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Abstract: The influence of temperature on the early hydration of belite-calcium sulfoaluminate
cements with two different calcium sulfate to calcium sulfoaluminate molar ratios was investigated.
The phase composition and phase assemblage development of cements prepared using molar ratios
of 1 and 2.5 were studied at 25, 40 and 60 °C by in situ X-ray powder diffraction. The Rietveld
refinement method was used for quantification. The degree of hydration after 24 h was highest at
ambient temperatures, but early hydration was significantly accelerated at elevated temperatures.
These differences were more noticeable when we increased the temperature from 25 °C to 40 °C,
than it was increased from 40 °C to 60 °C. The amount of calcium sulfate added controls the amount
of the precipitated ettringite, namely, the amount of ettringite increased in the cement with a higher
molar ratio. The results showed that temperature also affects full width at half maximum of ettringite
peaks, which indicates a decrease in crystallite size of ettringite at elevated temperatures due to faster
precipitation of ettringite. When using a calcium sulfate to calcium sulfoaluminate molar ratio of 1,
higher d-values of ettringite peaks were observed at elevated temperatures, suggesting that more
ions were released from the cement clinker at elevated temperatures, allowing a higher ion uptake in
the ettringite structure. At a molar ratio of 2.5, less clinker is available in the cement, therefore these
differences were not observed.

Keywords: in situ X-ray diffraction; hydration; temperature; cement; Rietveld analysis

1. Introduction

The trend towards sustainability and lowering the carbon footprint has led to the
development and production of new mineral binders. Within this context, iron-rich
belite-calcium sulfoaluminate, also known as sulfobelite cements [1-3] or belite-ye’elimite-
ferrite [4—6] cements, represent a low carbon and low energy alternative to ordinary
Portland cement. Up to 35% less CO; is released during the production of belite-calcium
sulfoaluminate cements compared to ordinary Portland cement. Furthermore, belite-
calcium sulfoaluminate clinkers demand lower clinkering temperatures (1250-1350 °C in
comparison to around 1450 °C) and are easier to grind [7-9]. One of the advances is also the
replacement of a part of raw materials with industrial by-products and waste [1,5,10-12].

Belite-calcium sulfoaluminate cement clinkers are usually described to contain around
40-75 wt. % belite, 15-35 wt. % calcium sulfoaluminate, and 5-25 wt. % ferrite [7,13].
They are typically prepared by adding varying amounts of calcium sulfate in order to
achieve the optimal compressive strength, setting time and volume stability [14-16]. The hy-
dration of these cements depends on several factors, including the composition of the
cement clinker, polymorphism of the clinker phases present, the presence of minor phases,
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and the water-to-binder ratio, amongst others [4,9,17-21]. One of the major factors af-
fecting hydration is temperature, which influences hydration kinetics, phase assemblage,
and the rheological and mechanical properties of cement [18,22-24]. Different weather
conditions, and the amount of heat released during the hydration process, may therefore
have a significant impact on cementitious materials [25,26].

One of the main and important phases of belite-calcium sulfoaluminate cements,
which reacts at an early age, is calcium sulfoaluminate (C4A3S; hereafter cement nota-
tion was used throughout the paper: C = CaO, S = SiO,, A = Al,O;, F = Fe;O3, S = SO3,
N = N0, K =K;0O, T =TiO,, H = H,O), the synthetic analogue of the sodalite-type mineral
ye’elimite, CagAlg(SO4)O1p. Calcium sulfoaluminate causes rapid strength development
and controls the evolution of early cement performance, setting, and hardening [5,18,27-29].
The hydration of calcium sulfoaluminate, and the formation of hydration products, strongly
depend on the type and amount of calcium sulfate (anhydrite CS, gypsum CSH; or bassan-
ite CSHy 5) added [14,18,27]. When the molar ratio of calcium sulfate to calcium sulfoalu-
minate is below 2 (M-value < 2), and until the added calcium sulfate is depleted, the main
crystalline hydration product formed is ettringite-type CsAS3Hs,, which precipitates to-
gether with amorphous aluminum hydroxide (AH3) according to the reaction shown in
Equation (1) [14,20,27,30]:

C4AsS + 2CSH, + (38 — 2x)H — CgAS3Hz, + 2 AHj (x = 0,0.5,2), 1)

In case the molar ratio of calcium sulfate to calcium sulfoaluminate exceeds the value
of 2 (M-value > 2), besides ettringite, surplus calcium sulfate is also present [14,15].

In the absence of calcium sulfate, or when the calcium sulfate source is depleted,
the main hydration products formed are monosulfate (C4ASH1,) and aluminum hydrox-
ide [14,27,28,30], according to Equation (2).

C4A3§ + 18H — C6A§H12 + 2AH;, 2)

The M-value is also used to designate the type of calcium sulfoaluminate cement,
where M < 1.5 classifies cements with rapid hardening and high strength, an M value between
1.5 and 2.5 defines expansive cements, and M > 2.5 refers to self-stressing cements [15,31].

