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Abstract The influence of different amounts of

gypsum on the hydration of a belite-rich and a

ye’elimite-rich belite-calcium sulfoaluminate clinker

(BCSA) was investigated. The hydration kinetics,

phase assemblages and compressive strength devel-

opment of cements prepared using ye’elimite/ calcium

sulfate molar ratios of 1, 1.5 and 2 were studied.

Besides ettringite and monosulfate, aluminium

hydroxide, strätlingite, C-S-H, iron-containing silic-

eous hydrogarnet and hydrotalcite were present as

hydration products. Increasing the amount of gypsum

increased the ratio of ettringite to monosulfate formed

in the cement paste, lowered the amount of pore

solution, delayed the dissolution of belite and ferrite,

decreased the formation of strätlingite and, in the case

of the ye’elimite-rich BCSA, led to an increase in

compressive strength. Increased amounts of belite in

the clinker led to the formation of higher quantities of

C–S–H, at the expense of strätlingite and a lower

compressive strength, as belite has a lower degree of

reaction than ye’elimite and due to the formation of

more C–S–H and strätlingite compared to the more

space-filling ettringite. The thermodynamic model

established for BCSA cement hydration agrees well

with the experimental data. Compressive strength

directly correlated with bound water from thermo-

gravimetric analyses and inversely correlated with the

porosity calculated from thermodynamic modelling.

Keywords Belite-calcium sulfoaluminate cement �
Gypsum � Hydration � Thermodynamic modelling

1 Introduction

Cement manufacturing is one of the most important

industries. After water, the most used material in the

world is concrete, which is mainly based on Portland

cement, aggregates and water. During the production

of Portland cement high emissions of CO2 are released
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into the atmosphere, and a high amount of energy is

consumed [1, 2]. To reduce the environmental impact

related to cement production, alternative binders, such

as belite-calcium sulfoaluminate (BCSA) cements,

have been developed. BCSA cements are considered

low CO2 and eco-friendly building materials, not only

reducing emissions by up to 30% compared to

Portland cement, but also lowering energy consump-

tion [3–5]. Furthermore, substantial amounts of

industrial wastes can be used to prepare BCSA

cements, allowing natural raw materials to be pre-

served. As indicated by their name, belite-calcium

sulfoaluminate cement clinkers contain belite (Ca2-
SiO4 or C2S) and calcium sulfoaluminate (Ca4(AlO2)6-

SO3 or C4A3S) as the main phases, together with

ferrite (Ca2(Al,Fe)2O5 or C4AF) and other minor

phases [6, 7].

Belite-calcium sulfoaluminate cements are pre-

pared by blending the clinker with a calcium sulfate

source in the form of gypsum (CSH2), anhydrite

(CaSO4 or CS) and/ or bassanite (CSH0.5) [8–12].

Calcium sulfate works as a set regulator, an its

addition is used to achieve optimum compressive

strength and dimensional stability [12–16]. Further-

more, the type and amount of calcium sulfate can also

modify the hydration processes and the water required

to achieve full hydration [6, 10, 11, 15, 17, 18].

During early hydration, ye’elimite rapidly reacts

with calcium sulfate and water, which leads to the

formation of ettringite (C6AS3H32) as the main

crystalline hydration product and amorphous or poorly

crystalline aluminium hydroxide (AH3)

[3, 6, 8, 10, 19, 20], according to Eq. 1:

C4A3S + 2CSHxþ 38� 2xð ÞH
! C6AS3H32 + 2AH3 x¼ 0; 0.5, 2ð Þ ð1Þ

Ettringite precipitates when the molar ratio of

calcium sulfate to ye’elimite (M-value) is below 2

(M\ 2), until the added calcium sulfate is depleted

[11, 15, 21, 22]. If the molar ratio of calcium sulfate to

ye’elimite (the so-called ‘‘M-value’’) is more than 2

(M[ 2) a surplus of calcium sulfate is still present

after hydration has been completed [15, 16]. An M-

value below 1.5 is typical for CSA cements with rapid

setting and hardening properties, while values

between 1.5 and 2.5 are used for expansive cements

[16, 23, 24].

Once the calcium sulfate source has been consumed

and sufficient water is still available, monosulfate

(C4ASH12) precipitates, again together with alu-

minium hydroxide [6, 11, 15, 21, 25, 26], according

to Eq. 2:

C4A3Sþ 18H ! C4ASH12 þ 2AH3 ð2Þ

Furthermore, the hydration of belite in the presence

of aluminium hydroxide, which has already precipi-

tated, leads to the formation of strätlingite (C2ASH8)

[6, 21, 27], according to Eq. 3:

C2S þ AH3 þ 5H ! C2ASH8 ð3Þ

In the absence of aluminium hydroxide, calcium

silicate hydrates (C–S–H), and portlandite (CH)

precipitates [6, 8, 21, 28], according to Eq. 4:

C2S þ nH ! C� S� H þ mCH ð4Þ

Iron-containing siliceous hydrogarnet can be

formed by the hydration of ferrite [6] in the presence

of strätlingite, according to Eq. 5:

C2ASH8 þ C4AF þ 5H ! 2 C3 A; Fð ÞSH4 þ AH3

ð5Þ

After depletion of gypsum, ferrite hydration may

also lead to an increase of monosulfate and to a

decrease of gypsum according to Eq. 6.; the port-

landite formed will participate in further reactions e.g.

with aluminium hydroxide to form AFm phases, and

iron hydroxide may be incorporated in iron-containing

siliceous hydrogarnet.

