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Abstract

The circumstances in which calcium sulfoaluminate (CSA) cements used are multivariate. Considering the curing tempera-
ture greatly influence the formation of hydrates, the hydration of CSA cement containing increasing amount of anhydrite
which cured at different temperature was analyzed by calorimetry, XRD and DTA-TGA. And the setting time and mechanical
strength are measured to explore the correlation between the microstructure revolution and macroscopic performance. Results
illustrate that the hydration of prepared CSA cement is highly dependent on the curing regimes and anhydrite dosage. The
addition of anhydrite prolongs the setting of CSA cement at 5 °C, while it accelerates the setting at 20 °C and 40 °C. The
usage of anhydrite is detrimental to strength development of CSA cement mortars which cured at 5 °C and 20 °C, but it’s the
opposite at 40 °C. Additionally, elevated curing temperature favors the formation of ettringite, alumina gel and monosulfate
within 1 d. CSA cement prepared with higher amount of anhydrite is beneficially used in the hot environment.

Keywords Calcium sulfoaluminate (CSA) cement - Curing temperature - Hydration - Microstructure - Ettringite

Introduction

CO, emission is a serious problem that attracting much more
attention of scholar. About 5% of the global anthropogenic
CO, emissions can be traced to the Portland cement (PC)
manufacture [1]. CSA cement as a substitute for PC can
reduce such heavy environmental impacts from PC indus-
try, thanks to its lower energy consumption and CO, emis-
sion during production. Compared with PC, lower sintering
temperature and lower electricity energy consumption for
grinding in production could reduce CO, emission by up
to 35% [2—4]. Moreover, the full utilization of by-products,
like red mud, slag and even fly ash from municipal solid
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waste incineration as raw materials in CSA production is
realizable [5—-8]. Accordingly, CSA cement, especially high
belite CSA cement arouses expanding attention from both
researchers followed by manufacturers since its invention
in 1970s [9, 10].

Hydration of CSA cements highly depends on the amount
of the added calcium sulfate and curing temperature. Typi-
cally, the CSA cements obtain from market contain 30-70%
ye’elimite as a clinker constituent, together with other
phases such as belite and calcium aluminates. Those CSA
cements with high ye’elimite content (>50%) are mostly
used in combination with Portland cement to manufacture
fast-setting, rapid hardening and/or shrinkage compensated
construction materials [11], which result from the forma-
tion of massive ettringite (AFt). However, two possible
problems of AFt-based cementitious materials are (i) their
limited thermal stability at or above ~ 100 °C [12]: possi-
bly at lower temperature in low-humidity environment, and
(i1) harmful expansion since delayed AFt formation [13].
Elevated temperatures (55 °C and 85 °C) could cause an
expeditious transition from AFt to AFm which has been con-
firmed before [14], accompanying with deleterious dimen-
sional instability and strength reduction [13]. Apart from
temperature, anhydrite/ye’elimite molar ratio (M value) also
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affects the decomposition of AFt: at M value of 0.6 or 1.0,
AFt starts to dehydrate at 70 °C; whereas when M value was
1.4 or 3.9, AFt kept stable at 70 °C [15].

