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Six calcium sulfoaluminate-based cementitious systems composed of calcium sulfoaluminate, calcite, vaterite, and
gypsum were cured as pastes and mortars for 1, 7, 28 and 84 days. Pastes were analyzed with X-ray diffraction,
thermogravimetric and differential thermal analyses. Mortars were tested for compressive strength, dimensional
stability and setting time. Furthermore, pastes with a water/cementitious material mass ratio of 0.80 were tested
for heat evolution during the first 48 h by means of isothermal conduction calorimetry.
It has been found that: (1) both calcite and vaterite reactedwithmonosulfoaluminate to givemonocarboaluminate
and ettringite, with vaterite being more reactive; (2) gypsum lowered the reactivity of both carbonates;
(3) expansionwas reducedby calcite and vaterite, irrespective of the presence of gypsum; and (4) both carbonates
increased compressive strength in the absence of gypsumanddecreased compressive strength less in the presence
of gypsum, with vaterite's action more effective than that of calcite.
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1. Introduction

Calciumsulfoaluminate (Ye'elimite)wasfirst synthesizedbyRagozina
in 1957 [1], and its composition was first correctly identified as 3CaO·
3Al2O3·CaSO4 by Fukuda in 1961 [2]. Ye'elimite bearing cement, calcium
sulfoaluminate (CSA) cement, was first developed by Alexander Klein in
the 1960s [3,4]; consequently, Ye'elimite is often called Klein's compound.
CSA cements have been used in China for approximately 40 years where
they are referred to as the “third cement series” with Portland cement
(PC) and calcium aluminate cements being the first and second cement
series respectively [5–7]. Interest in CSA cements waned in Europe and
America after their initial development; however, the industry and the
research community have a renewed interest in CSA cement due to its
many potential environmental and technical benefits.

CSA cement has four major environmental benefits. (1) Ye'elimite
has one of the lowest CaO contents of all the major clinker phases,
decreasing the amount of CO2 released during the calcination of
limestone [8]. For instance, compare 3CaO·3Al2O3·CaSO4 (36.7%) to
3CaO·SiO2 (73.7%). (2) CSA clinker can be manufactured at about 150 °C
lower than PC clinker, which reduces the amount of fuel necessary in
the kiln [9]. (3) CSA clinker is more friable than PC clinker, lowering
the energy required to grind [9]. (4) CSA cement can be manufactured
from a wide range of industrial by-products including: fly ash, flue gas
desulfurization sludge, fluidized bed ash, blast furnace slag, phospho-
gypsum, incinerated municipal waste, red mud, and anodization muds
[10–18].
CSA cements can be manufactured with a variety of properties
including: high early strength, rapid setting, shrinkage compensating,
or self stressing [19–22]. CSA clinker can also be blended with PC to
make TypeK cement,which is expansive. The degree of expansion induced
by CSA cement can be controlled by varying the 3CaO·3Al2O3·CaSO4

content, amount of calcium sulfate added, the particle size distribution,
lime content, and thewater to cement ratio (w/c) [9,23–25]. By varying
cement phase proportions and the concrete mix proportions a wide
range of properties can be developed including: self stressing, shrinkage
compensating, non-expansive, rapid setting, and high early strength
[4,9,23–30].

Ye'elimite reacts in thepresence ofwater to formmonosulfoaluminate
and aluminumhydroxide (Eq. (1)). In the presence of gypsum, Ye'elimite
hydrates to form ettringite and aluminum hydroxide (Eq. (2)). Calcium
hydroxide accelerates the hydration of Ye'elimite and produces a
sulfate/hydroxy solid solution AFm phase at early ages and ettringite
at later ages (Eq. (3)) [31,32].

3CaO � 3Al2O3 � CaSO4 þ 18H2O→
3CaO � Al2O3 � CaSO4 � 12H2Oþ 4Al OHð Þ3

ð1Þ

3CaO � 3Al2O3 � CaSO4 þ 2CaSO4 þ 34H2O→
3CaO � Al2O3 � 3CaSO4 � 32H2Oþ 4Al OHð Þ3

ð2Þ

3CaO � 3Al2O3 � CaSO4 þ 8CaSO4 þ 6Ca OHð Þ2 þ 34H2O→
3 3CaO � Al2O3 � 3CaSO4 � 32H2Oð Þ

ð3Þ
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Portland cement manufacturers have used calcium carbonate
(limestone, principally calcite) as filler for decades. Limestone filler
reduces the cost, energy demands, and CO2 emissions associated with
cement production. Additionally, fine calcite benefits the cement in
manyways, such as increasing early age strength byproviding nucleation
sites, reacting with calcium aluminates to form monocarboaluminate,
and stabilizing ettringite by favoring the formationofmonocarboaluminate
instead of monosulfoaluminate [33–38].