At an advanced hydration age, belite (C,5), the synthetic analogue of another impor-
tant clinker phase, the mineral larnite (Ca;SiOy), starts to react. This primarily contributes
to the late compressive strength of the cement [16,18]. Belite, together with aluminum
hydroxide and the addition of water, may yield either stratlingite-type C, ASHg [30], accord-
ing to Equation (3), or amorphous calcium silicate hydrate (C-S-H) and portlandite-type
CH after the depletion of aluminum hydroxide [30], according to reaction Equation (4).

C,S + AHj; + 5H — C,ASHg, 6)

C,S + nH — C-S-H + mCH, ()

Furthermore, katoite-type C3ASH4 can precipitate in the reaction of stritlingite with
portlandite [30], according to Equation (5):

CzASHg +CH — C3ASH4, (5)

Early hydration is an important period, which determines the fresh properties of
concrete and also its final mechanical properties and durability [18,32]. Moreover, most of
the hydration heat of cement, as determined by isothermal calorimetry, evolves within the
first 24 h of hydration [1]. The most prominent method to study phase composition and
the development of phase assemblage in the hardening paste is powder X-ray diffraction
(PXRD) [29,32,33]. Through in situ analysis of PXRD patterns by Rietveld refinement [34],
the quantitative phase composition of the cement samples during early hydration reactions
could be determined [12,33].
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The early hydration reactions of belite-calcium sulfoaluminate cement pastes, with dif-
ferent amounts and sources of added calcium sulfate, have already been studied by in situ
PXRD, but only at ambient temperatures [1,12]. The early reactions in these cement pastes
at ambient temperatures were also investigated by Bullerjahn et al. [5], who focused their
study on the effect of boron during early hydration. Studies of the early age hydration of
calcium sulfoaluminate at ambient temperature were evaluated by Zajac et al. [28] and
Jansen et al. [27] At elevated temperatures (55 and 85 °C), the hydration in the first 24 h was
studied only on calcium sulfoaluminate cements, however, just a qualitative phase analysis
was performed. Despite the fact that the literature provides some studies of early hydration
reactions, a detailed study of early age hydration phases of belite-calcium sulfoaluminate
cements at different temperatures has not been presented to date.

The aim of the present study was to characterize the influence of different temperatures
on the phase composition of belite-calcium sulfoaluminate cement pastes during the
first 24 h of hydration, while comparing pastes of different calcium sulfate to calcium
sulfoaluminate molar ratios. To determine the hydration phase assemblage and investigate
the influence of the amount of calcium sulfate source on the formation of hydration
products, in situ PXRD measurements and quantitative analysis using the Rietveld method
were performed on cements with M-values of 1 and 2.5 at 25, 40 and 60 °C.

2. Materials and Methods

The targeted phase composition of the cement clinker used for the study was 65.0 wt. %
belite (C,S), 20.0 wt. % calcium sulfoaluminate (C4A3S) and 10.0 wt. % ferrite (C4AF) [35].
In order to obtain the targeted phase composition, the raw materials (calculated to
Total = 95 wt. %) were proportioned using an adapted Bogue method [22]. The Bogue
calculation is only used to determine the phase composition of the main phases, while the
minor phases are neglected [36]. The clinker was synthesized from the following raw
materials: limestone (57.9 wt. %), flysch (sedimentary rock sequence consisting of layers
of calcareous breccia, calcareous sandstones and marls; 23.6 wt. %), bottom ash from a
coal thermal power plant (9.0 wt. %), calcined bauxite (5.3 wt. %), white titanogypsum
(4.0 wt. %) and mill scale (0.2 wt. %). The chemical composition of the raw meal used has
been described by Dolenec et al. [37], while the chemical composition of the raw materials
and the proportions were presented in the study by Borstnar et al. [24] The phase composi-
tion of the clinker, obtained by Rietveld refinement, is given in Table 1, where the amount
of calcium sulfoaluminate is the sum of the orthorhombic and cubic polymorph, and the
amount of belite is the sum of B-belite and y-belite.

Table 1. Calculated targeted and observed phase composition of the synthesized cement clinker as obtained by Rietveld

refinement in wt. %.

X Belite z Calc1u.m Ferrite Mayenite Periclase  Gehlenite Arcanite Aphthitalite
Sulfoaluminate
Targeted phase
composition 65.0 20.0 10.0 - - - - -
(Wt. 0/0)
Observed phase
composition 65.7 17.7 11.6 25 1.1 0.4 0.4 0.6
(wt. %)

Raw materials were first ground and sieved through a 200 pm mesh and then ho-
mogenized. Each 200 g batch of proportioned raw materials was dispersed in 200 mL
of isopropanol, mixed for 3 h in a ball mill (Capco Ball Mill 9VS, Capco Test Equipment,
Ipswich, IP1 5AP, UK), and then dried in a 40 °C oven for 24 h; 15 g of the raw meal
was subsequently pressed into pellets 30 mm wide and 13 mm high using an HPM 25/5
press at 10.6 kN. The pellets were placed in a Protherm PLF 160/9 (Protherm Furnaces,
Ankara, Turkey) furnace and fired to 1250 °C at a heating rate of 10 °C/min. Following this,
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they were held at the final temperature for 60 min and then cooled in the closed furnace for
20 h. The entire process was performed under oxidizing conditions.