C4AF þ C6AS3H32 þ 12 H

! 3 C4ASH12 þ 2 FH3 þ 2 CH ð6Þ

While the influence of the source and amount of

calcium sulfate on hydration has been widely studied

in ye’elimite-rich calcium sulfoaluminate cements

[10, 14–16, 29–31], only a limited number of studies

have focused on belite-calcium sulfoaluminate

cements, in which belite is the most abundant phase

in the system. Chen & Juenger [8] investigated

clinkers with a differing content of belite and

ye’elimite with calcium sulfate added to a varying

degree, although belite was the predominant phase

(60 wt.%) in only one clinker sample. Even though,

isothermal calorimetry was the only method used to

investigate the hydration of these cements, the study

revealed that the phase composition of clinker and the
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amount of calcium sulfate significantly affects the

hydration kinetics; no data on phase composition and

compressive strength is however available. Sulfate-

rich belite-calcium sulfoaluminate cements with dif-

ferent phase compositions were studied by Shen et al.

[17], showing the significant effect of phase compo-

sition on compressive strength and hydrate assem-

blage. The influence of different anhydrite contents on

compressive strength, hydration kinetics and phase

assemblage in a belite-calcium sulfoaluminate cement

was studied by Morin et al. [27]. No systematic

influence of anhydrite quantity on compressive

strength was found by the authors, while increasing

the quantity of anhydrite retarded the dissolution of the

a’-dicalcium silicate and ferrite phase present in the

clinker. These results were confirmed by Zajac et al.

[32], who observed that gypsum accelerated early

hydration, while retarding late hydration. Furthermore

the authors presented a micromechanical model to

predict compressive strength.

Nevertheless, the data available regarding the

impact of the quantities of calcium sulfate and

belite/ye’elimite ratio of cement on the hydration

kinetics and strength development of belite-calcium

sulfoaluminate cements remains rather limited. In

order to tackle the current research gaps, and improve

understanding of the hydration processes of belite-

calcium sulfoaluminate cements, a more systematic

study is needed i.e. it is necessary to assess the

influence of different amounts of gypsum and belite/

ye’elimite ratio of cement on the hydration of different

belite-ye’elimite-ferrite systems, where hydration

kinetics and the formation of hydration products are

linked to the development of compressive strength and

porosity.

The aim of this study is therefore to investigate the

effect of the amount of calcium sulfate on the

hydration of synthesized belite-calcium sulfoalumi-

nate clinkers with two different phase compositions,

usingM-values of 1, 1.5 and 2. The phase assemblages

at 1, 7, 28 and 150 days of hydration are studied by

X-ray powder diffraction with Rietveld refinement and

thermogravimetric analysis. Furthermore, hydration

kinetics is investigated by isothermal calorimetry, and

the compressive strength evolution is determined

using mortar samples. In addition, a thermodynamic

model is established applying the geochemical mod-

elling code GEMS together with the cement-specific

database CEMDATA18 in order to predict the

evolution of the hydrate phases and to link compres-

sive strength based on the calculated porosities.

2 Materials and methods

2.1 Materials

Six cements were prepared and investigated using

either a belite-rich (CBCSA-B) or a ye’elimite-rich

belite-calcium sulfoaluminate clinker (CBCSA-Y),

and three different quantities of gypsum (M = 1, 1.5

and 2).

The targeted phase composition for the synthesized

belite-rich clinker CBCSA-B was 65 wt.% belite

(C2S), 20 wt.% ye’elimite (C4A3S) and 10 wt.%

ferrite (C4AF), compared to 50 wt.% belite (C2S),

35 wt.% ye’elimite (C4A3S) and 10 wt.% ferrite

(C4AF) for the ye’elimite-rich CBCSA-Y. The inves-

tigated belite and calcium sulfoaluminate contents

were chosen with respect to the compositions of BYF

clinkers suggested by Morin et al. [33] (BCSA-B has

maximum and BCSA-Y minimum belite content

regarding their suggestion). Both clinkers were pro-

duced by firing appropriate mixtures of limestone, fly

ash, bottom ash, calcined bauxite, titanogypsum and

mill scale in a Protherm furnace PLF 160/9 at 1250 �C
at a heating rate of 10 K/min, with a holding time of

60 min at the final temperature followed by slow

cooling in the closed furnace. The synthesis of cement

clinkers is described in detail in Borštnar et al. [34].

Natural gypsum was used as the source of calcium

sulfate.

X-ray fluorescence analyses of the clinkers and

gypsum were conducted according to EN 196-2

(Table 1), while phase compositions were derived

from quantitative X-ray diffraction (Table 2). The

actual phase compositions of the clinkers are close to

the targeted ones. Besides ye’elimite, belite and

ferrite, around 5 wt. % of minor phases (mayenite,

periclase, gehlenite, c-dicalcium silicate, perovskite,

aphthitalite, arcanite) are present.