Calcite has also been shown to affect CSA cement (63% 3CaO·3Al2O3·
CaSO4, 8% CaO·Al2O3, 3% CaO·2Al2O3, 18% 2CaO·Al2O3·SiO2) hydration
and property development in many ways [38]. Fine calcite additions
generally reduce the setting time and enhanced early age heat evolu-
tion in CSA cement. Second, calcite promotes the formation of
hemicarboaluminate andmonocarboaluminateovermonosulfoaluminate.
Finally, calcite additions to CSA cement promote higher compressive
strengths at later ages compared to quartz additions, which can be
attributed to the calcium carbonate reacting and reducing the porosity.

Previous research used a CSA cement with a mixed phase assem-
blage [38]. The present study utilized a pure Ye'elimite clinker to simpli-
fy the system and further elucidate the chemical reactions that occur.
Additionally, the current work sought to enhance the reactivity of calci-
um carbonate with Ye'elimite, both in the presence and the absence of
gypsum, by testing vaterite aswell as calcite replacements of Ye'elimite.
Vaterite is a less stable formof calcium carbonate in ambient conditions;
consequently, we hypothesized that it would be more reactive with
Ye'elimite. Recently, the ability to produce vaterite by combining a
waste source of calcium with the CO2 exhaust from power plants has
been developed on a commercial scale, so research studying vaterite's
incorporation into cementitious systems is now of interest to both
academia and industry [39]. In principle, this technology could be
adapted to capture the CO2 from a cement kiln and produce vaterite
on site, which could potentially improve cement production's
sustainability. The chemical reactions were monitored with X-ray
diffraction (XRD) and thermal gravimetric analysis (TGA). Dimen-
sional stability and compressive strength were tested on mortars to
understand how the chemical reactions affected the mechanical
properties.
2. Materials and methods

2.1. Materials

Ye'elimite (3CaO·3Al2O3·CaSO4) was synthesized from analytical
grade chemicals, namely alumina, calcium carbonate, and calcium
sulfate dihydrate which were homogenized in a laboratory mixer. The
three compounds were proportioned assuming that (i) CaO, Al2O3 and
CaSO4 react to give only 3CaO·3Al2O3·CaSO4 and (ii) solid solution
effects were absent. The Ye'elimite-generating mixture was heated in
an electric oven for 3 h at 1250 °C; the burnt product was then analyzed
using X-ray diffraction (XRD) to study the reacting system behavior
in terms of conversion and selectivity toward 3CaO·3Al2O3·CaSO4.
XRD results revealed only the presence of Ye'elimite, while reagents
and/or secondary phases were absent. The Ye'elimite was then
further ground in an alumina shatter box until it passed a 45 μm
sieve. XRD also confirmed the calcite (EMD) and gypsum (J.T. Baker)
to be pure, and the vaterite (Calera) was found to be 92% vaterite and
8% calcite.

The particle size distributions of all reagents used to produce pastes
andmortars weremeasured in an isopropyl alcohol suspension using
a Horiba Partica LA-950® Laser Diffraction Particle Size Distribution
Analyzer. Refractive indices of 1.378, 1.525, 1.580, 1.580, and 1.568
were utilized for isopropyl alcohol, gypsum, calcite, vaterite, and
Ye'elimite, respectively [40]. The ground Ye'elimite had a D50 and D90

of 4.1 and 13.5 μm, respectively. Gypsum, calcite, and vaterite had D50

of 14.6, 4.5, and 2.0 μm, respectively.
2.2. Methods

The study utilized sixmixes proportioned byweightwhere themass
of Ye'elimite was replaced by percentages of gypsum and calcite or
vaterite. A naming convention was adopted to quickly identify each
sample where C4A3$ was followed by the first letter of the reagent
replacement and itsmass percent replacement. For instance, the sample
C4A3$ would be 100% Ye'elimite, and the sample C4A3$_G15_C10
would be 75% Ye'elimite, 15% gypsum, and 10% calcite, respectively.
The six reagent proportions used in the study were C4A3$, C4A3
$_C10, C4A3$_V10, C4A3$_G15, C4A3$_G15_C10, and C4A3$_G15_V10.