Before blending the synthesized clinker with white titanogypsum (ground < 0.125 mm),
the clinker was first hand-crushed using an agate mortar and ground to less than 0.125 mm
using a vibratory disc mill (Siebtechnik TS. 250, Siebtechnik GmbH, Miilheim an der Ruhr,
Germany). Two cements were prepared with different proportions of white titanogypsum,
based on the M-value, which designates the molar ratio of calcium sulfate (CaSOj) to cal-
cium sulfoaluminate [14]. The cements were prepared by blending a ground cement clinker
with 5.6 and 12.9 wt. % titanogypsum, which is equivalent to M = 1 and 2.5, respectively.
These M-values were chosen to compare the influence of the amount of calcium sulfate on
the formation of hydration products. At M = 1, the reactions defined in Equation (1) or (2)
occur, whereas at M = 2.5 only the Equation (1) reaction takes place and surplus gypsum
remains present in the system [14]. Next, 200 g of cement was ground for 5 h using the
Capco ball mill. The Blaine specific surface area of the cements, determined according
to standard test method EN 196-6 [38], was 5200 cm?/ g and 5990 cm?/ g forM =1and
M = 2.5, respectively. The particle size distributions of the two cements, which are shown
in Figure 1, were determined using a laser particle analyzer (Sync Microtrac MRB, dry op-
eration, Microtrac MRB, Haan, Germany). The phase compositions of the unhydrated
cements, as determined by the Rietveld method, are listed in Table 2.

100
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104 M=25
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0.1 1 10 100 1000

Particle diameter (pum)

Figure 1. Particle size distributions of prepared cement mixtures with two molar ratios (M).

Table 2. Phase composition of unhydrated cements with M = 1 and M = 2.5 in wt. % determined
with Rietveld method.

M=1 M=25

Calcium sulfoaluminate-orthorhombic 8.0 6.8
Calcium sulfoaluminate-cubic 10.7 10.3
X Calcium sulfoaluminate 18.7 17.1
Belite-beta 58.0 53.4
Belite-gamma 51 53
X Belite 63.1 58.7

Ferrite 9.1 8.5

Periclase 0.9 0.8

Mayenite 14 1.1
Gehlenite 0.4 0.6

Arcanite 0.1 0.1
Aphthitalite 0.5 0.4
Gypsum 5.7 12.8

In situ PXRD measurements were performed to study the phase formation of the
cement pastes during the early age hydration process within the first 24 h.
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The prepared cements were mixed with deionized water in a water to cement ratio of
0.6 and manually stirred for 1 min. The mixture was then immediately cast in the sample
holder (14 mm diameter, 1 mm depth). Measurements were performed at 25, 40 and 60 °C,
at a relative humidity of 95 & 2 %, using an Anton Paar XRK900 (Anton Paar GmbH, Graz,
Austria) reactor chamber without internal Be-shielding and an automated z-alignment
stage. The temperature-specific maximum relative humidity was established by continuous
flow (20 mL/min) of water saturated gas (N;) combined by heating the XRK900 chamber
together with an external heating/cooling device for avoiding vapor condensation.

PXRD patterns of the cement pastes were obtained using a Bruker D8-Advance
theta-theta goniometer (Bruker, Massachusetts, ZDA), equipped with a LynxEye position-
sensitive detector. CuKa radiation was used at 40 kV and 40 mA, using a primary Ni-filter,
an automatic divergence slit (1 = 12 mm), and 2.3° primary and secondary soller slits.
Measurements were performed from 5 to 75 °26, at increments of 0.02 °20/min, with an
overall counting time of 20 min per scan. Under these conditions, 69 X-ray diffraction
patterns per sample were collected in repetition mode during the first 24 h of hydration.

The obtained PXRD patterns of cement pastes at different temperatures were ana-
lyzed using X'Pert High Score Plus diffraction software v. 4.9 from PANalytical (Malvern
Panalytical, Malvern, Worcestershire, United Kingdom), using PAN ICSD v. 3.4 powder
diffraction data database. For qualitative phase analyses the entries of ICDD PDF 4+ 2020
RDB powder diffraction files were used. The initial crystal structural models used for the
Rietveld refinements of the cementitious phases [39] were taken from Cuesta et al. [40,41]
for orthorhombic and cubic calcium sulfoaluminate, for the other identified phases entries
of the ICSD (Inorganic Crystal Structure Data) were applied, as listed in Table 3. First,
the overall zero error and phase scale factors were refined and the background was fitted
to a cosine Chebyshev function of 10 polynomial terms. Furthermore, the cell parameters
and phase-specific Lorentzian functions (CS_L parameters) allowing for peak shape broad-
ening were included in the refinement. For the determination of X-ray amorphous content,
corundum (Al,O3, NIST SRM 676a) was used as an external standard.

Table 3. Phase designations and ICSD entries used for the Rietveld refinement.

