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Abstract

Ternesite is an intermediate phase formed during clinkering of calcium sulfoaluminate (CSA) cement. This paper presents
an experimental study on the feasibility of using ternesite as an additive of CSA cement in order to improve cement
properties. Properties including setting time, mechanical strength, dimensional stability and hydration kinetics are
investigated. The results indicated that the incorporation of ternesite can decrease the setting times and the strength
development at early ages. The hydration of ternesite at later ages can increase the strength after 28 days of hydration, and
5% of ternesite is most favorable. The use of ternesite as an additive in CSA cement is harmless to the volume stability.
The addition of ye’elimite to the pure ternesite promotes the hydration of ternesite and the formation of ettringite. XRD
results show that the addition of ternesite can promote the formation of ettringite at later ages.
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Introduction

Due to increasing pressure to reduce CO, emissions during
cement production, industries worldwide are focusing on
alternative approaches for the production of more envi-
ronmental friendly cement. A promising low-CO, alterna-
tive is the production of calcium sulfoaluminate (CSA)
cement. A typical CSA cement consists of predominantly
ye’elimite (calcium sulfoaluminate), belite and smaller
amount of aluminoferrite. CSA cement is obtained by
burning raw materials like limestone, bauxite and gypsum
within a temperature range of 1250-1350 °C. This is 100
up to 200 °C lower than Portland cement (PC) production,
and thus, the energy input requirement is lower [1].
Compared to alite and belite, calcium sulfoaluminate
contains lower CaO, which results in a clear reduction in
CO, emissions during the calcinations of limestone in
cement kilns. In contrast to Portland cement, CSA cement
exhibits superior features including high early strength,
rapid setting, shrinkage compensating and self-stressing,
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which are attributed to the fast hydration rate of ye’elimite
and the ettringite formation [2]. The main uses of CSA
cement are for quick repairs and precast products [3].

Ternesite (C5S2S) is an intermediate phase formed
during the burning process of CSA cement clinkers. Ter-
nesite is a calcium sulfosilicate, formed in the reaction
between belite and anhydrite. The formation of ternesite is
strongly affected by firing temperature. Previous investi-
gations on systems containing CaO, SiO,, Al,O; and
CaSO, found that ternesite is stable in the temperature
range between 900 and 1200 °C [4, 5]. Hou et al. showed
that the formation temperature of ternesite is in the range
1100-1200 °C and it will decompose to belite and anhy-
drite when the temperature is higher than 1200 °C [6].
Wang et al. studied the high-temperature reactions during
clinkering of CSA cement clinkers [7]. The results showed
that at 1150-1250 °C, belite reacts with anhydrite to form
ternesite, which decomposes to the above two components
at temperatures above 1250 °C. Therefore, ternesite does
not form in traditional CSA cement clinkers. Additionally,
the formation of ternesite was observed to be linked to the
SO5-to-(Al,O3 + Fe,03) ratio [8]. The increase in the SO3
content in the raw meal leads to the replacement of large
amounts of C,S by ternesite at temperatures of below
1250 °C.
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Ternesite has traditionally been regarded as hydrauli-
cally inactive and of no technological interest [9, 10].
Sherman et al. showed that the reactivity degree of pure
ternesite at 7 days and 2 years is only 3% and 12%,
respectively [9]. Therefore, ternesite was generally identi-
fied as unwanted phase in CSA cement clinkers. In con-
trast, recent studies have shown that ternesite is a reactive
phase when part of belite calcium sulfoaluminate ferrite
clinkers and it is more reactive than belite [8]. The work of
Shen et al. [11] has focused on the production of belite
sulfoaluminate-ternesite clinker based on two successive
firing steps. They found that the presence of large amount
of ternesite can increase the strength after 56 days of
hardening. The results also showed that the ettringite for-
mation for the clinker containing ternesite mainly depends
on the dissolution of gypsum originating from the hydra-
tion of ternesite. The hydraulic reactivity of ternesite can
be ascribed to the aluminum released during the hydration
of ye’elimite [12]. In the presence of reactive aluminum
sources (calcium sulfoaluminate), the pore solution is
undersaturated with respect to Ca, S and Si ions, and thus,
the undersaturation promotes the dissolution of ternesite
[8]. It was found that the dissolution of ternesite is
accompanied with the release of a highly reactive calcium
silicate phase that consumes Al(OH); to form stritlingite.
Further dissolution of ternesite increases the calcium and
sulfate concentration followed by Al(OH); consumption,
and ettringite starts to precipitate [12]. Consequently, these
hydration products actively contribute to the mechanical
strength and durability.