Mortar specimens were made using a sand to cementitious material
ratio of 2.75 and a water to cementitious material ratio (w/c) of 0.5.
Mortars weremixed by hand in a polyethylene cupwith ametal spatula
for 1.5 min on a vibration table. The sand and reagents were premixed
to better ensure homogeneity. The mortars were placed into molds
in two lifts and tamped with a 2 × 6 mm cross section tamper, then
vibrated for 15 s. After molding, the samples were covered with plas-
tic film and placed in a room at 23 °C and 100% R.H. After 24 h, the
samples were demolded. For compression tests, the mortar cubes
(1.27 cm) were stored at 23 °C and 100% R.H. with a bell shaped
dome over them to minimize dripping on the samples and a 1.2 cm
plastic grid under them to ensure constant humidity. Ten mortar
cubes per mix per target testing date were compressed utilizing a
loading rate of 0.34 MPa/s. Compression tests were conducted at 1, 7,
28, and 84 days of hydration. For dimensional stability tests, mortar
bars (1 × 1 × 4 cm) were cast simultaneously with the mortar cubes
and were prepared utilizing the same procedure. The mortar bars
were cast with threaded bars in their ends, so a comparator could be
utilized to measure their length change with time. The comparator
setup utilized was similar to that used for ASTM C 1293 but had modi-
fied ends to accommodate the small threaded rods of the 4 cm long
mortar bars. Three mortar bars were prepared for each mix. After 24 h
of hydration, the mortar bars were demolded, initial length measure-
ments were taken, and the bars were stored in 50 ml of deionized
water in sealed glass jars until subsequent measurements. For set
time, the same mortar compositions used in the compression and
dimensional stability tests were tested using a modified version of
ASTM C 807 [41]. The initial set was taken to be a 10 mm penetration
of the needle and the final set was considered to be when the needle
no longer left an impression on the mortar surface.

Paste samples for the sixmixes were prepared using aw/c of 0.5 and
were kept sealed in Eppendorf vials. Reagents were premixed dry and
then mixed with water for 1 min in the vial using a metal spatula.
After 1 day, 1 ml of water was placed on top of the samples and then
the samples were resealed. This was done to ensure adequate water
was available for hydration. Hydration was stopped at 1, 7, 28 and
84 days by grinding in an excess of acetone. The acetone was then
removed by vacuum. XRD patterns were collected on a PANalytical
X'Pert PRO with X'Celerator® position sensitive detector operating at
40 kV with 40 mA using a cobalt target (Co Kα wavelength 1.79 Å)
and an iron filter. Scans were collected from 5 to 75° 2θ at a 0.6°/min
scan rate. XRD results were quantified using the software X'Pert
HighScore Plus©. The scale factors, sample displacement, 2θ shift, and
cell parameters were refined for quantification. The crystallographic
information files utilized for calcite, ettringite, gibbsite, gypsum,
monocarboaluminate, monosulfoaluminate, Ye'elimite, and vaterite
were ICSD 18166, 16045, 6162, 151692, 59327, 100138, 80361, and
AMCSD 9279. The pastes were also studied with thermogravimetric
(TGA) and differential thermal analysis (DTA) from 30 to 1000 °C at a
heating rate of 20 °C/min.

Paste samples were tested for heat evolution using an isothermal
conduction calorimeter (Thermometric TAMAir®). Four grams of solids
and a w/c of 0.8 were utilized to provide an ample signal. Before mixing
30 min. baselines were collected (b10 μW/sample). The reagents were
dry mixed, then mixed for 2 min externally. A larger sample mass, a
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Fig. 1. Rate of heat evolution for Ye'elimite with varying replacements.
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w/c of 0.8, and external mixing were utilized because internal mixing
with 2 g of solids and a w/c of 1 was giving inconsistent results which
we believe arose from some difficulties in getting the vaterite to
disperse homogenously and not settle with internal mixing. Hydration
was evaluated for 48 h at 23 °C.