The synthesized clinkers were first ground below

0.125 mm in a vibratory disc mill (SIEBTECHNIK

Labor Scheibenschwingmühle TS. 250) and after-

wards using a ball mill (CAPCO Test Equipment Ball

Mill Model 9VS). The Blaine specific surface areas of

the cement clinkers, determined according to EN
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196-6, were 4740 cm2/g (specific density 3.18 g/cm3)

for the CBCSA-B cement clinker and 4250 cm2/g

(specific density 3.07 g/cm3) for the CBCSA-Y. The

gypsum was sieved to below 0.063 mm prior to use.

The particle size distributions of the clinker and

gypsum were determined using a laser particle

analyzer (Malvern Mastersizer X). The powders were

dispersed in isopropanol by ultrasound. The results are

shown in Fig. 1. As expected from the Blaine values,

the CBCSA-B clinker shows a slightly finer particle

size distribution than clinker CBCSA-Y. The particle

size distribution of the gypsum is broader than the

distributions of the CBCSA clinkers.

The cement mixtures BCSA-B and BCSA-Y were

prepared by blending the clinkers with different

amounts of gypsum in order to achieve calcium

sulfate to ye’elimite molar ratios (M-values) of 1, 1.5

and 2 (see Table 3) in order to cover a wide range ofM-

values (rapid setting/hardening—expansive cements).

Batches of 200 g were mixed in a Turbula powder

blender mixer (WAB-group) for 2 h prior to use.

2.2 Preparation of samples for hydration

experiments

The hydration experiments were carried out at 20 �C,
using a water to cement ratio of 0.50. Cement pastes

were mixed manually for 3 min using a spatula, filled

into 15 ml polyethylene vials and cured sealed at

20 �C. Hydration was stopped by solvent exchange

using isopropanol and diethyl ether [35] at 1, 7, 28 and

150 days. The crushed samples were submerged in

isopropanol for 15 min, filtered using a Büchner

funnel, rinsed first with isopropanol and then twice

with diethyl ether and finally dried for 8 min at 40 �C
[36]. Afterwards, the dry pastes were ground by hand

to a particle size of below 0.063 mm using an agate

Table 1 Chemical analyses of the BCSA clinkers and gyp-

sum, wt. % (WD-XRF, fused beads)

CBCSA-B CBCSA-Y Gypsum

CaO 55.17 51.23 33.87

SiO2 22.21 16.90 0.32

Al2O3 12.15 19.55 0.05

Fe2O3 3.62 3.66 0.04

MgO 1.53 1.28 0.39

K2O 0.68 0.52 \ 0.04

Na2O 0.29 0.23 \ 0.06

TiO2 0.674 1.068 \ 0.016

P2O5 0.092 0.091 0.006

Cr2O3 0.083 0.078 0.002

MnO 0.060 0.047 0.003

SO3 2.93 4.88 44.25

L.O.I. 1 0.31 0.24 21.02

Total 99.77 99.76 99.95

1Loss on ignition

Table 2 Phase

compositions of the BCSA

clinkers and gypsum,

determined by X-ray

powder diffraction and

Rietveld refinement, wt. %

CBCSA-B CBCSA-Y Gypsum

b-Dicalcium silicate (belite) 60.6 50.9 –

c-Dicalcium silicate 6.9 0.8 –

Ye’elimite

orthorhombic

6.9 17.4 –

Ye’elimite

cubic

9.3 14.9 –

Ferrite 11.9 10.4 –

Mayenite 2.4 3.2 –

Periclase 1.2 1.0 –

Gehlenite 0.6 – –

Perovskite – 1.0 –

Aphthitalite 0.5 0.2 –

Arcanite 0.5 0.2 –

Gypsum – – 96.7

Anhydrite – – 3.3
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mortar and investigated by X-ray powder diffraction

and thermogravimetric analyses.

2.3 X-ray powder diffraction

X-ray powder diffraction was performed using a

PANalytical X’Pert Pro X-ray powder diffractometer

equipped with a CuKa X-ray tube, a Johannson

Ge(111) incident beam monochromator and an X’Cel-

erator detector. Samples were back-loaded into a

circular sample holder (diameter 27 mm) in order to

reduce preferred orientation effects. Samples were

measured at 45 kV at a current of 40 mA in a 2h range
of 5–75� with a step size of 0.017�2h, using a 1�
divergence slit and a 15 mm mask. The Rietveld

refinements were performed using the PANalytical

X’Pert High Score Plus V. 4.9 software and the crystal

structures suggested by Snellings [37], with the

exception of the structures of orthorhombic and cubic

ye’elimite, which were taken from Cuesta et al.

[38, 39]. To quantify the total amorphous and poorly

crystalline phases, the G-factor method [40–42] was

used, with CaF2 (Sigma Aldrich) as an external

standard. The results were normalized to 100 g of

dry binder, taking into account the amount of bound

water derived from the thermogravimetric analysis,

which was determined from the weight loss at 550 �C
[43].

2.4 Thermogravimetric analyses

Thermogravimetric (TGA) analyses of the hydrated

samples were carried out using a Mettler Toledo TGA/

SDTA 851e in the temperature range 30 to 980 �C at a

heating rate of 20 K per minute under a nitrogen

atmosphere. About 60 mg of the samples were placed

in 150 ll alumina crucibles.

2.5 Isothermal calorimetry

Isothermal conduction calorimetry was performed to

determine the hydration heat flow and cumulative heat

of cement pastes using a TAM Air (TA instruments).