It has been reported to apply CSA cement in special
situations like constructions at low temperature, ocean con-
structions and rapid repairing for decades [16, 17], where
the environmental temperature differs greatly. Numerous
literature only investigated the effect of calcium sulfate
(mainly with anhydrite or hemihydrate) on the hydration of
ye’elimite or CSA clinker at room or elevated temperatures
[11, 15, 18-21]. At room temperature, the pure ye’elimite
exhibits very slow hydration kinetics during the first 10 h.
The addition of calcium sulfate and increasing of pH can
accelerate the hydration of CSA cements. Especially the
reactivity of calcium sulfate is crucial to control the hydra-
tion [15, 20-23]. The amount of the calcium sulfate deter-
mines the ratio between the hydration products ettringite,
monosulfate and amorphous aluminium hydroxide. Increas-
ing calcium sulfate leads increasing quantity of ettringite and
decreasing of monosulfate [11, 21]. Berger et al. [15] cured
CSA cements for one week to a thermal treatment simulat-
ing the temperature rise (up to 85 °C) and fall occurring in
drums of cemented radwastes. The thermal cycle acceler-
ates the early hydration of CSA and reduces the proportion
of ettringite versus monosulfate, especially at low gypsum
contents. And the thermal cycle reduces the compressive
strength and volume stability of gypsum-free CSA cements.
The elevated temperature makes the dehydration of ettringite
(AFt) to monosulfate and metaettringite under steam curing
and dry curing, respectively [18]. According to our previous
study, for flue gas desulfurization (FGD) gypsum contain-
ing CSA cement, the hydration is highly dependent on the
curing temperature (5, 20, 40 °C). Under whichever regime,
it’s found that more AFt and alumina hydroxide (AH;) gen-
erated as the addition of FGD gypsum, while the formation
of stritlingite and AFm is inhibited at 40 °C. Therefore, it
encourages the strength to develop at 40 °C [24]. However,
for current industrial CSA cement manufacture, anhydrite is
still the main calcium sulfate resource. Due to the hydration
is greatly affected by both anhydrite/CSA clinker ratio and
curing temperature, these two factors should be considered
at the same time, on the basis of that the single factor has
been widely researched before. This paper aimed to study the
hydration performance of CSA cement with increasing anhy-
drite/CSA clinker ratio under different curing regimes. We
employed isothermal calorimetry, X-ray diffraction (XRD)
and differential thermal analysis-thermogravimetric analy-
ses (DTA-TGA) to determine the heat release of hydration
and phase assemblage progression at 5, 20, 40 °C, respec-
tively. Meanwhile, we measured the dimensional stability
and compressive strength development of prepared mortars
to explore the correlation between the overall performance
and microstructure development.
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Experimental
Materials and binder formulations

Commercial CSA clinker and anhydrite were used in this
present paper. The chemical compositions of CSA clinker
were analyzed by X-ray fluorescence (XRF) (Table 1). After
analyzing suitable calibration standards, oxide concentrations
were computed according to the intensities measured before.
Stoichiometric calculations established on XRF analysis and
XRD analysis were employed to identify the main mineral
composition of CSA clinker, results are also given in Table 1.
The densities of clinker and anhydrite are 2.90 g cm™ and
2.87 g cm™>, respectively. Tap water was employed.

The CSA clinkers were prepared as mixtures of commercial
CSA and anhydrite in diverse proportion. The replacement
amount of anhydrite was 10~50 mass%, indicated with the
symbol of A1, A2, A3, A4 and AS. Based on the formation of
AFt and AH; (as shown in Eq. 1), the calcium sulfate demand
from undersupply to surplus was covered by the selected range
of anhydrite dosage. Reference is the neat CSA clinker which
is labeled as AO. The applied water to binder ratio was 0.5.
CSA cement mortars were prepared with Chinese standard
sand. Per 450 g binder, 1350 g Chinese standard sand was
added.

C,A;S +2CS + 38H — C¢A;SH;, + 2AH,(gel). 1)

Table 1 Chemical and mineralogical compositions of the used mate-
rials (mass%)

XRF analysis Mineralogical composition
CSA clinker Anhydrite CSA clinker
Na,O 0.09 0.04 C,A58 60.28
MgO 1.69 3.00 C,S 23.67
Al O4 33.36 0.12 C,AF 593
Sio, 8.28 1.40 CLA, 3.65
P,0; 0.14 - CT (CaO-TiO,) 2.30
SO, 7.90 50.10
Cl 0.11 0.02
K,0 0.23 0.05
CaO 43.00 44.80
TiO, 1.35 -
Gr,04 0.02 -
Fe,04 1.95 0.04
SrO 0.07 0.44
ZrO, 0.05 -
WO, - -
MnO 0.02 -
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Methods

To realize a wide climate temperature coverage, 5, 20 and
40 °C were selected for curing. All the raw materials were kept
at the set temperature for 2 days before mixing. Casted cement
pastes and mortars were instantly placed under respective tem-
peratures to cure with floating range of + 1°C, controlling the
relative humidity at 60+ 10%.

Mortars of dimensional 40 mm x40 mm X 160 mm were
applied to determine the 1, 3 and 28 day compressive strength.
The samples were demoulded after 24 h of curing and fol-
lowed by wrapping with plastic film until arranged ages to
resist water evaporation. Ultimately, the compressive strength
of every three specimens was tested to calculate the average.
Load in the speed of 2.4 kN s™!.

The heat release during hydrating was monitored through
isothermal calorimetry at 20 °C and 40 °C. The water to binder
ratio was equal to 0.5. Besides the related raw materials, all the
glass holders were also placed at respective curing temperature
for 2 days before mixing. Samples were internal mixed once
contact with water to minimize the external impacts. Measure-
ments were taken within the first 1 d since the fast reaction
period of CSA cement.