3. Results and discussion

3.1. Early age hydration

The presence of gypsum, calcite and/or vaterite affected the setting
time of the mortars. Table 1 demonstrates that the inclusion of 15%
gypsum cut the initial set time approximately in half and the final set
time in a third. For all mixes, vaterite reduced the initial set time more
than calcite did. This is most probably due to vaterite's smaller particle
size compared to calcite; vaterite and calcite's D50 are 2.0 and 4.5 μm,
respectively. In the mixes without gypsum, calcite and vaterite delayed
the final set; whereas, in the mixes with gypsum, calcite and vaterite
accelerated the final set. This would suggest that calcite and vaterite
act as better nucleation sites for ettringite than monosulfoaluminate.
Both with and without gypsum, the final setting times for the mixes
with calcite were slightly lower than those for the mixes with vaterite,
which is a reversal from the initial set trend.

Isothermal conduction calorimetry (Fig. 1) showed that calcium
carbonates caused the maximal rate of heat evolution to occur earlier
than for the mixes without calcium carbonates, which is consistent
with prior research [38]. Vaterite had a stronger effect than calcite,
and this acceleratory effect on heat evolution was more pronounced
in themixeswithout gypsum. This is consistentwith calcium carbonates
reducing the initial setting times.

3.2. Mechanical properties

At 1 day, including15% gypsum in themix significantly increased the
compressive strength of themortars bothwith andwithout calciumcar-
bonates (Table 2). A 10% replacement of Ye'elimite with calcite or
vaterite increased the 1 day strength of themortars containing gypsum.
Vaterite had a more pronounced effect on the 1 day compressive
strength than calcite, which can most likely be attributed to vaterite's
smaller particle size making it a better nucleation site. The mortars
without gypsum experienced decreases in 1 day strength with calcite
and vaterite replacements; the decrease was less pronounced for
C4A3$_V10 than for C4A3$_C10. Calciumcarbonate additions increasing
the strength of the mortars containing gypsum and decreasing the
strength of the mortars without gypsum is consistent with the set
time results and again would suggest that calcium carbonate acts as a
better nucleation site for ettringite than monosulfoaluminate. At 1 day,
C4A3$ achieved itsmaximumstrength; however, C4A3$_V10 continued
to gain strength through 28 days then lost 7% of its strength at 84 days.
Additionally, C4A3$_C10 had a slower rate of strength gain than C4A3
$_V10 and continued to gain strength through 84 days. C4A3$_V10
achieved its maximum strength of 45 MPa at 28 days, and C4A3$_C10
achieved its maximum strength of 46 MPa at 84 days. The timing of
these maximal strengths will be further explained by XRD and DTA
later. For the mixes with gypsum, the discussion turns from increases
in strength to reductions in compressive strength losses. All mixes
Table 1
Set times for Ye'elimite with varying replacements.

Sample Initial set (min) Final set (min)

C4A3$ 34 126
C4A3$_C10 29 148
C4A3$_V10 25 150
C4A3$_G15 18 42
C4A3$_G15_C10 14 34
C4A3$_G15_V10 13 37
with gypsum lost strength after 1 day. Between 1 and 84 days, C4A3
$_G15, C4A3$_G15_C10, and C4A3$_G15_V10 lost 37, 20, and 13% of
their strengths, respectively. The differences in strength losses can in
part be explained by the results of the dimensional stability tests.

