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Abstract The influence of calcium sulfate with different

reactivities (anhydrite, a-hemihydrate, and gypsum) on the

Portland cement–calcium aluminate cement (PC/CAC)

mixtures was presented in the paper. The hydration process

and main hydration products (ettringite) of the binders with

different content of calcium sulfate was investigated by

isothermal conduction calorimetry, setting times, com-

pressive strength, X-ray diffraction (XRD) analysis, and

environmental scanning electronic microscope (ESEM)

analysis. It is found that the pure PC/CAC mixture without

any calcium sulfate addition exhibits very slow hydration

kinetics during the first 2 days. By adding calcium sulfate,

the setting of the PC/CAC mixture is delayed, but the

hydration can be accelerated. The results also show that the

reactivity and the amount of the calcium sulfate determine

the balance between the hydration products of ettringite

and monosulphoaluminate, and also the early hydration

kinetics not only in the formation content but in the loca-

tion of ettringite. In general, when a high content of reac-

tive a-hemihydrate is added, much secondary gypsum

forms in voids between cement granules which exert

adverse effects on the properties of PC/CAC mixtures.

Additionally, ettringite can be formed stably and good

binders having good physical properties can be obtained

when low reactive anhydrite is added.

Keywords Calcium aluminate cement � Calorimetry �
Hydration � Calcium sulfate � Ettringite

Introduction

Calcium aluminate cement (CAC) is known as an indis-

pensable material in the construction field for its resistance

to chemical attack and high temperatures [1]. In the dry-

mix mortar industry, such as self-leveling screeds, tile

adhesives, grouting mortars and rapid-hardening repair

mortars, CAC is an essential part of the hydraulic binder.

Additionally, it is well known that CAC is added into

Portland cement (PC) to accelerate setting [2–5]. But, the

replacement of PC with CAC has been found to result in a

great decrease of compressive strength especially at later

age [2, 6, 7], which becomes a barrier for the application of

PC/CAC mixtures. It may result from the film-like hydra-

tion products that surround anhydrate granules at early age

[2, 3], which significantly delay later hydration of PC/CAC

mixtures. Therefore, it is of prime importance to improve

the strength of PC/CAC mixtures to obtain full benefits of

CAC to dry-mix mortar industry. There are several ways to

improve later strength, for instance, adding mineral addi-

tives [8, 9] or chemical additives [10, 11]. Especially,

calcium sulfate (in the forms of gypsum, anhydrite, or

hemihydrate) is mostly used for its economy among those

additives.

Many researchers reported the ternary binder system

(ternary system) which contains PC, CAC, and calcium

sulfate is widely applied in dry-mix mortars [12–18]. The

hydration of the ternary system is a complex process since

every material has its own reactions which are, however,

affected by each other. According to Amathieu et al. [3]

and Kighelman et al. [19], ettringite is the main phase
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formed in such ternary system. Synchrotron X-ray dif-

fraction also indicates that ettringite crystallizes immedi-

ately after wetting PC [20]. The formation of ettringite

controls the setting rate of the highly reactive aluminate

phases [5], such as tricalcium aluminate (C3A) in PC and

monocalcium aluminate (CA) in CAC which react with

calcium sulfate, so it is of great importance for the relevant

properties like rapid hardening, high strength [18] and

expansive proportion [21]. Thus, the investigation on the

formation of ettringite during the early age is one of the

key issues.

Previous investigations have demonstrated that a certain

form of calcium sulfate shows a particular solubility and

rate of dissolution [22–24], as a consequence, the sources

and content of calcium sulfate used, dominate the forma-

tion time and content of ettringite [25–27]. Although lots of

studies have focused on the performance of the ternary

system; no work has dealt with the influence of different

sources and contents of calcium sulfate on the hydration

process in PC/CAC mixtures.

The calorimetric measurement is a well-established

method to study the kinetics and mechanism of hydration

in cementitious materials in situ [28] since it shows great

versatility in studying the hydration kinetics of cementi-

tious systems and help to monitor cement–admixture

combinations with respect to the hydration process [29–

37]. Therefore, it was used to investigate the effect of

calcium sulfate on the hydration process in PC/CAC mix-

tures in this research. The study followed by other standard

measurements, allowed to elucidate the scale of calcium

sulfate utilization in PC/CAC mixtures, an important task

from dry-mix mortars production point of view.

Experimental

The PC and CAC used in this study were obtained from

Xinfa cement Co. and Kerneos cement Co, respectively.