This work aims at giving new insight into the influence
of ternesite on the hydration kinetics and mechanical
properties of CSA cement. Additionally, the effect of cal-
cium sulfoaluminate on the hydration behavior of the
synthetic ternesite was also discussed to better understand
the activation of calcium sulfoaluminate on the reactivity
of ternesite.

Experimental

Raw materials

The commercial CSA cement, industrially produced in
Hebei Province of China, was used in this research. The

chemical composition of CSA cement is given in Table 1.
The main mineralogical compositions determined by the

quantitative XRD Rietveld analysis were ye’elimite
(43.2 mass %), belite (36.6 mass %), anhydrite
(16.0 mass %) and calcite (4.2 mass %). The specific sur-
face are of CSA cement was 370 m> kg~ '. The reagent
grade chemicals used for the synthesis of pure ternesite
were calcium carbonate and calcium sulfate dihydrate.
Silica fume was used as silicon provider, and its chemical
composition is also listed in Table 1. It shows that silica
fume consists primarily of silicon dioxide. The surface area
of silica fume was 21, 000 m? kg_l. The high silica con-
tent and large surface area of silica fume are beneficial to
the synthesis of pure ternesite.

Synthesis of pure ternesite

Pure ternesite was synthesized from stoichiometric
amounts of calcium carbonate, calcium sulfate dihydrate
and silica fume. These materials were homogenized and
then pelletized to the size of approximately 20-mm diam-
eter with 10% of water. The pellets were dried at 100 °C
for 24 h and then fired in porcelain crucibles in a Si-Mo
rod resistance furnace according to the protocols shown in
Fig. 1. First, the pellets were fired at 1150 °C for 4 h after
ramping up at a heating rate of 5°C min~' and then
removed from the furnace and rapidly cooled with forced
air. The samples were ground into fine powders and pres-
sed into pellets again. A second firing cycle, which is the
same as the first firing, was carried out to enhance the
formation of ternesite and followed by forced air cooling.
The samples so prepared were ball milled to a Blaine
fineness of about 320 m* kg~'.

Testing methods

For the study of ternesite as an additive in CSA cement,
combinations were prepared at varying ternesite contents,
i.e., CSA/ternesite: 100/0, 95/5, 90/10 and 85/15. The
setting times of the pastes were determined according to
Chinese standard GB/T 1346-2001. The w/c ratio used for
setting time was 0.3. Standard mortars were prepared with
water/cement/sand ratio of 0.5/1/3 and mechanically
homogenized according to Chinese standard GB/T 17,671-
1999. Prismatic samples (40 mm x 40 mm x 160 mm)
were cast and cured at 20 £ 1 °C and 95% relative
humidity during 24 h. Then, the samples were demolded
and cured in water at 20 £ 1 °C until measurements were
performed. Compressive strengths were measured at 3, 7,

Table 1 Chemical composition

of raw materials/% Oxide CaO SIOZ A1203 F6203 MgO NaZO K20 SO3 LOI
CSA cement 45.43 13.07 19.24 1.64 2.47 0.14 0.31 14.31 1.75
Silica fume 0.47 93.22 0.63 0.23 0.29 0.02 0.21 0.70 3.57
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Fig. 1 Temperature profiles for the synthesis of ternesite

28, 56 and 90 days, and the reported values are the average
of six samples. Dimensional stability was tested by mea-
suring length changes of 25 mm x 25 mm x 280 mm
mortar prisms. The composition of the mortars was the
same as that of prismatic mortars. After 24 h of moist
curing at 20 = 1 °C, the mortar bars were demolded, and
the initial lengths were taken. The specimens were subse-
quently cured in air and water, respectively, to the desired
testing age for the measurement of the shrinkage/expansion
ratio.

In order to characterize the hydration process, the
hydration heat release of pastes was monitored by means of
isothermal heat conduction calorimetry using a TAM air
calorimeter. The heat flow was collected within the first
25 h at a temperature of 20 °C and an atmosphere of air.
The cement pastes (water/cement ratio of 0.5) were mixed
before testing.

Cement pastes for studies of hydration products were
prepared with a constant water-to-cement ratio (w/c) of 0.4.
The hydration samples were collected from the middle
sections of the paste specimens. The samples at different
curing ages were stopped by immerging into absolute
alcohol for 48 h. Finally, the samples were dried in a
vacuum chamber and ground to pass through a 80-pum sieve
prior to analysis.