Phase Cement Notation ICSD References
Calcium =

sulfoaluminate-orthorhombic CaAsS 237892 [40]
Calcium sulfoaluminate-cubic C4A3S 194482 [41]
Belite-beta B-C,S 81096 [42]
Belite-gamma v-C,S 81095 [42]
Ferrite C4AF 98836 [43]
Gypsum CSH, 409581 [44]
Periclase M 9863 [45]
Mayenite CpA7 261586 [46]
Gehlenite CrAS 158171 [47]
Arcanite K,S 79777 [48]
Aphthitalite K3NS, 26818 [49]
Ettringite C6S3Hzp 155395 [50]

In order to determine the degree of hydration of clinker phases, the obtained phase
composition of cement clinker was normalized to paste content, taking into account the
amount of water added at time 0.0 h of hydration (w/c = 0.6). The degree of hydration of
selected phases (calcium sulfoaluminate and gypsum) was calculated by comparing the
amount of individual anhydrous phase remaining in the cement paste to the amount of
the normalized anhydrous phase in cement. To this end, also all the graphs are showing
direct results of Rietveld refinement. Moreover, on the graphs 3-C,S and y-C,S is given as
2 belite and calcium sulfoaluminate-orthorhombic and -cubic as X calcium sulfoaluminate.

In order to assess differences in the composition of ettringite, and the influence of
temperature on its composition and structure, d-values and full widths at half maximum
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were studied. Ettringite was selected because it is the main hydrated phase in the early hy-
dration of belite calcium sulfoaluminate cements. The strongest lines of powder diffraction
pattern of ettringite with reference pattern 00-041-1451 [29,50] are at d-values of 9.720 A
and 5.610 A, corresponding to Miller indices (hkl) of 100 and 110, respectively. The d-value,
or interplanar spacing between atoms in the crystal, and full widths at half maximum
(FHWM) of the (100) and (110) peaks of ettringite were collected and plotted at 20 min and
every 100 min from the start of the hydration up to 24 h.

3. Results
3.1. Cement Hydration at 25 °C

Results of in situ X-ray diffraction analysis of the cement pastes at 25 °C with a molar
ratio of calcium sulfate to calcium sulfoaluminate 1 and 2.5 are shown in Figure 2. Figure 3
plots the degrees of hydration for calcium sulfoaluminate and gypsum, i.e., the main
constituents reacting during the first 24 h, as well as the increasing ettringite content as
their main hydration product. Figure 4 shows the evolution of the X-ray diffraction patterns
at selected hydration times of the two investigated mixtures at 25, 40 and 60 °C.
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Figure 2. Phase content in the cement pastes with M =1 and M = 2.5 cured at 25 °C during the first 24 h of hydration.



Minerals 2021, 11, 297 7 of 19

M=1 M=25
100 0 0000600090000 ~ 100
Gypsum

90 + ~ - - 90
— [ ]
32 80 ~ 1 -80 &
::’ - . Calcium sulfoaluminate / °\°
Eng | pemmmsat e L0 E
] Calcium sulfoaluminate a —a® -
S 60 - u - PLia '\'/ oot s
ok Py - Gypsum 5
G 50 - . 50 O
3 n ./0—0\./‘*0 2
<40 4 - L <))
%40 s = bo \._./ 40 £
(=) =

304 =1 30 W

| |
20" N Ettringite _-./ Ettringite | 20
—de—F— g~ K KKk A
10 + */*/* rex x == *-*4*—*7*—*~*/*‘***’* el B 10
™ - H
0 T T T T T T T T T T T T T T T T T T 0

T T T T
0 2 4 6 810121416182022240 2 4 6 8 101214 16 18 20 22 24
Hydration time (h)

Figure 3. Degree of hydration of calcium sulfoaluminate and gypsum with ettringite content during
the first 24 h of hydration of the M = 1 and M = 2.5 samples at 25 °C.
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The clinker phases identified in the cement paste with a molar ratio of 1 (M = 1) were
belite, calcium sulfoaluminate, ferrite, gypsum, gehlenite, and periclase. The only provable
crystalline hydrate in the cement pastes was ettringite. In addition, amorphous content was
present. As seen from Figure 2, the early age hydration started immediately after adding
the defined amount of water to the unhydrated cement. Within the first 5 h of hydration,
therefore, calcium sulfoaluminate and gypsum were proportionally dissolved with a high
degree of hydration (Figure 3). Within the first 5 h the amount of calcium sulfoaluminate
decreased rapidly from 11.7 wt. % to 4.6 wt. %, indicating that 61.5 % of the calcium
sulfoaluminate reacted in 5 h. After that, it decreased only slightly, to 3.0 wt. %, and reached
its final degree of hydration at 74.3% (Figure 3), which indicates the amount of calcium
sulfoaluminate which reacted in the first 24 h of hydration. The gypsum was completely
depleted after 3 h. When the gypsum was consumed, the rate of dissolution of calcium
sulfoaluminate slowed, remaining at almost the same level, as did the formation rate of
ettringite. Simultaneously, the ettringite content increased during the first 5 h to 12.3 wt. %,
while later on it increased slightly, to 13.1 wt. %. With ongoing hydration between 5
and 24 h, both the formation of ettringite and dissolution of calcium sulfoaluminate were
much reduced, with only small changes in their amounts being observed. The amount of
belite and ferrite did not significantly change within the first 24 h of the hydration process.
Additionally, the minor clinker phase gehlenite was consumed after 20 min of hydration.
The periclase content stayed almost constant throughout the hydration. Mayenite, arcanite
and aphthitalite, which were all present in the unhydrated cement, were not detected.
Amorphous content increased with the hydration time from 40.0 wt. % to 43.8 wt. %.