Three sources of calcium sulfate were used, natural anhy-

drite (A), gypsum (G), and a-hemihydrate (H). The

chemical compositions of the raw materials used were

determined by X-ray fluorescence (XRF), as shown in

Table 1.

The binders were prepared with different sources and

content of calcium sulfate, and the binder without calcium

sulfate was set as a reference (Table 2). An isothermal

heat-conduction calorimeter (TAM air C80, Thermometric,

Sweden) was used to measure the hydration heat evolution

of the binders. The water/binders ratio was 0.5 and the

experimental temperature was 20 ± 0.1 �C. Binders and

water were tempered for several hours before mixing, then

the water was injected into the reaction vessel and the

samples were stirred in the calorimeter for several minutes.

This procedure allowed monitoring the heat evolution from

the very beginning when water was added to the binders.

Data logging was continued for about 7 days.

Setting time was determined by using a Vicat apparatus

according to ISO 9597: 1989. Mortar samples

(40 9 40 9 160 mm) for compressive strengths tests were

prepared and measured according to ISO 679: 1989. These

samples were demoulded after 24 h and randomly selected

for mechanical testing after periods of 1, 3, and 28 days.

X-ray diffraction (XRD) was employed for detecting

ettringite in cement pastes. Since the characteristic peak of

ettringite is near about 9.1�, the scanning was performed

between 8.5� and 9.5� with a 2h increment 0.02� per min,

step scanning mode, a dwell time of 4 s, and a Cu Ka
radiation. XRD data of ettringite were recorded using a

Rigaku-D/max2550VB3?. The integrate area of ettringite

was calculated automatically by the software of MDI Jade

5.0 with the function of ‘‘Profile fitting’’. Before the test,

the samples were ground to a fineness of about 400 m2/kg

Blaine surface areas at the end of each aging period, treated

Table 1 Chemical composition of raw materials (wt%)

SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O Na2O TiO2 Loss

PC 21.50 65.20 4.14 2.40 2.57 2.89 0.84 0.67 0.32 2.67

CAC 0.34 31.20 67.10 0.10 0.06 – 0.34 – –

A 1.72 39.44 0.35 0.16 1.80 51.96 – – 0.02 4.41

G 18.13 24.50 5.29 1.96 3.17 29.80 – – – –

H 2.05 40.30 0.08 0.02 0.01 57.30 – – – –

Table 2 Mix proportion of ternary system

Specimens no. Mix proportion/g

P T A G H

S0 77.5 22.5 – – –

A1 77.5 15.0 7.5 – –

A2 77.5 7.5 15.0 – –

G1 77.5 15.0 – 7.5 –

G2 77.5 7.5 – 15.0 –

H1 77.5 15.0 – – 7.5

H2 77.5 7.5 – – 15.0
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with acetone and diethyl-ether to stop hydration and stored

in a desiccator to ensure protection against water and car-

bon dioxide.

Results and discussion

Calorimetric analysis

Without calcium sulfate

The rate of heat evolution for S0 illustrates a major dif-

ference from the curve of neat PC paste (Fig. 1). According

to literatures [5], the first exothermic peak in the heat

evolution curve of PC results from the complex reactions

during the wetting process, and the second exothermic peak

attributes to the C3S and/or C2S hydration. Compared with

the curve of PC, there is a significant delay in the

appearance of the second peak for the curve of S0. The so-

called induction period associated with neat PC paste is

about 2 h. However, it is much longer for S0. The maxi-

mum values of the rate for PC and S0 are 2.71 and

1.56 J (g h)-1, and the corresponding time is 13.08 and

62.34 h. It means that the hydration of PC is significantly

delayed with 22.5% CAC addition, which is consistent with

the findings of Gu et al. [2, 29] and Gawlicki et al. [37].

This long dormant period could be explained by a surface

coverage of the clinker grains by early hydration, which

impeded further PC hydration [2, 29].

The total heat evolution curves for PC and S0 are

illustrated in Fig. 2. The curve for S0 reveals two stages of

heat evolution, one within first hours and another beyond

24 h, whereas the curve for the PC paste is continuous and

does not appear to have such two distinct regions. In the

first hydration stage of S0, the CAC in mixtures hydrates

quickly and forms a thin layer on the surface of unhydrated

cement granules, and then after a long dormant period, the

equilibrium is broke, and the second stage begins for the

hydration of C3S and C2S in PC.