The mineral phases were identified using the X-ray
diffraction (XRD) method. The XRD patterns were recor-
ded on a Bruker D8 Advance X-ray diffractometer with Cu
Ko radiation. The X-ray diffraction instrument was oper-
ated under 40 kV and 40 mA. The quantitative analysis of
minerals was conducted using Rietveld refinement per-
formed with TOPAS 4.2 software. Scanning electron
microscopy (SEM) was used to examine the microstructure
and morphology of hydration products. A gold coating was
applied onto the surface of the samples to promote elec-
trical conductivity.

Results and discussion
Synthesis of ternesite

The XRD pattern of the synthetic ternesite is shown in
Fig. 2. The characteristic peaks of ternesite are clearly
identified, while belite and anhydrite are observed as minor
phases. Free lime is not detected, revealing that the
1150 °C firing temperature is sufficient for mineral for-
mation. Ternesite is an intermediate phase generally pre-
sent at temperatures between 1100 and 1250 °C during the
crystallization of belite in CSA cements [8, 13, 14]. The
result of Rietveld analysis shows that the ternesite content
in the final product reaches approximately 92%, which is
higher than that synthesized at 1200 °C for 8 h by
Shen et al. [11]. As a result, applying the second firing
process is more effective in the preparation of high-purity
ternesite. Although small amounts of belite and anhydrite
are found, their presence can be negligible when the syn-
thesized ternesite is added as an additive in CSA cements.

Heat development

The heat evolution of CSA cements with increasing
amounts of ternesite contents is illustrated in Fig. 3. The
presence of ternesite results in different heat flow at a given
time. The heat release during the initial period is mainly
assigned to the wetting of the system, the dissolution of
ye’elimite and the initial precipitation of hydrates (AFm/
AFt and AHj3) [15-19]. It can be seen in Fig. 3a that the
cements containing ternesite have higher heat flow than the
reference cement but the maxima of cement with 10% and
15% ternesite shifts to later times. After a period of dor-
mancy, the first hydration peak of pure cement occurs at
about 5 h, while the cement with 5% ternesite shows much
weaker heat peak at 12 h. This peak is associated with the

1 Ternesite
2 Anhydrite
3 Belite

2-0/°

Fig. 2 XRD pattern of the synthesized ternesite
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Fig. 3 Hydration heat evolution of CSA/ternesite combinations
hydration reaction of ye’elimite with calcium sulfate to 140
form ettringite and AH; [20, 21]. However, no hydration 22 0%
peak is visible in the differential calorimetric curve for 1201 N\ 5%
O,
cements containing 10% and 15% ternesite. The second 1004 10%
heat peak is only detected in the reference cement at about
12 h, and the heat release is mainly due to the precipitation E 80 -
of monosulfate occurring as a result of further rapid dis- >
solution of ye’elimite and sulfate depletion [22]. The E 60
results indicate that the incorporation of ternesite inhibits
the early hydration of CSA cement. As can be seen from 401
the total heat output of CSA/ternesite mixtures shown in 20-
Fig. 3b, the cumulative heat flow values increases up to 6 h /
with the increase in the amount of ternesite. After this 04 7N 7\ ||

period of time, cement containing ternesite displays lower
values of cumulative heat flow than the reference cement.

Setting time

The setting times of the cement paste are defined as the
initiation of the solidification and subsequent hardening,
which are mainly related to the rapid hydration reaction of
calcium sulfate and calcium sulfoaluminate as well as the
precipitation of hydrates (AFt, and/or AFm, AH3) [23, 24].
The initial and final setting times of CSA cements with the
addition of ternesite are shown in Fig. 4. Generally, the
initial setting of CSA cements occurs at the beginning of
the accelerating heat pattern period, and the final setting
times occurs before the corresponding heat output maxima
[1]. The incorporation of ternesite has a considerable effect
on setting times. Compared with the blank sample, the
presence of ternesite causes a significant reduction in the
setting times. It is apparent that the setting times become
slightly longer with the increase in ternesite content. These
phenomena are consistent with the previously discussed
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Fig. 4 Setting times of CSA cement with different dosages of
ternesite

results on the calorimetric curves and the cumulative heats
of CSA/ternesite combinations (Fig. 3). It can be seen that
the initial heat flows in CSA/ternesite combinations are
higher than that of pure CSA cement. Consequently, the
setting times of CSA cement are shortened.