4 g of the prepared cement and 2 g of deionized water

(at a water to cement ratio of 0.5) were mixed

manually for 3 min using a spatula, filled into a glass

ampoule, capped and then placed directly into the

calorimeter. All measurements were carried out at

20 �C and recorded for 168 h. The first 30 min of

hydration could not be observed due to the external

mixing procedure.

2.6 Compressive strength

For compressive strength measurements, mortars were

prepared with quartz sand (CEN-Standard Sand EN

196-1-Normensand with grain sizes between 0.1 and

2 mm), using a cement/sand ratio of 25/75 by mass

and a cement to water ratio of 0.50. Mortars were

mixed according to EN 196-1, cast in 25 mm 9 25

mm 9 25 mmmoulds, demoulded after 24 h and then

cured at 20 �C and 95 ± 2% relative humidity until

Fig. 1 Particle size distributions of cement clinkers CBCSA-B,

CBCSA-Y, and gypsum

Table 3 Mix design (g/

100 g cement) of the

analysed cements

BCSA-B BCSA-Y

M = 1 M = 1.5 M = 2 M = 1 M = 1.5 M = 2

CBCSA-B 95.5 93.3 91.3 – – –

CBCSA-Y – – – 91.3 87.5 83.9

Gypsum 4.5 6.7 8.7 8.7 12.5 16.1
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testing. Compressive strength was determined at 1, 7,

28 and 150 days on six prism halves per measurement

age using an LFM 50 testing machine (Walter ? Bai)

at a loading rate of 0.2 MPa/s.

2.7 Thermodynamic modelling

To predict the type and amount of hydrates formed

during hydration of the anhydrous binders, thermody-

namic modelling was carried out using the geochem-

ical software GEMS [44, 45] coupled with the cement-

specific CEMDATA 18 thermodynamic database [46].

As a first step the phase volumes during hydration

of the BCSA clinkers blended with 0–30 wt.% of

gypsum were calculated. The phase compositions of

the clinkers and the gypsum, as determined by X-ray

powder diffraction, were used as inputs. A reaction

degree of 100% was assumed for ye’elimite and

mayenite, and of 50% for belite, ferrite and periclase,

in agreement with the average long-term dissolution

degrees reported in the literature e.g. by [14, 27, 32].

All the sulfate phases (anhydrite, gypsum, arcanite,

aphthitalite) were allowed to fully react. Gehlenite, c-
belite and perovskite were considered as inert phases

[15].

Furthermore, the phase changes with ongoing

hydration were modelled. Here, the reaction degrees

of the clinker phases depending on the hydration time

obtained from X-ray powder diffraction were used and

fitted with a sigmoidal non-linear equation (Eq. 7):

DoR ¼ a� d

1þ t
C

� �b þ d ð7Þ

where DoR is the reaction degree, t is the hydration

time in days, a is the minimum reaction degree (set to

0), B is the maximum steepness, c is the inflection

point and d is the maximum reaction degree (set to

100) [47, 48].

All thermodynamic calculations were conducted at

20 �C under oxidizing conditions. A water to cement

ratio of 0.50 was applied, which corresponds to the

value used in the experiments. For the C–S–H, the

CSHQ model from Kulik [49] was used.

Based on the thermodynamic calculations of the

phase assemblage as a function over time it is possible

to calculate the porosities of the samples (Eq. 8):

where P is the porosity in %, V is the volume in cm3,

t = 0 is the time at the beginning of hydration and t is

time [50].

3 Results and discussion

3.1 Thermodynamic modelling of the effect

of gypsum on the hydrate assemblage

Figure 2a depicts the calculated long-term hydrate

assemblages of the belite-rich BCSA-B clinker

blended with different amounts of gypsum varying

between 0 and 30 wt. %.Without gypsum, or when the

gypsum content is low (\ 3 wt%), it is calculated that

monosulfate, strätlingite, katoite (C3AH6), siliceous

hydrogarnet (C3(A,F)S0.84H4.32), C–S–H and hydro-

talcite are calculated to be present. Above 4.5 wt.%

gypsum ettringite starts to form, and its amount

increases along with an increase in gypsum, at the

expense of monosulfate. The formation of the com-

pared to monosulfate more water-rich ettringite results

also in a lower amount of pore solution. C–S–H is

more abundant than strätlingite. The latter phase

becomes destabilized when higher contents of gypsum

(above approximately 26 wt.%) are used. Aluminium

hydroxide is not calculated to be present when the

gypsum content is above 2 wt.%, as the aluminium

hydroxide released by the hydration of ye’elimite is

used for the formation of strätlingite, according to

Eq. 3. The reaction of ferrite and belite is expected to

result in some siliceous hydrogarnet containing both

iron and aluminium.

P ¼ Vunhydratedcement; t¼0 þ Vhydrates; t¼0 þ Vporesolution; t¼0 � Vhydrates; t � Vunhydratedcement; t

Vunhydratedcement; t¼0 þ Vhydrates; t¼0 þ Vporesolution; t¼0

� 100 ð8Þ
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Figure 2b shows the calculated hydrate assem-

blages of the ye’elimite-rich BCSA-Y clinker blended

with gypsum. As this clinker contains less belite and

more ye’elimite than the BCSA-B, an equivalent M-

ratio corresponds to a higher content of gypsum and

thus to more ettringite and strätlingite. The formation

of ettringite is calculated already at gypsum contents

of 2 wt.% and above, while aluminium hydroxide is

calculated to be absent over the entire range of gypsum

additions. Due to the presence of less belite and more

ye’elimite in this blend, less C–S–H, but more

strätlingite, is expected to form. Again, the formation

of more ettringite in the presence of more gypsum

lowers the amount of the pore solution, and this effect

is more pronounced in the ye’elimite-rich BCSA-Y

system compared to in the BCSA-B.