Ye'elimite replacements with 10% calcium carbonates reduced the
amount of expansion through 84 days in both themixes with andwith-
out gypsum (Fig. 2). For C4A3$_G15_C10 and C4A3$_G15_V10, the
expansion was reduced approximately six fold compared to C4A3$_G15.
C4A3$_G15 expanded significantly more than C4A3$, which is consistent
with prior research that shows expansion in CSA cements generally
increases with increasing calcium sulfate contents [9,23,42]. However, it
is interesting to note that the pure Ye'elimitemortarwithout any gypsum
or calciumcarbonates expanded0.9% by 84 days of hydration. XRD results
(Table 3) will later show that this mortar would contain little ettringite,
which is the phase normally assigned blame for deleterious expansion.
The expansion of a Ye'elimite mortar without additional ettringite pro-
duction or without any of the fine/“colloidal” ettringite found during hy-
dration in the presence of hydroxides [43], strongly supports the confined
volumetric expansion theory of expansion for CSA cements [44,45]; how-
ever, the ability for AFm and AFt phases to accommodate variable water
contents could certainly play a role in expansion due to the uptake of ex-
ternally supplied water resulting in a volume increase. In section 9 of
“Stress from crystallization of salt,” Scherer [45] explains how the contin-
ued reaction of an anhydrous clinker core that is confined by hydration
products could result in localized volume increases and cracking. When
aggregated, these micro-volume changes would result in macro-dimen-
sion changes. We term this method of expansion confined volumetric
expansion to dissociate from the historical term of “crystal growth” ex-
pansionwhich can also be used to describe the pressures and expansion
developed by crystals growing in small pores [45].

3.3. Chemical reactions

Fig. 3 shows a highlighted region of the XRD plots showing the
monosulfoaluminate reduction and ettringite andmonocarboaluminate
production for C4A3$_C10 andC4A3$_V10with time. Likewise from the
figure it is clear that the kinetics of themonocarboaluminate producing
reaction was faster for vaterite than that for calcite. Table 3 provides a
summary of the quantitative XRD results. All pastes contain anhydrous
Ye'elmite at 1 day, which is necessary for the confined volumetric
expansion theory. Additionally, the pastes containing gypsum retain it
through 7 days of hydration. Although stoichiometrically the gypsum
should have been consumed before 7 days, it most probably persists
due to the system becoming diffusion limited. As expected in the pastes
without gypsum, Ye'elimite initially reacts to formmonosulfoaluminate



Table 2
Compressive strength development of mortar cubes with time. Standard deviation is given in parenthesis.

Time (days) C4A3$ strength
(MPa)

C4A3$_C10 strength
(MPa)

C4A3$_V10 strength
(MPa)

C4A3$_G15 strength
(MPa)

C4A3$_G15_C10 strength
(MPa)

C4A3$_G15_V10 strength
(MPa)

1 41 (1) 33 (5) 38 (5) 52 (5) 55 (4) 60 (8)
7 39 (5) 39 (5) 39 (5) 49 (6) 47 (7) 51 (9)
28 40 (1) 41 (5) 45 (5) 39 (3) 46 (3) 49 (6)
84 40 (5) 46 (5) 42 (4) 33 (2) 44 (5) 52 (4)
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and in the pastes with gypsum, it reacts with gypsum to form ettringite
(AFt). The solubility of calcium carbonates is too low to take part signif-
icantly in the early age hydration reactions. By 28 days, C4A3$_V10 had
reacted 74% of its vaterite and 97% of its monosulfoaluminate to form
monocarboaluminate (AFm-CO3) and ettringite, according to Eq. (4).

3 3CaO � Al2O3 � CaSO4 � 12H20ð Þ þ 2CaCO3 þ 18H2O→
2 3CaO � Al2O3 � CaCO3 � 11H2Oð Þ þ 3CaO � Al2O3 � 3CaSO4 � 32H2O ð4Þ
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Fig. 2. Dimensional stability of Ye'elimite with varying replacements.

Table 3
Quantitative XRD of crystalline paste components.

Paste Day Ye'el. Gyp. Calc. Vater. AFt AFm AFm-CO3 Gibbs.

