.
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