3.2 Hydrate assemblage

The XRD patterns of the investigated systems BCSA-

B and BCSA-Y with M-values of 1, 1.5 and 2 at

150 days of hydration are presented in Fig. 3. Patterns

related to the samples at other ages are provided in

Fig. S1 in the Electronic Supplementary Material

(ESM). Normalized quantitative X-ray powder

diffraction data of cements BCSA-B and BCSA-Y

with calcium sulfate to ye’elimite molar ratios of 1.5

are shown in Fig. 4. Phase quantifications of the

Fig. 2 Calculated hydrate assemblages in cm3 per 100 g unhydrated binder for a the belite-rich BCSA-B and b the ye’elimite-rich

BCSA-Y cements, as a function of the amount of gypsum. The lines indicate the samples studied experimentally at M = 1, 1.5 and 2

Fig. 3 X-ray diffraction

patterns of a BCSA-B and

bBCSA-Y atM = 1, 1.5 and

2 at 150 days of hydration.

B = belite, P = perovskite,

E = ettringite,

Ms = monosulfate,

S = strätlingite,

H = siliceous hydrogarnet
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samples with other molar ratios are provided in Fig. S2

in the ESM. Figure 5 plots the results of the thermo-

gravimetric analyses of cements BCSA-B and BCSA-

Y with M-values of 1, 1.5 and 2 at 150 days of

hydration. TGA data of the samples at other curing

times are available in Fig. S3 in the ESM.

The results of the BCSA-B cement mixtures

(Figs. 3a and 4a) reveal that ye’elimite, as the early

reacting phase, and gypsum have already dissolved

within the first 24 h of hydration and are therefore not

detected anymore at any of the calcium sulfate to

ye’elimite molar ratios (see also Figs. S1–S3 in the

ESM). The hydration of ye’elimite in the presence of

gypsum leads to the formation of ettringite, according

to Eq. 1, until the gypsum is depleted. These results

are consistent with the TGA analyses, where the main

weight loss measured at 120 �C can be assigned to

ettringite [6, 16, 51] (see Fig. 5a and Fig. S3 in the

ESM). After 7 days of hydration, the amount of

ettringite decreases and the amount of monosulfate

continues to increase with time due to the ongoing

hydration of the ferrite phase (see Eq. 6), providing

additional aluminium ions [51, 52]. As expected, more

ettringite is present at higher M-values, while the

Fig. 4 X-ray powder diffraction quantification of the phase development in hydrating a BCSA-B and b BCSA-Y cement at M = 1.5

Fig. 5 Thermogravimetric analysis of cement pastes a BCSA-B and b BCSA-Y with the addition of different amounts of calcium

sulfate at 150 days of hydration

  212 Page 8 of 17 Materials and Structures          (2021) 54:212 



amount of monosulfate is lower, indicating that

gypsum is controlling the ratio of precipitated ettrin-

gite to monosulfate, creating a shift from ettringite to

monosulfate as the amount of gypsum decreases

(Figs. 3a, 4a and 5a and Figs. S1–S3 in the ESM

[6, 8, 14, 16, 31]). Belite dissolves as the hydration

time increases, but is still present at 150 days of

hydration, underlining the low reaction of belite in

such aluminium-rich systems. The reaction degree of

belite in the BCSA-Bmixtures is rather independent of

the calcium sulfate to ye’elimite molar ratio, reaching

a value of approximately 60% at 150 days, similar to

the data provided by Jeong et al.[14], Morin et al.[27]

and Zajac et al. [32]. As sufficient water is available

for hydration in these mixtures (see Fig. 2), the

hydration of belite does not appear to be limited by a

lack of water.

Ferrite is depleted after 7 days of hydration. At

increasing M-values, however, more unreacted ferrite

remained at 1 day, indicating that calcium sulfate

delays the reaction of ferrite. This is consistent with

the work of Morin et al. [27], which showed that the

kinetics of the dissolution of ferrite is slower when

higher amounts of calcium sulfate are added.. The

authors speculated that an increasing lack of space due

to precipitation of higher amounts of ettringite from

previous ye’elimite hydration might be the reason for

this delay.

Strätlingite is in BCSA-B identified from day 1

onwards at M = 1 and after 7 days of hydration at

M = 1.5 and 2 (see Figs. S1–S3 in the ESM), as a result

of the hydration of belite with aluminium hydroxide

[21, 27]. Aluminium hydroxide is not detected by

X-ray powder diffraction as a result of its poor

crystallinity, but it is visible in the TGA data

(Fig. S3a), identifiable as a weight loss at around

250–280 �C [6, 16, 53]. The amount of strätlingite

slightly decreases at higher M-ratios (at M = 1.5 and

M = 2), since the presence of more sulfate available

for the formation of ettringite results in less aluminium

available for the formation of strätlingite [14],

confirming the findings of Jeong et al. [14] and Hargis

et al. [54]. Moreover, after 28 days the reaction of

ferrite, together with Ca from belite, C–S–H, or

strätlingite, leads to the formation of siliceous hydrog-

arnet containing iron [6, 33], according to Eq. 5. The

presence of C–S–H is not confirmed by TGA due to its

main hydration peak overlapping with that of ettringite

[32].