With low calcium sulfate addition

Figure 3 shows the rate of heat evolution of the ternary

system with low calcium sulfate addition. Apart from the

initial peak, there are three distinct exothermic peaks in the

curves of A1 and H1. In addition, the second and third

maximum rates of heat evolution of A1 are higher than that

of H1. In contrast, there is only one distinct exothermic

peak in the curve of G1 apart from the initial peak, which

illustrates the formation of C–S–H gel and ettringite occurs

simultaneously after wetting.

Plots of hydration heat of the ternary system with low

calcium sulfate addition are given in Fig. 4. The paste with a

low a-hemihydrate addition has the biggest cumulative heat

release during the first several days, and reaches the
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Fig. 1 Rate of heat evolution of the pure PC and S0 paste
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Fig. 2 Hydration heat of the pure PC and S0 paste
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Fig. 3 Rate of heat evolution of the ternary system with low calcium

sulfate addition
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cumulative heat release of 381 J (g h)-1 after 120 h hydra-

tion. However, the cumulative heat release for paste with

insufficient anhydrite overpasses that with a-hemihydrate.

Additionally, the paste with gypsum shows the smallest

cumulative heat release except the first several hours.

With high calcium sulfate addition

All curves for samples with high calcium sulfate addition

(Fig. 5) show a similar trend as PC and S0 (Fig. 1). However,

the second exothermic peaks appear earlier than S0. It implies

that calcium sulfate plays an accelerating role in the hydration

of such ternary system. The maximum rates of heat evolution

for G2, A2, H2 decline gradually, which are 2.51, 2.10, and

1.68 J (g h)-1, respectively, and the corresponding time

decreased in the following sequence A2 [ G2 [ H2.

Figure 6 shows the hydration heat of the ternary system

with high calcium sulfate addition. The paste with gypsum

has a higher hydration heat than the other pastes with an-

hydrate or a-hemihydrate. The cumulative heat release of

three samples before 72 h increased in the following
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Fig. 4 Hydration heat of the ternary system with low calcium sulfate

addition
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Fig. 5 Rate of heat evolution of the ternary system with high calcium

sulfate addition
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Fig. 6 Hydration heat of the ternary system with high calcium sulfate

addition

Table 3 Setting time and compressive strength of mortars of ternary

system

Specimens no. Setting time/min Compressive strength/MPa

Initial Final 1 day 3 days 28 days

PC 195 278 21.4 31.7 44.2

S0 4 8 5.3 9.1 15.2

A1 14 24 11.9 23.8 31.2

A2 20 35 20.6 26.4 32.8

G1 6 15 15.2 25.3 27.6

G2 17 28 12.3 23.9 31.2

H1 8 16 17.1 30.3 37.4

H2 5 10 11.0 7.5 0
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Fig. 7 Integrate area of ettringite in XRD patterns of A1, G1 and H1

at different curing times
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sequence G2 [ A2 [ H2, but then the cumulative heat

release of H2 catches up with that of A2.

Setting time and physical strength

The setting time and compressive strength of mortars of the

ternary system are shown in Table 3. For setting time test,

in general, all the given mix proportion sets more quickly

than the neat PC, but the ternary system has a longer setting

time than the PC/CAC mixture (S0). It means that the

formation of ettringite retards setting when calcium sulfate

is added. It is also observed that both initial and final set-

ting time of the ternary system increase with increasing

anhydrite and gypsum content, while both decrease with

increasing a-hemihydrate addition. For instance, the paste

with high a-hemihydrate (H2) addition has the shortest

initial and final setting time of 5 and 10 min, respectively.

It means that the microstructure of H2 paste develops

quickly once in contact with water, which may result from

the formation of secondary gypsum or ettringite.

As also can be seen in Table 3, compressive strength of

all ternary system mortars is much higher than the control

S0 mortar at the same curing time. Additionally, the

compressive strength of mortars with high calcium sulfate

addition is increased in the following sequence:

A1 \ G1 \ H1 (except G1 mortar at 28 days) and

A2 [ G2 [ H2. Furthermore, it is noticed that the com-

pressive strength of H2 mortar is found to be lower than

that of H1 mortar at all curing times (especially at

28 days), which results from the formation of large quan-

tities of expansive gypsum and etttringite. The rates at

which Ca2? and SO4
2- ions are supplied by the calcium

sulfate thus depend both on the amount of the latter and on

its physical and chemical nature. It is generally known that

the dissolve rate of three sources of calcium sulfate is

increased in the following sequence: hemi-hydrate [ gyp-

sum [ anhydrite [22–24], which develop in an opposite

trend with the compressive strength. The possible reason
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Fig. 10 ESEM images of S0,

A2 and H2 pastes after 1 day:

a S0 paste, b A2 paste, c H2

paste
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for this could be that large quantities of ettringite are

formed within a short time, leading to a thin layer on un-

hydrated cement granules, which retains later strength

development of the ternary system.