For XRD and DSC-TGA analysis, a set of samples in shape
of cylinder (@ 35 mm x 50 mm) were casted firstly and then
crushed at the end of respective curing time. The crushed
pastes were soaked into acetone for 7 d to stop hydration.
After dried at 40 °C, the samples were kept over silica gel in
a desiccator before testing to prevent against H,O and CO,.
Finally, the samples were ground to powder with particle size
not exceeding 70 pm for XRD and DTA-TGA tests.

Main crystalline phases were identified by XRD (Rigaku-
D/max2550VB3 +) with Cu Ka radiation (1=1.541 /0%) at
room temperature to record the data, operating the X-ray
tube at 40 kV and 100 mA. The scanning range was 26 of
5-70°, with a step size of 0.02°.

TA Q600 simultaneous thermal analyzer was employed
to carry out DTA-TGA measurement. The heating range was
20-1000 °C, with a heating rate of 10 °C min~". Considering
the insensitivity of XRD to amorphous hydrates and poorly
crystalline hydrates, in addition to semi-quantitative analy-
sis of AFt (~140 °C, based on the assumption that heating
1 mol of AFt lead 20 mol water losing), DTA-TGA was
applied to analyse AHj; through its characteristic dehydration
endothermal peak around 280 °C.

Results and discussion
Setting times

The initial and final setting time of all formulations is shown
in Fig. la, b, respectively. It is very interesting to notice

that the initial setting time of the control (with neat CSA
clinker) increases from 151 to 283 min with curing tem-
perature raised from 5 to 40 °C. The retardation of elevated
temperature could be ascribed to the increasing amount of
AH, formed, and such massive alumina gel covers on the
unreacted particles [19]. At 5 °C, the setting of samples is
prominently prolonged by the addition of anhydrite. For
specimen with 50% anhydrite (AS), the initial setting time is
prolonged of more than 5 h than A0Q, which may result from
the slow dissolution rate of anhydrite at low temperature
[20]. On the contrary, for CSA cement, the decrease of initial
setting time is observed instead with increasing amount of
anhydrite at 20 °C and 40 °C. For CSA cement with addition
of 20% anhydrite, the initial setting time is shortened by 8.8
times to 32 min at 40 °C. When the anhydrite proportion
exceed 20%, such acceleration impact of anhydrite is not
obvious anymore. Comparing Fig. la, b, it can be clearly
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Fig. 1 Setting times of CSA cement
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noticed that the final setting goes in a similar way with the
initial setting.

Compressive strength

The compressive strength of CSA cement mortars cured at
different temperature is measured after 1 d and 28 d, respec-
tively (Fig. 2). At 5 °C and 20 °C, the compressive strength
of CSA cement mortars tends to decrease prominently and
then increases slightly with increasing anhydrite contents. At
5 °C, areplacement of 10% anhydrite leads to a sharp drop
of 42 MPa of 1 d-compressive strength. The highest strength
is always observed in neat CSA clinker prepared mortar.
This is in coherence with previous work [2], the addition of
calcium sulfate is not favorable to strength development at
ambient temperature. However, all the anhydrite-containing
specimens cured at 40 °C exhibit higher strength than the
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Fig.2 Compressive strength of CSA cement mortars
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control sample. The specimen with 20% anhydrite exhib-
its the highest 1d-strength. For samples cured for 28 days,
the compressive strength increases with anhydrite dosage
(Fig. 2b). At 40 °C, the 28 d-strength of A5 mortar is about
35% higher than that of AQ mortar.