In the BCSA-Y cement mixtures, gypsum and

ye’elimite have not yet been consumed after 1 day of

hydration (see Fig. 4b and Figs. S1, S2 in the ESM),

while in the BCSA-B mixtures they are already fully

dissolved at that time. In the BCSA-Y systems, the

gypsum is fully dissolved after 7 days at M = 1 and

after 28 days at M = 1.5, while it is still present after

150 days of hydration at M = 2. At a high M-value

more ettringite precipitates, which consumes more

water and could slow down the hydration at later ages.

This is far more evident at M = 2, where etringite is

the only hydration crystalline hydration product

detected after 150 days. Ye’elimite dissolves more

slowly than in the BCSA-B. A few percent are still

present after 1 day of hydration, and small amounts

persist until 150 days. As the M-value increases, the

ye’elimite is consumed slightly faster.

Regarding the hydrate assemblage, the main dif-

ference between cements BCSA-Y and BCSA-B is the

presence of more ettringite and less monosulfate in the

BCSA-Y cement, which is in accordance with the

thermodynamic modelling and TGA analysis and also

observed by Chen & Juenger [9]. However, the

amount of ettringite significantly decreases with

hydration time only at M = 1, where monosulfate

precipitated, while atM = 1.5 andM = 2 monosulfate

is hardly identified, confirming that the amount of

monosulfate decreases with an increasing amount of

calcium sulfate addition. At M = 2, ettringite is the

only crystalline hydration product identified in large

amounts, which, according to data from the literature

causes a dense microstructure due to its high molar

volume, thus hindering the dissolution of belite and

the formation of other hydration products [8, 13, 14].

A slower dissolution of belite is therefore observed in

the BCSA-Y cement as the addition of calcium sulfate

is increased (see Fig. 4b and Fig. S2 in the ESM). At

M = 2 the amount of belite decreases only slightly

between 1 and 150 days of hydration, confirming its

hydration is delayed at such a high sulfate addition

[27], as stated before, due to the high water consump-

tion of ettringite, as the only crystalline hydration

product identified, which slows down the hydration.

The amount of unreacted ferrite phase increases

with an increasing M-value, which is consistent with

the results of the BCSA-B cement. According to TGA

some aluminium hydroxide is present, however not

detected by XRD. At higher M-values (i.e. M = 2)

more aluminium hydroxide is observed in BCSA-Y
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compared to BCSA-B. This is the result of a higher

amount of reacted ye’elimite in the presence of

gypsum, more precipitated ettringite and therefore

more aluminium ions present [16] and also due to a

lower degree of hydration of belite to strätlingite,

which consumes aluminium hydroxide.

The amount of strätlingite decreases with an

increasing M-value, again due to less aluminium

available, as already observed in the BCSA-B cement.

At M = 1 strätlingite is identified after 7 days, at

M = 1.5 after 28 days, while at M = 2 it could not

clearly be identified after 150 days. Compared to the

BCSA-B mixture, significantly less strätlingite is

formed in the BCSA-Y mixture, which corresponds

to the lower belite content of the ye’elimite-rich

BCSA. Siliceous hydrogarnet is formed at M = 1 and

M = 1.5 with the reaction of belite and ferrite after

28 days, when belite and ferrite have been consumed

significantly. Its amount increases between 28 and

150 days. At M = 2, siliceous hydrogarnet is not

detected due to the low reaction degrees of belite and

ferrite. In general, there is good agreement between

the experimental data and the modelled phase assem-

blages. As predicted by thermodynamic modelling,

the formation of ettringite, monosulfate, strätlingite

and siliceous hydrogarnet as the main hydration

products is also observed experimentally. Increasing

the gypsum content led to the formation of more

ettringite and less monosulfate, in agreement with

previous observations [14].

3.3 Thermodynamic modelling of phase

development with time

Figure 6 shows changes in the phase contents of the

BCSA-B and BCSA-Y cements with ongoing hydra-

tion when the M-value is 1.5. Graphs for the cements

with M-values of 1 and 2 can be found in the ESM

(Fig. S4).

The modelled hydrate assemblages in both systems

(BCSA-B, BCSA-Y) are similar; ettringite, alu-

minium hydroxide, monosulfate, strätlingite, C–S–H,

katoite and hydrotalcite are calculated. As hydration

time increases, first the dissolution of ye’elimite and

gypsum takes place, resulting in the precipitation of

ettringite. Once the gypsum is consumed, the amount

of ettringite decreases (especially in the BCSA-B), and

monosulfate is formed. At higher M-values the

gypsum is consumed later, and more ettringite but

less monosulfate is formed. In general, higher amounts

of ettringite and lower amounts of monosulfate are

formed in the BCSA-Y compared to the BCSA-B. In

the ye’elimite-rich BCSA-Y cement no monosulfate is

predicted when M = 2, as sufficient calcium sulfate is

provided to make ettringite from the aluminium ions

provided by ye’elimite and ferrite, which are not used

to make strätlingite. Along with ettringite and mono-

sulfate aluminium hydroxide is also formed, which is

however consumed by the reaction with belite to form

strätlingite. It is present only in small amounts in

BCSA-B, while in BCSA-Y significantly higher

Fig. 6 Thermodynamic modelling of the phase assemblages depending on hydration time at M = 1.5 for a the BCSA-B cement and

b the BCSA-Y cement
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amounts of aluminium hydroxide precipitate. A small

amount of siliceous hydrogarnet containing iron yields

from the hydration of the belite and ferrite phases. The

amount of C–S–H increases over time, while at the

same time more belite also reacts. As expected, more

strätlingite and C–S–H are formed in the belite-rich

BCSA-B than in the ye’elimite-rich BCSA-Y. Traces

of hydrotalcite are also calculated in all mixtures.