For the cement paste with a molar ratio of 2.5 (M = 2.5) the detected phases were
belite, calcium sulfoaluminate, ferrite, gypsum, gehlenite, periclase and ettringite, in addi-
tion to amorphous content. At 25 °C, gypsum was measurable during 24 h of hydration.
The results indicate a steady dissolution of calcium sulfoaluminate and gypsum, accom-
panied by the precipitation of ettringite as the major crystalline product. Over the first
3.3 h of the hydration, calcium sulfoaluminate rapidly diminished, from 10.7 wt. % to
5.7 wt. %. This was followed by a slow but continuous decline, until it reached a final value
of 1.6 wt. % after 24 h, corresponding to the degree of hydration of calcium sulfoaluminate
of 84.1 % (Figure 3). Accordingly, most of the gypsum reacted in the first 3.3 h of hydration
from 8 wt. % to 4.7 wt. % and then only slowly decreased to 2.8 wt. % at 24 h. The degree of
hydration of gypsum at 24 h was 65.0 %. The ettringite content constantly increased during
hydration, increasing significantly to 8.6 wt. % in the first 3.3 h, then steadily increasing up
to 13.5 wt. % at 24 h of hydration. Belite was observed in approximately the same amounts
throughout the hydration, and the amounts of ferrite, periclase and gehlenite also did
not significantly change in the first 24 h of hydration. Mayenite, arcanite and aphthitalite
peaks, which were present in the unhydrated cement, were not observed. Furthermore,
the amorphous content increased from 40.5 wt. % to 43.3 wt. % during hydration.

3.2. Cement Hydration at 40 °C

Results of in situ X-ray diffraction analysis of the cement pastes with molar ratios of
1 and 2.5 at 40 °C are shown in Figures 5 and 6. The evolution of the X-ray diffraction
patterns at selected hydration times is given in Figure 4.
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Figure 5. Phase content in the cement pastes with M =1 and M = 2.5 cured at 40 °C during the first
24 h of hydration.
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Figure 6. Degree of hydration of calcium sulfoaluminate and gypsum with ettringite content during
the first 24 h hydration of the M = 1 and M = 2.5 samples at 40 °C.

At a molar ratio of 1, the following phases were identified: belite, calcium sulfoa-
luminate, ferrite, gypsum, aphthitalite, gehlenite, periclase, and ettringite, as the only
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hydrated phase. In addition, amorphous content was present. After mixing with water
the amount of calcium sulfoaluminate and gypsum declined sharply within the first 1.6 h,
i.e., from 11.7 wt. % to 8.7 wt. % and from 3.6 wt. % to 1 wt. %, respectively. Accordingly,
36.7% of calcium sulfoaluminate and 71.9% of gypsum reacted during the first 1.6 h of
hydration (Figure 6). Between 1.6 and 24 h, their amount declined slower, with gypsum
remaining present in the amount of 0.4 wt. % after 24 h of hydration. After 24 h, the degree
of hydration of calcium sulfoaluminate was 50.4% (5.8 wt. %). The results show that the
main and only hydrate phase formed was ettringite, which increased to 6.5 wt. % within
the first 1.6 h and reached a final value of 7.8 wt. % after 24 h of hydration. The contents
of belite and ferrite exhibited no change over 24 h, which also held for the periclase and
gehlenite content. Mayenite, arcanite and aphthitalite were clearly depleted in the first
20 min of hydration, while aphtitalite again appeared at 1.6 h with an amount of 1.6 wt. %,
which then remained constant up to 24 h of hydration. Amorphous content was almost
constant during hydration, with values between 42.0 and 43.0 wt. %.

Phase composition analysis of the mixture with a molar ratio of 2.5 (M = 2.5) at
40 °C showed that the phases present were belite, calcium sulfoaluminate, ferrite, gypsum,
gehlenite and periclase. The only hydrate identified in the cement pastes was ettringite.
Amorphous content was also present. The amounts of calcium sulfoaluminate and gypsum
diminished in the first 20 min of hydration, in concert with the formation of ettringite.
2.5wt. % of gypsum was consumed in the first 20 min, with calcium sulfoaluminate
decreasing from 10.7 wt. % to 8.1 wt. %, but subsequently their amounts decreased
slower. After 24 h the degree of hydration of calcium sulfoaluminate and gypsum was
approximately 34.5% and 30.0%, respectively (Figure 6). Ettringite precipitated to the
amount of 8.9 wt. % within the first 20 min of hydration, after which time it increased
only slightly to 9.9 wt. %. The results showed no change in the amount of belite and
ferrite. The quantities of periclase and gehlenite did not change significantly after 20 min of
hydration. No mayenite, arcanite, and aphthitalite were detected. The amorphous content
did not significantly change and it was around 43 wt. %.

3.3. Cement Hydration at 60 °C

Results of in situ X-ray diffraction analysis of the cement pastes at 60 °C with molar
ratios of 1 and 2.5 are shown in Figures 7 and 8. The evolution of the X-ray diffraction
patterns at selected hydration times is given in Figure 4.