Hydration heat

The heat evolution rate of CSA cement at different curing
temperature is shown in Fig. 3a, b, respectively. It can be
clearly seen from Fig. 3a that two main heat releasement
steps can be distinguished in the pure CSA clinker (AQ) paste
which cured at 20 °C. One appears immediately after the
water is added into the binder, while the other one appears
after 6 h hydration and is followed by an abroad shoulder
around 20 h (Fig. 3a). The addition of anhydrite (A2 and A4
pastes), independently of the amount of anhydrite added,
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Fig.3 Hydration heat of CSA cement
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shortens the dormant period. It indicates that the hydration
of CSA clinker is accelerated by anhydrite. This finding is
in agreement with Ref. [21, 25]. The main part of hydra-
tion reactions happens within first 6 h, and three maxima
can be distinguished. The first one is attributed to wetting
and also the initial formation of AFt. Over this stage, due
to the fast dissolution of anhydrite and ye’elimite, the lig-
uid phase becomes saturated with sulfate. Afterwards rapid
precipitation of AFt accompanied by the quick consumption
of anhydrite, enable the hydration proceeding to stage 2.
It is characterized through formation of massive AFt and
AHj at this stage. The quick formation of AFt can be clearly
observed in the XRD results, the characteristic peaks of AFt
in the XRD pattern of specimen cured for 3 h are much
higher than those of 1 h. Nonetheless, since the pore solution
is deficient of sulfate, the AFt formed before would convert
to monosulfate, and the remaining ye’elimite may hydrate
to monosulfate [21, 26]. Eventually, the hydration transits
to stage 3. By comparison of A2 and A4 paste, it can be
observed that the third heat evolution peak appears behind
4 h and 4.9 h, respectively. This finding indicates that the
more anhydrite added, the later stage 3 appears. The rate of
heat evolution of stage 2 and 3 decreases with the increasing
amount of anhydrite. And after 12 h, once the surfaces of
clinkers are covered with hydrates precipitation, the early
hydration is hindered.

As for the neat CSA clinker, the induction period associ-
ated with dissolution and the very rapid reaction is shortened
from 1.5 h at 20 °C to few minutes as the temperature raise
to 40 °C (Fig. 3b). This induction period is only followed by
one exothermic peak after 3 h, which occurs 3 h earlier than
that at 20 °C. After 9 h, early hydration is slowed down. For
the anhydrite-containing CSA cement (A2 and A4 pastes),
the early hydration is prominently accelerated, together with
a more intense heat evolution process. The hydration heat
is intensively released in the first 6 h at 40 °C, which is dif-
ferent from that cured at 20 °C and only accounts for half of
the time for those pastes at 20 °C.

XRD

Figure 4 presents the XRD patterns of CSA cement pastes
cured at different temperature for 0.5 h, 1 h, 3 h and 1 d,
respectively. At 5 °C (Fig. 4a), both ye’elimite and belite in
A2 and A4 pastes hydrate quite slowly, only trace amount
of AFt can be observed within first 3 h. At 20 °C (Fig. 4b)
and 40 °C (Fig. 4c), ye’elimite is consumed rapidly, mini-
mal quantity can be detected in those samples cured at
40 °C after 1 d. It is inferred that the consumption rate of
ye’elimite increases with the curing temperature. AFt is still
the major hydrate, which is the same as that at 5 °C. How-
ever, monosulfate (AFm) appears since 0.5 h at 20 °C and
40 °C, and its amount increases gradually with hydration

20/°
(b) 20 °C
E
E A
E E
A
E B E A
A
E E 73 E
Y BY MA B 1d
M M M

5 10 15 20 25 30 35 40 45 50
20/°

(c) 40°C

Fig.4 XRD patterns of A2 paste (with 20% anhydrite) cured at 5,
20, 40 °C (E: ettringite; M: monosulfate; B: belite; Y: ye’elimite; A:
anhydrite)
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time prolonging. The presence of AFm and anhydrite at the
same time indicates that the formation of AFt obeys disso-
lution—precipitation theory [27, 28], AFm forms once sul-
fate ion in the pore solution is not available. Since AH; and
C-S-H are with poor crystallized structure, they are hard to
be detected by XRD [29].

Figure 5 shows the XRD pattern of A4 (with undue anhy-
drite) cured at different regimes. The peak of AFt at around
9.1° becomes stronger with the curing temperature increas-
ing, while the characteristic peak of ye’elimite declines. It is
inferred that the kinetic of hydration increase with tempera-
ture, similar to A2, which shows no difference with classi-
cal Arrehenius Law. AFm phase appears since 1 d at 40 °C
(Fig. 5c), which is somehow delayed by the higher amount
of anhydrite than A2 paste.

DTA-TGA

As can be observed in Fig. 6a, the amount of AFt decrease
and AFm increase with the elevated curing temperature in
the paste without anhydrite. And the compressive strength
reduction A0 could be caused by the composition change
of the hydrates. It is shown in Fig. 6b that the decomposi-
tion peak of AFt around 140 °C could be clearly detected at
all curing temperatures, and its formation amount tends to
increase with temperature, consistent XRD result. Regard-
less of the curing temperature, AFt is consistently the dom-
inate hydration product (10 mass% at 5 °C, 14 mass% at
20 °C and 21 mass% at 40 °C for 1 d specimens). AH, can be
clearly identified with a dehydration peak at around 280 °C
[30]. As validated by TGA pattern in Fig. 6, elevated tem-
perature favors the formation of AH;, regardless of quantity
of anhydrite added. As shown in Fig. 6¢c, AFm phases appear
simultaneously with AFt at 40 °C in A4 paste.