In general, there is good agreement between the

experimental data and the modelled phase assem-

blages. As also observed by the experimental data, the

calculations predict the formation of ettringite, alu-

minium hydroxide, monosulfate, strätlingite and

siliceous hydrogarnet as the main hydration products.

The observed increase and then later decrease in the

quantities of ettringite, experimentally observed espe-

cially in the BCSA-B systems, is well represented in

the calculations. C–S–H, which is calculated to be

present in trace amounts in BCSA-Y and in higher

amounts in BCSA-B, could not be identified experi-

mentally by XRD due to its poor crystallinity and due

to overlapping peaks in TGA. Siliceous hydrogarnet

seems to be over-estimated, which could be attributed

to its slow formation at room temperature [2].

Hydrotalcite could not be identified in the experiments

due to its low quantities and/ or crystallinity. Strätlin-

gite, when it is present in only low amounts such as in

the ye’elimite-rich BCSA-Y at M = 2, is hard to

identify due to the same reasons.

3.4 Isothermal calorimetry

The heat flow and cumulative heat data obtained by

isothermal calorimetry are shown in Fig. 7. The initial

peak, which is attributed to the wetting of the system,

fast dissolution of clinker phases and early hydration

reactions [8, 12, 16–18, 20] cannot be assessed due to

the external mixing method and is thus not displayed

and discussed.

All mixtures show a short induction period after the

initial peak, which lasts for about 2 hours. Namely,

this period is attributed to the slow dissolution of

clinker phases and the slow formation of ettringite

[12, 16, 17].

Following this, the main hydration peak, which is

attributed to the dissolution of ye’elimite and gypsum

and the precipitation of ettringite together with

aluminium hydroxide [8, 9, 12, 18, 20], occurs after

approximately 3.2 hours in both cement mixtures

BCSA-B and BCSA-Y [14], regardless of the amount

of gypsum added.

A further, third heat maximum occurs, which is

related to ongoing hydration after depletion of sulfate

and the precipitation of monosulfate and/or the

secondary formation of ettringite [9, 12, 15, 16]. Its

intensity increases with decreasing amounts of added

gypsum, and its maximum is shifted to an earlier time.

This indicates that, as more calcium sulfate is added,

more ettringite precipitates according to Eq. 1, thus

leaving less ye’elimite for the reaction according to

Eq. 2 [8, 14, 55]. In the BCSA-B cement the third

maximum occurs after 4, 5.5 and 6.5 hours at M = 1,

M = 1.5 and M = 2, respectively. In the BCSA-Y

cement this peak appears later, after 6, 8.5 and 10 h at

M = 1, M = 1.5, and M = 2, respectively, which is due

to the higher ye’elimite content in the BCSA-Y clinker

compared to in the BCSA-B and therefore, as X-ray

powder diffraction results showed, more ettringite and

less monosulfate are formed.

Furthermore, another visible peak occurs in the

BCSA-B cement mixtures, which is also shifted to an

earlier time with a decreasing amount of added

gypsum and occurs at 24 and 32 for M = 1, and M =

1.5. This peak appears atM = 2 very late, only after 50

hours. This could be explained by the reaction of belite

to yield strätlingite, while increasing gypsum delays

the formation of strätlingite [14, 54], as confirmed by

X-ray powder diffraction (see Fig. 3 and Fig. S1 in the

ESM). In the BCSA-Y system this additional peak

probably related to belite hydration is hardly visible

due to the lower quantities and the slower reaction of

belite compared to the BCSA-B system.

The BCSA-Y cement mixtures show higher initial

cumulative heat and also higher values after 7 days of

hydration compared to the BCSA-B cement mixtures,

indicating that the hydration of ye’elimite creates

more heat than the hydration of belite (see Fig. 7c, d).

In both BCSA-B and BCSA-Y the cumulative heat at

all three M-ratios is rather similar.

3.5 Compressive strength

Results showing the compressive strength of the

cement mixtures BCSA-B and BCSA-Ywith differing

amounts of gypsum are shown in Fig. 8.

All cements show rapid strength development at

early ages due to the fast hydration of ye’elimite with

gypsum and, consequently, the precipitation of a high
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amount of ettringite [2, 14]. This is in accordance with

the results of X-ray diffraction and thermogravimetry,

which reveal that gypsum has already been consumed

within the first 24 h of hydration in the BCSA-B

cements, while in the BCSA-Y a small amount

remains unreacted.