Compressive strength

Figure 4 displays the effect of ternesite on the compressive
strengths development of CSA cement over 90 d. As
illustrated in Fig. 5, the addition of ternesite decreases the
compressive strength at early ages, especially when ter-
nesite content increases to 15%, which should be attributed
to the decreased CSA cement content. The early strengths
of CSA cements develop quickly mainly due to ettringite
formed during the hydration of calcium sulfoaluminate
[25, 26]. After 28 days of hardening, the compressive
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Fig. 5 Compressive strength of CSA cements with dosages of
ternesite varying from 0 to 15%

strengths of the cement with 5% ternesite exhibit a sig-
nificant increase and exceed that of the pure CSA cement.
Although the compressive strength of the cement with 10%
ternesite is slightly lower than that of the reference mortar
over 56 d, a higher strength is attained at 90 d. However,
15% of ternesite remarkably decreases the compressive
strength of CSA cements. The result indicates that 5% of
ternesite is most favorable for the later strength develop-
ment of CSA cements. This may be related to the hydration
of ternesite. Ternesite is often considered to decrease the
setting rate of CSA cement, potentially acting as an inert
phase with very low reactivity degree [9, 27-29]. However,
ternesite can be activated by the aluminum released during
ye’elimite hydration and is more reactive than belite
[11, 30, 31]. The formation of cementitious phases from the
hydration of ternesite at later ages contributes to the
mechanical strength of CSA cements. Therefore, ternesite
can be used as a reactive additive in CSA cements.

Dimensional stability

Since ettringite formation in Portland cement is usually
linked to expansion and degradation in forms of sulfate
attack including delayed ettringite formation and external
attack [32], the dimensional stability of CSA cement is also
related to significant ettringite formation after hardening
and needs to be paid attention. The ettringite formation
from the hydration of ternesite may be associated with
expansion of the set mass. Dimensional changes of CSA
cement mortars at varying contents of ternesite are shown
in Fig. 6. When cured in water, the CSA cements with the
addition of ternesite show limited expansion and the linear
expansion ratio is within 4 x 10~*. Moreover, the slight
difference can be observed at early ages. Compared with
the reference cement mortar, the cement mortar with 15%

ternesite exhibits a higher expansion rate, while the spec-
imens with 5% and 10% ternesite replacement to the
cement result in similarly lower expansions after 7 days of
hardening. While cured in air, the addition of ternesite
contributes to lower drying shrinkage. The lowest shrink-
age actually appears for the mortar with 10% ternesite,
while the mortars with 5% and 15% ternesite experience
similarly moderate shrinkage. Though ternesite present in
the hydrating CSA cement may be the source of “delayed
ettringite formation,” the results in this investigation
indicate that ternesite with appropriate content is harmless
to the volume stability of CSA cement.

Hydration products

Ternesite has been also identified as a secondary phase in
CSA clinkers and traditionally been considered as an inert
phase [33, 34]. The previous study of Shen et al. showed
that the hydration of pure ternesite commenced at 90 days
and gypsum was formed as a new crystalline phase [11].
Recent studies have shown that the aluminum released
during ye’elimite hydration has a strong influence on ter-
nesite reactivity, as the dissolution rate of ternesite is
affected by the availability of AI(OH); within the pore
solution [8]. In order to investigate the effect of ye’elimite
on the hydraulic behavior of ternesite, 30% of ye’elimite
was added to the synthesized ternesite. Ye’elimite was
synthesized by firing the stoichiometric mixture of labo-
ratory-grade CaCOj3, Al,O5 and CaSQO, at 1350 °C for 2 h.
The obtained sample was ground to pass through a 80-pm
sieve. The phase purity determined by applying Rietveld
refinement to the XRD pattern was 100% calcium sulfoa-
luminate. The XRD patterns of the hydrated pastes up to
90 days are demonstrated in Fig. 7. The hydration of ter-
nesite is characterized by the formation of ettringite at
28 days, and its amount is progressively increasing by
further ternesite depletion. With hydration proceeding, the
characteristic peak of ye’elimite decreases obviously. The
characteristic peak of gypsum can be found at 56 days but
disappears after 90 days of hydration. This indicates that
the hydration of ternesite in the presence of ye’elimite is
accompanied with the formation of gypsum followed by
Al(OH); consumption, and the precipitation of ettringite is
promoted. Additionally, monosulfate is detected at
90 days. It can be concluded that the hydration reactivity of
ternesite is activated by ye’elimite, which is consistent with
the finding of previous work.