The phases observed in the cement paste with a molar ratio calcium sulfate to calcium
sulfoaluminate of 1 included belite, calcium sulfoaluminate, ferrite, gypsum, aphthitalite,
gehlenite, and periclase as clinker phases, ettringite as a hydrated phase and amorphous
content (Figure 7). The results show that hydration started directly after mixing the cement
with water, by exhibiting a high degree of hydration of calcium sulfoaluminate and gypsum
within the first 20 min. This caused the formation of ettringite, the only hydrate phase
detected (Figure 8). After 20 min the amount of calcium sulfoaluminate decreased slightly,
from 11.7 wt. % to 8.5 wt. %, when it converged to an almost constant value with a
slow decrease with time. The results show that 27.3 wt. % of the calcium sulfoaluminate
reacted in 20 min. Furthermore, at 60 °C all of the gypsum was dissolved to 1.3 wt. %
within 20 min of the start of the reaction and reached a final degree of reaction after 23 h at
77.5 %. At the same time, ettringite rapidly increased to 5.6 wt. %, and then continuously
increased to a maximum of 7.1 wt. % after 24 h. The belite and ferrite content did not
significantly change at an early age. Periclase and gehlenite content remained almost
constant throughout the hydration. Mayenite and arcanite were not detected after the
hydration proceeded. Aphthitalite content increased from 0.5 wt. % to 4.6 wt. % in the first
20 min and stayed constant up to 24 h. Around 42 wt. % amorphous content was present
during the hydration.
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Figure 7. Phase content of clinker phases and hydrates in the cement pastes with M =1and M = 2.5
cured at 60 °C during first 24 h of hydration.
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first 24 h of hydration of the M = 1 and M = 2.5 samples at 60 °C.

At amolar ratio of 2.5, the following phases were identified: belite, calcium sulfoalumi-
nate, ferrite, gypsum, gehlenite, periclase, and ettringite, in addition to amorphous content.
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Most of the calcium sulfoaluminate and gypsum were dissolved in the first 20 min of
hydration, with the calcium sulfoaluminate content reducing from 10.7 wt. % to 8.5 wt. %,
and the gypsum decreasing from 8.0 wt. % to 4.7 wt. %. The degree of hydration of
calcium sulfoaluminate was 38.2% at 24 h, while the degree of hydration of gypsum was
43.8% (Figure 8). 8.6 wt. % of ettringite precipitated in 20 min hours, consecutively its
content did not change significantly. After 24 h, 9.2 wt. % of ettringite was measured.
The clinker phases belite, ferrite, periclase, and gehlenite did not show any significant
change after 20 min of hydration, while mayenite, arcanite, and aphthitalite were not
detected. The amorphous content was almost constant during hydration, maintaining
levels of around 43.5 wt. %.

3.4. Ettringite during Cement Hydration

Figure 9 plots the full width at half maximum (FWHM) of (100) and (110) peaks of
ettringite, while Figure 10 shows the d-values of (100) and (110) peaks of ettringite, both as
a function of time.
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Figure 9. Full width at half maximum (FWHM) of (100) and (110) peaks of ettringite during first 24 h
of hydration.
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The results of the mixture with a molar ratio of 1 at 25 °C showed that the FWHMs of
(100) and (110) peaks of ettringite increased up to 10 h of hydration. After 13.3 h, however,
the values decreased then remained almost constant up to 24 h of hydration. At 40 °C,
the FWHM was roughly constant up to 10 h, at which point it showed a slight increase and
then stayed constant up to 24 h. At 60 °C, an increase in the FWHM was observed up to
10 h of hydration, followed by a decrease. The results show that FWHMSs values were the
lowest at a temperature of 25 °C.

At a molar ratio of 2.5 at 25 °C, results showed that FWHMs of (100) and (110) peaks
of ettringite were roughly constant until 6.6 h, after which point they increased significantly
until 10 h but then started to decrease. Between 10 and 22 h of hydration the FWHM was
almost constant, until 23 h, when it significantly decreased. At 40 °C FWHMSs of (100)
and (110) peaks of ettringite were the highest at 20 min of hydration. The values then
decreased until 6.6 h, after which time the values did not significantly change up to 24 h
of hydration. At 60 °C, the FWHMSs of (100) and (110) peaks of ettringite were roughly
constant throughout the entire hydration period. The results show that FWHMs were the
lowest at 25 °C.

The d-values of (100) and (110) peaks of ettringite at a molar ratio of 1 (M = 1) were
almost constant at 25 °C, with slightly lower values at 20 min of hydration. At 40 °C,
the d-values of (100) and (110) peak of ettringite did not change significantly in the first
24 h of hydration. At 60 °C, the d-values of (100) and (110) peaks of ettringite remained
constant up to 20 h of hydration, at which point the values decreased. D-values were
lowest at ambient temperatures, and highest at 40 °C.

The results of the mixture with a molar ratio of 2.5 (M = 2.5) show that at 25, 40 and
60 °C the d-values of (100) and (110) peaks of ettringite did not change significantly with
time and temperature.

4. Discussion

During the first 24 h, belite calcium sulfoaluminate cement pastes with different molar
ratio of calcium sulfate to calcium sulfoaluminate mainly consisted of belite and calcium
sulfoaluminate with ferrite and gypsum. At an early age the calcium sulfoaluminate
reacted with gypsum and water to form ettringite, according to Equation (1).