All cement mixtures BCSA-B show a gradual

increase in compressive strength up to 150 days, with

very fast compressive strength development between 1

and 7 days (Fig. 8a). Beyond 7 days of hydration, the

compressive strength increases slowly. At late ages

(150 days) compressive strength is lowest when

M = 2 (24.9 MPa), followed by when M = 1

(27.5 MPa), with the highest compressive strength

developed when M = 1.5 (30.3 MPa).

The compressive strength evolution of the BCSA-Y

cement mixtures (Fig. 8b) shows a similar trend as to

the BCSA-B cement mixtures, however at M = 1 and

M = 1.5 only a slight strength gain between 1 and

7 days is observed in BCSA-B. After 7 days of

hydration, the compressive strengths increase with

an increasing amount of gypsum, as was also observed

by Beltagui et al. [31], reaching final values of

39.6 MPa, 45.7 MPa, and 48.3 MPa at 150 days for

M = 1,M = 1.5 andM = 2, respectively. This effect is

due to a higher amount of precipitated ettringite with

increasing M-values, as confirmed by X-ray powder

diffraction (see Fig. 3). Moreover, the compressive

strength of the sample withM = 1 is much lower with

respect to the other two samples with M-values of 1.5

Fig. 7 Hydration heat flow of the a BCSA-B and b BCSA-Y cements and development of the cumulative heat of hydration in the

c BCSA-B and d BCSA-Y cements blended with different amounts of gypsum
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and 2, most likely due to much less ettringite formed at

a low M-value.

The results show that the BCSA-Y cement mixtures

have significantly higher compressive strengths than

the BCSA-B cements at all hydration times, especially

at an early age. This is due to the higher ye’elimite

content and a higher amount of precipitated ettringite,

as determined by X-ray powder diffraction and

thermogravimetric analysis (Fig. 3), which has also

been reported elsewhere [2, 8]. These results are in

accordance with isothermal calorimetry, where it can

be seen that the cumulative heat flow is higher in

BCSA-Y than in BCSA-B, especially at early ages.

Figure 9a plots the compressive strength versus

bound water, as determined by thermogravimetric

analyses, for both cement systems. Compressive

strength increases as the bound water content

increases, and a linear correlation is evidenced for

all data points. The amount of bound water is related to

the volume of hydration products, which itself is

related to porosity and thus to compressive strength.

Fig. 8 Compressive strength development of the a BCSA-B and b BCSA-Y cements with differing amounts of gypsum

Fig. 9 a Bound water, as determined by TGA compared to measured compressive strength; b Calculated porosity compared to

measured compressive strength
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In Fig. 9b compressive strength is plotted against

the calculated porosities as derived from thermody-

namic modelling. With decreasing porosity, the com-

pressive strength increases. Again, all data points

show a linear correlation between porosity and

compressive strength. This indicates that, regardless

of the phase compositions of the cements (i.e. different

ye’elimite/belite and ye’elimite/gypsum ratios), com-

pressive strength is mainly governed by the volume of

hydrates formed and porosity.

4 Conclusions

In this study, the effect of various amounts of gypsum

(calcium sulfate to ye’elimite molar ratios i.e. M-

values of 1, 1.5 and 2) on the hydration mechanism of

belite-rich and ye’elimite-rich belite-calcium sulfoa-

luminate cement clinkers was investigated by means

of experimental methods and thermodynamic

modelling.

In all systems investigated, the main hydration

products at an early age are ettringite in addition to

amorphous aluminium hydroxide, which precipitated

due to the rapid hydration of ye’elimite in the presence

of gypsum. After consumption of gypsummonosulfate

forms, while the amount of ettringite decreases due to

the supply of additional aluminium ions from disso-

lution of the ferrite phase. At later hydration times

belite dissolves significantly, and siliceous hydroga-

rnet, strätlingite and C–S–H are formed.

The addition of gypsum plays an important role in

the kinetics and phase assemblage formed during

hydration. The cements react earlier and release more

heat during the hydration when less gypsum is added

(lowerM-values). The amount of gypsum controls the

quantities of ettringite and monosulfate precipitated,

with an increasing amount of ettringite and a decreas-

ing amount of monosulfate at higher M-ratios. With

increasing amounts of the water-rich ettringite formed

at increasing M-ratios, the water demand needed for

full hydration increases and thus late hydration will

slow down if the water/cement ratio applied is too low.

Increasing the addition of gypsum decreases the

dissolution kinetics of belite and ferrite. More strätlin-

gite is formed at lower M-ratios due to less ettringite

formed and therefore more aluminium is available for

the formation of strätlingite. In the ye’elimite-rich

clinker increasing the amount of gypsum increases

compressive strength, as higher quantities of the

space-filling ettringite are formed. In the belite-rich

systems the differences were not as significant.

A higher amount of belite, and correspondingly less

ye’elimite in the clinker, leads to higher amounts of C–

S–H at the expense of strätlingite. The cements with a

higher belite content yielded significantly lower

compressive strengths than the cements with lower

belite contents as (i) the hydration degree of belite is

significantly lower than the one of ye’elimite and (ii)

ettringite is more space-filling than strätlingite and C–

S–H [27].

The established thermodynamic hydration model

shows good agreement compared to the experimental

data and is able to predict the hydration of belite-

ye’elimite-ferrite cements. Compressive strength is

directly correlated with bound water, as determined by

thermogravimetric analysis, and inversely correlated

to calculated porosity derived from thermodynamic

modelling.
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