C4A3$ 1 28 n/a n/a n/a 10 51 0 12
C4A3$ 7 16 n/a n/a n/a 10 59 0 15
C4A3$ 28 4 n/a n/a n/a 8 71 0 17
C4A3$ 84 3 n/a n/a n/a 9 73 0 15
C4A3$_C10 1 19 n/a 12 n/a 10 48 0 11
C4A3$_C10 7 11 n/a 13 n/a 8 52 3 13
C4A3$_C10 28 4 n/a 11 n/a 16 46 9 14
C4A3$_C10 84 4 n/a 6 n/a 44 9 27 10
C4A3$_V10 1 19 n/a 1 11 9 49 0 12
C4A3$_V10 7 12 n/a 1 11 11 47 4 14
C4A3$_V10 28 8 n/a 1 3 44 1 30 12
C4A3$_V10 84 4 n/a 0 2 47 1 38 8
C4A3$_G15 1 31 4 n/a n/a 54 4 0 7
C4A3$_G15 7 25 3 n/a n/a 57 7 0 7
C4A3$_G15 28 8 0 n/a n/a 61 17 0 14
C4A3$_G15 84 2 0 n/a n/a 64 22 0 12
C4A3$_G15_C10 1 22 3 11 n/a 55 4 0 5
C4A3$_G15_C10 7 18 2 11 n/a 54 6 2 7
C4A3$_G15_C10 28 5 0 10 n/a 66 2 7 10
C4A3$_G15_C10 84 3 0 8 n/a 67 1 13 8
C4A3$_G15_V10 1 27 4 0 8 54 2 0 5
C4A3$_G15_V10 7 21 3 0 9 53 3 4 7
C4A3$_G15_V10 28 6 0 1 6 65 2 13 8
C4A3$_G15_V10 84 2 0 1 5 67 1 17 8

Note: XRD patterns include amorphousmaterial (mainly Al(OH)3) and contributions from
AFm phases with variable d-spacings due to variable interlayer molecules/ions which are
not quantified.
Calcite is a more stable and less soluble form of calcium carbonate
than vaterite; hence, it would be expected to react slower with the
monosulfoaluminate to formmonocarboaluminate, and this is evidenced
by C4A3$_C10 forming monocarboaluminate at a slower rate than
C4A3$_V10. Additionally, the vaterite utilized in this study had a smaller
average particle size and consequently a higher surface area than the
calcite utilized, which would also contribute to the enhanced carbonate
reactivity. Likewise, C4A3$_C10's slower rate of monocarboaluminate
and ettringite formation corresponded to its slower rate of strength
gain. It is interesting that although all themixeswith calcium carbonates
produced significant quantities of ettringite, they expanded less than the
mixes without calcium carbonate additions that produced much less
ettringite over the same time periods. Gypsum in the pastes led to
ettringite formation and reduced the amount of monosulfoaluminate
formed, thus gypsum reduced the ability of the pastes are reacting the
calcium carbonate and form monocarboaluminate.

Thermal analysis confirms the trends established by XRD. The DTA
results (Fig. 4) show that at 7 days of hydration the hydrated phases
for C4A3$, C4A3$_C10 and C4A3$_V10 were monosulfoaluminate
and aluminum hydroxide, and calcium carbonate was still mainly
unreacted. At 28 days of hydration, C4A3$_V10 had reacted more of
its calcium carbonate and monosulfoaluminate and produced more
ettringite and monocarboaluminate than C4A3$_C10. Finally, the ab-
sence of hemicarboaluminate in all samples can probably be attribut-
ed to the low hydroxide concentration present in our system.
4. Conclusions

In Ye'elmite pastes, the reaction of calcium carbonate with mono-
sulfoaluminate to produce monocarboaluminate and ettringite was
successfully demonstrated. The reaction was approximately three
times faster for vaterite than that for calcite because of vaterite's lower
stability, higher solubility, and higher surface area. Vaterite and calcite
showed a significant reaction by 28 and 84 days, respectively. Gypsum
promoted the early age formation of ettringite at the expense of
monosulfoaluminate, limiting calcium carbonate's ability to react.
Fig. 3. XRD results highlighting monocarboaluminate and ettringite formation with time
for mixes without gypsum.



Fig. 4. DTA results for specimens without gypsum at 7 and 28 days.
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Vaterite and calcite also benefited themortar'smechanical properties.
In themortarswithout gypsum, both calcium carbonates reducedmortar
expansion and increased the mortar's compressive strength. The timing
of the increase in strength corresponded to when the calcium carbonate
reacted. In the samples with gypsum, both calcium carbonates reduced
expansion and decreased the strength loss rate related to expansion.
Vaterite was more effective than calcite in mitigating the compressive
strength loss. The mortar without gypsum or calcium carbonate also
expanded significantly despite a low ettringite content (~5%). This
strongly supports the confined volumetric expansion theory where an
anhydrous Ye'elimite core (i) continues to react with water after being
surrounded by a confining matrix causing localized volume increases
and (ii) promotes a macro-expansion.
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