SEM images of the pastes at 90 days of hydration were
also investigated. As shown in Fig. 8, it is clearly revealed
that ettringite-like needles can be detected in 70% terne-
site/30% ye’elimite hydrated system. This confirms that the
addition of ye’elimite stimulates the hydration of ternesite
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Fig. 7 XRD patterns of 70% ternesite with 30% ye’elimite obtained
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and favors the formation of ettringite, which is consistent
with the XRD results.

In order to assess the hydration process, the mineral
compositions of hardened cement pastes were character-
ized by XRD and the patterns are shown in Fig. 9. Anhy-
drite has been almost fully consumed, and there are still
some ye’elimite remains in the paste. Ettringite has formed
as a new crystalline phase in all tested samples. No char-
acteristic peaks of portlandite can be found in the hydration
products. Traces of aluminum hydroxide (AHj3) are not
detectable due to its poor crystallized structure [35]. As can
be seen from Fig. 9a, with the increase in ternesite content,
the diffraction peaks of ye’elimite and ettringite decrease
obviously. This can be ascribed to the dilution produced by

@ Springer

Fig. 8 SEM micrographs of 70% ternesite/30% ye’elimite at 90 days
of hydration (a and b)

the addition of ternesite. After 28 days, the XRD patterns
exhibit some differences from that of 7 days. The presence
of 5% ternesite promotes the formation of ettringite, while
the intensity of ettringite diffraction peaks decreases
obviously for the cements with 10% and 15% ternesite.
This is consistent with the development of strength. Fig-
ure 9c reveals a prominent increase in ettringite formation
after 90 days of hydration. There is no obvious depletion of
belite from 7 d to 90 d. It is interesting to note that gypsum
from the hydration of ternesite is detected when 10% of
ternesite is added. Additionally, the XRD patterns exhibit
no prominent difference from that of 28 days. This indi-
cates that the appropriate addition of ternesite can favor the
formation of ettringite at later ages and the cement dilution
can be compensated by the hydration of ternesite.

SEM images of the cement pastes with ternesite for
7 days and 28 days are shown in Fig. 10. Column-shaped
ettringite crystals can be observed in the cement pastes due
to the hydration reaction of ye’elimite with anhydrite.
From the XRD analysis of hydration products, it is
observed that the hydration of ternesite can promote the



Effect of ternesite on the hydration and properties of calcium sulfoaluminate cement

693

(a) (b)
1 Ettringite 1 Ettringite
2 Ye'elimite 2 Ye'elimite
1 1 3 Belite 3 Belite
11 31 4 Ternesite 4 Ternesite
1 2141 3 1T 4,1 3
15% 11 21401 T3
41 15%
10%
10%
0,
5% JMUVM
3
) 0% JMM
10 20 30 40 50 60 10 20 30 40 50 60
2-9/° 2-6/°
(c

1 Ettringite 2 Ye'elimite
3 Belite
5 Gypsum

4 Ternesite

5 10%
5%
2 1 0%
0 20 s _ 40 5 60

4
2-0/°

Fig. 9 XRD patterns of hydrated CSA cement containing ternesite at a 7 d, b 28 d, ¢ 90 d

Fig. 10 SEM images of pastes for a blank sample at 7 d, b cement
with 5% ternesite at 7 d, ¢ blank sample at 28 d, d cement with 5%
ternesite at 28 d

formation of ettringite and thus the later strength devel-
opment. It can be found that there are no obvious differ-
ences in the ettringite crystal micromorphology between

the cement containing 5% ternesite and the blank sample.
The results show that the addition of ternesite does not
affect the crystallization of ettringite, which is not in
accordance with the previous work [9]. This may be due to
the difference between the addition of ternesite to CSA
cements and the formation of ternesite in CSA clinkers.

Conclusions

This study presents the feasibility of using ternesite as an
additive of calcium sulfoaluminate (CSA) cements, tar-
geting at improving cement performance. The study aims
to characterize the activation of calcium sulfoaluminate on
the reactivity of ternesite, following the setting time,
mechanical strength, dimensional stability and hydration
kinetics of cements containing ternesite. The following
conclusions can be drawn from this investigation:

1. The incorporation of ternesite shortens the initial and
final setting times of CSA cements, but increasing the
substitution amount of ternesite is able to slightly
prolong the setting times.
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