At 25,40 and 60 °C, the main and only detected hydrate phase formed in both cement
pastes (calcium sulfate to calcium sulfoaluminate molar ratios of 1 and 2.5) was ettrin-
gite. The results show that the hydration started immediately after adding the defined
amount of water to the unhydrated cement with the dissolution of calcium sulfoaluminate
and gypsum and the formation of ettringite. Aluminum hydroxide, which, according
to Equation (1), precipitates with ettringite, was not detected by PXRD in either mixture,
which relates to its amorphous character at an early age [5,15,51]. The amorphous content
in the mixtures was attributed mainly to the residual water, and to a lesser extent to noncrys-
talline phases [39,52], in this case aluminum hydroxide, which is formed at an earlier stage.
C-S5-H precipitates later, with the hydration of belite [7,18]. Amorphous content increased
at ambient temperatures with hydration time for both molar ratios; however, at elevated
temperatures, it remained constant during hydration. This is due to the slower formation
of ettringite at an ambient temperature, and consequently aluminum hydroxide formed
with it, leading to a continuous increase in amorphous content. At elevated temperatures,
ettringite precipitated very fast at the beginning of the hydration and only slowly increased
after, therefore the amount of amorphous content did not change significantly. Further-
more, monosulfate, which was predicted according to Equation (2), was not detected
during the first 24 h of hydration, which was due to poor crystallinity or small crystalline
size [15,20,30], and which would have contributed to the amorphous content measured [53].
The amount of belite did not change significantly in the first 24 h of hydration, because
belite exhibits low reactivity at early ages and reacts at a later hydration time [54]. Due to
its low and slow solubility, ferrite content did not decrease with hydration time [55]. More-
over, the minor phase mayenite, which is known to rapidly dissolve and increases the
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aluminum and calcium ion concentration [56], accordingly was depleted within the first
20 min of hydration. Mayenite can accelerate early hydration by reacting with water and
gypsum and therefore accelerate the formation of ettringite [56]. Due to their low reactivity,
periclase and gehlenite are considered inert in these types of cements [57], therefore their
amounts did not change during hydration. After the start of hydration, the minor clinker
phase arcanite was not detected in the cement pastes, because it is a rapid soluble alkali
sulfate phase [36,58] that was already depleted. Aphthitalite, however, which is also a
rapid soluble phase [36], was depleted after 20 min of hydration at 25 °C. On the other
hand, during hydration at 40 °C and 60 °C, it precipitated in M = 1 sample. At 40 °C
it precipitated after 1.6 h, while at 60 °C it was detected already at 20 min of hydration.
Moreover, a much higher amount of aphthitalite precipitated at 60 °C compared to at 40 °C,
indicating that with increasing temperature above ambient, the formation of aphthitalite
is increased due to a higher release of alkalis from the clinker phases. Apart from alkali
sulfates present in the clinkers, the alkalis, which are incorporated in the main clinker
phases, mainly in calcium sulfoaluminate [37], could be released through the dissolution of
these phases [37,59] as well, reacting with sulfate from the gypsum, and form the alkali
sulfate phase aphthitalite. Namely, another alkali sulfate phase thenardite (Na;SO4) was
found forming in calcium sulfoaluminate cements at high alkalinity, explained as a product
of excess alkalis initially reacting with anhydrite, which retards calcium sulfoaluminate
hydration and ettringite formation [60]. This mechanism could also explain the lower
amount of precipitated ettringite in samples at M = 1 in comparison to M = 2.5 at 40
and 60 °C. Furthermore, aphthitalite was detected only at a lower molar ratio of M =1,
probably due to a higher proportion of clinker and a consequently larger amount of alkalis
introduced into the hydrating system in addition to lower gypsum content. Moreover,
aphthitalite was present only at the two elevated temperatures, as crystallization is highly
temperature-dependent [61].

At ambient temperatures, more calcium sulfoaluminate reacted in the cement pastes
with a higher molar ratio of calcium sulfate to calcium sulfoaluminate, indicating that
calcium sulfate accelerates the dissolution of calcium sulfoaluminate [14]. However, at el-
evated temperatures, less calcium sulfoaluminate was consumed in the samples with a
higher molar ratio of calcium sulfate to calcium sulfoaluminate. Furthermore, at a molar
ratio of M = 1, gypsum had a higher degree of reaction, meaning a higher amount of
gypsum was dissolved in comparison to samples with a molar ratio of 2.5. Moreover,
the results showed that, at ambient temperatures, the hydration of calcium sulfoaluminate
is more rapid in a mixture with higher calcium sulfate content, which is also in accordance
with data from the literature [6,55]. The rate of hydration could also influence the fact
that cement with M = 2.5 had a slightly higher specific surface area in comparison cement
with M =1, which could also enhance the reactivity of cement [10]. Nevertheless, both ce-
ments have similar particle size distribution (Figure 1). In addition, at all temperatures,
the amount of ettringite precipitated after 24 h was higher in the mixtures with a greater
amount of calcium sulfate. It has already been reported that more ettringite is formed when
the addition of gypsum is higher [9]. However, the ettringite precipitation rate at a lower
molar ratio was slower at the beginning, in comparison to higher molar ratios, where the
precipitation rate was very fast and more constant over the first 24 h of hydration.