XRD and SEM analysis

Figure 7 shows integrate area of ettringite in XRD patterns

of A1, G1, and H1 at different curing times. The content of

ettringite in the three pastes first increases and then

decreases: the content of ettringite in G1 and H1 pastes

firstly reaches the maximum at 3 h and then decreases

significantly, while that of A1 reaches the maximum at

1 day and then decreases slightly. This indicates that all the

anhydrite, a-hemihydrate, and gypsum were consumed in

the hydration reaction with calcium aluminate. Further-

more, the ettringite formed is most stable when anhydrite is

added as a source of sulfate.

The XRD spectra of A1 and H1 pastes hydrated after

0.5 h, 8 h, and 3 days is shown in Fig. 8. As can be clearly

seen from this figure, the characteristic peak of ettringite in

the XRD spectra of A1 paste after hydrated for 0.5 h, 8 h,

and 3 days grows continuously, while that in H1 paste

firstly increases slightly and then decreases greatly, fur-

thermore, the characteristic peak of monosulphoaluminate

(AFm) in H1 paste grows obviously. It means that the first

two peaks in Fig. 3 is concerning with the formation of

ettringite and C–S–H gel, and the third one is associated

with the transformation from ettringite to AFm. This result

also confirms well with the great changes in the XRD

analysis result of ettringite (Fig. 7) for different varieties of

calcium sulfate used.

For those pastes with higher content of calcium sulfate,

the integrate area of ettringite in XRD patterns of A2, G2,

and H2 is shown in Fig. 9. On the one hand, the increase in

sulfate content in mix proportion leads directly to obvious

increase of ettringite formation content; on the other hand,

since ettringite is less stable than AFm at ambient tem-

perature, it tends to transform into AFm once the sulfate is

depleted, and the transformation is more slightly than when

a low content of calcium sulfate is added (Fig. 7).

The microstructure of S0, A2, and H2 pastes after 1 day

of hydration was analyzed using ESEM as shown in

Fig. 10a–c. It can be found that in the absence of calcium

sulfate (Fig. 9a), the calcium aluminate hydrates (about

5 lm in size) develop in lamellar shape and are uniformly

distribute in the voids between the cement particles, form

bridges and thus causes rapid setting. Additionally, it can

be seen that if a large amount of anhydrite is present

(Fig. 10b), corresponding ettringite (about 0.5–1 lm in

size) forms directly on the surface of cement particles, but

not between the voids. By comparing Fig. 10b with

Fig. 10c, if large amount of a-hemihydrate is added

(Fig. 10c), ettringite and coarser needle-like secondary

gypsum (also about 5 lm in size) forms in the voids,

causing rapid setting. In general, the meshwork of plates,

are in contrasted with the much more compact coatings of

gel and small rods of the ettringite phase formed in the

presence of an adequate supply of gypsum [5].

Conclusions

Based on the experimental results, it could be concluded

that the source and amount of calcium aluminate play a key

role in the hydration of PC/CAC mixtures, and especially

affect the formation of ettringite.

1. Calorimetry shows that without calcium aluminate

addition, the second exothermic peak appears almost

50 h later than that of neat PC, which indicates that the

hydration of PC is significantly delayed by CAC; with

calcium aluminate addition, a high amount of ettringite

forms within the hardened matrix and shows an obvious

exothermic peak in the curves of rate of heat evolution.

2. The decrease in ettringite results from the transforma-

tion from ettringite to AFm due to the shortage of

sulfate in the pore solution. If anhydrite is added as a

source of sulfate, the ettringite formed is compara-

tively most stable.

3. When calcium sulfate is added, the setting time is

prolonged and the compressive strength of PC/CAC

mixtures mortars at all curing ages is also improved,

especially with a high content of anhydrite or a low

content of a-hemihydrate.

4. In the absence of calcium sulfate, the calcium alumi-

nate hydrates develop in lamellar shape and distribute

uniformly in the voids between the cement particles;

but ettringite forms directly on the surface of cement

particles if a large amount of anhydrite is present,

moreover, ettringite and coarser needle-like secondary

gypsum forms in the voids when a large amount of

a-hemihydrate is added.
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