Discussion

Based on the compressive strength test and the DTA-TGA
result, the relationship between 1d-strength of CSA cement
and the formation amount of AH; and AFt after 1 d is pre-
sented in Figs. 7 and 8, respectively. As can be observed in
Fig. 7, there is no clear relationship between the formation
amount of AH; and 1 d-strength. The temperature strongly
affects the hydrates of CSA and so that to its compressive
strength, but the influence of anhydrite content is relatively
weaker. For the specimen with neat CSA clinker (AO), the
higher amount of AH; which generated at elevated tempera-
ture brings to a lower 1d-strength. This finding is totally
different with Ref. [31], where it was concluded that the
decreasing of amorphous AH; content lead to the lower
compressive strength ascribing to the generation of AH,
with huge specific surface area fills empty spaces. Mean-
while, Hu et al. [32] found that the conformation of cracks
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is greatly influenced by the AFt phase in CSA paste. In CSA
clinker paste, pastes containing more AFt exhibited lower
indentation modulus and hardness the than the other one
which contains more alumina gel at early age. On the con-
trary, for those anhydrite-containing CSA cement specimens
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(A2 and A4 pastes), elevated curing temperature favors
the formation of AH;, which accompanied with a higher
1d-strength.

Nevertheless, as can be seen in Fig. 8, 1d-compressive
strength is generally in an agreement with AFt formation
amount in both CSA clinker and CSA cement pastes. It
is quite interesting to notice that after 1 d of curing, AFt
is also generated in the paste with pure CSA clinker. The
occurrence of AFt confirms that besides the formation of
AFm by the hydration of pure ye’elimite (Eq. 2), AFt could
be also generated by reaction (Eq. 3) [21, 33]. For those
anhydrite-containing specimens (A2 and A4 pastes), ele-
vated temperature favors the formation of AFt, resulting in
a higher 1d-strength. On the contrary, less AFt formed in
neat CSA clinker (A0) at elevated temperature, leading to
a lower 1d-strength. At 40 °C, the highest amount of AFt
formed in A2, and this mortar specimen exhibits the highest
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compressive strength. The only exception in this figure is
that the low AFt amount in the control sample (AO paste)
still contributes to a high 1d-strength.

C,A;S + 18H — C,ASH,, + 2AH;(gel) )

C4A;S + 80H — C4AS;H;, + C,ASH,, + C;AH, + 8AH;(gel)
(3)

Conclusions

In this work, the anhydrite/CSA clinker ratio and curing
temperature are connected to consider whose effects on
hydration of CSA cement are studied separately in previ-
ous research. At curing temperature of 5, 20 and 40 °C, the
hydration features of anhydrite-containing CSA cement were
investigated from aspects of compressive strength develop-
ment, setting times, hydration heat evolution and phase
assemblage. The main conclusions are as follows:

(1) Addition of anhydrite decelerates setting of CSA
cement at 5 °C significantly, but it accelerates setting at
20 °C and 40 °C. The strengths development of mortars
is inhibited by anhydrite at lower curing temperature,
while it is favored at 40 °C, especially for later-age
strength.

(2) Elevated temperature promotes early hydration promi-
nently, resulting in a more intense heat evolution pro-
cess for CSA cement pastes and thus a higher rate of
heat evolution. Even for the neat CSA clinker paste,
the induction period is shortened from 1.5 h to few
minutes.

(3) Elevated temperature contributes to a higher amount of
AH; and AFt in CSA cement pastes, and it also favors
the formation of AFm. The 1d- compressive strength of
CSA cement has a good agreement with the AFt forma-
tion amount. Specimen with 20% anhydrite generates
the highest amount of AFt at 40 °C and exhibits the
highest 1d- strength.

(4) Comparing the behavior of anhydrite-containing CSA
cement to that of neat CSA clinker, the results suggest
that anhydrite dosage would normally raise concerns
in construction processes when considering climate
temperature. At high temperature environment, CSA
cement prepared with higher anhydrite content is more
suitable.
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