Comparing the results at different temperatures, it can be seen that hydration was
accelerated at elevated temperatures in comparison to ambient temperatures, for both
molar ratios of calcium sulfate to calcium sulfoaluminate of 1 and 2.5. At 25 °C most
of the calcium sulfoaluminate and gypsum reacted in the first 3 h of hydration, while at
40 and 60 °C these reactions occurred in the first 1.6 h and 20 min, respectively. This is
in line with the previous study investigating hydration of belite-calcium sulfoaluminate
cements [24], where isothermal calorimetry results showed the main exothermic peak of
cement paste cured at 20 °C right after 3 h of hydration and after 75 and 30 min at 40
and 60 °C, respectively. Accelerated hydration at an elevated temperature has also been
observed by other researchers, not only in calcium sulfoaluminate cements, but also in



Minerals 2021, 11, 297

15 0of 19

Portland cement, calcium aluminate cements and blended cements [18,62—-64]. On the other
hand, the degree of hydration was much lower at elevated temperatures in comparison
to ambient temperature, with less calcium sulfoaluminate and gypsum consumed and,
consequently, a lower precipitation of ettringite. A decrease in the amount of ettringite at
elevated temperatures was also observed by Lothenbach et al. [65], due to less time for
the diffusion of dissolved ions and precipitation of hydration products [65-67]. However,
the degree of reaction of calcium sulfoaluminate was comparable at 40 °C and 60 °C,
and the amount of ettringite was also almost the same. Only at 25 °C in the cement paste
with a molar ratio of calcium sulfate to calcium sulfoaluminate of 1 gypsum was completely
depleted after 3 h of hydration.

According to Scherrer’s Equation [68], which can be used for the determination of
the particle sizes, the FWHM is inversely proportional to crystallite size [68], meaning the
broader the peak (i.e, the higher the FWHM), the smaller the crystallite size. The FWHMs
of (100) and (110) peak of ettringite at a molar ratio of calcium sulfate to calcium sulfoa-
luminate of 1 were lowest at 25 °C, indicating that crystallite size decreased at elevated
temperatures in comparison to ambient temperature due to faster formation of ettringite at
increased temperatures, which was already indicated in previous literature data by micro-
scopical observations [24,65]. Crystallite sizes were, however, higher at 40 °C compared to
60 °C. Differences in the FWHMSs between the molar ratio of calcium sulfate to calcium
sulfoaluminate 1 and 2.5 were not significant, indicating crystallite sizes did not vary with
a different gypsum amount.

The structure of ettringite is open and flexible, and thus allows other atoms to be
incorporated into the structure [69], resulting in variable d-values. Ettringite has the
capability to substitute CaZ*, AI3*, SO,%~ sites with other anions or cations, such as Sr?*,
Ba2*, or Pb?* for the Ca?* site, Cr3*, Si**, or Fe3* for the Al3* site, and CO32~, Cl-,
or OH™ for the SO42~ site and also other ions [70,71], which have different ionic radii
and can cause a change in the d-spacings of the ettringite, e.g., larger ionic radii of the
substitute ions increase the cell parameters [72]. The d-spacings of (100) and (110) peaks of
ettringite at a molar ratio of calcium sulfate to calcium sulfoaluminate of 1 and 2.5 at each
temperature during hydration only slightly changed. There was, however, a significant
difference when comparing values at 25, 40 and 60 °C at a molar ratio of calcium sulfate to
calcium sulfoaluminate of 1, for which the results showed that d-spacings are lowest at
25 °C, and increased at an elevated temperature. D-values were, however, higher at 40 °C
compared to 60 °C. It is therefore evident that the d-spacing changes with temperature,
suggesting the incorporation of ions with larger ion radii or a higher ion intake for ettringite
at elevated temperatures, as more ions are released from the main clinker phases. However,
at a molar ratio of calcium sulfate to calcium sulfoaluminate of 2.5 these differences in
temperature were almost negligible, probably due to the lower clinker proportion at this
molar ratio, and less potential substitution ions available to incorporate into the ettringite
structure. On the other hand, comparing the results at different molar ratios of calcium
sulfate to calcium sulfoaluminate, it is evident that the d-values of (100) and (110) peaks of
ettringite were greater when the molar ratio was 2.5.

5. Conclusions

The influence of different temperatures on the phase composition of belite-calcium
sulfoaluminate cement pastes with M-values of 1 and 2.5 during the first 24 h of hydration
was studied at 25, 40 and 60 °C.

The amount of gypsum and calcium sulfoaluminate decreased with time at all curing
temperatures, due to the formation of ettringite. More calcium sulfoaluminate and gypsum
were consumed, and, consequently, the amount of ettringite was higher in the samples
cured at 25 °C in comparison to those cured at elevated temperatures at both molar ratios
(M =1 and 2.5). Increasing the temperature from 40 °C to 60 °C also affects the formation
of ettringite and the hydration degree of clinker phases; however not that significantly as in
comparison to ambient temperature. At ambient temperatures less calcium sulfoaluminate
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reacted in the samples with a lower calcium sulfate to calcium sulfoaluminate molar
ratio, while at elevated temperatures the degree of hydration of calcium sulfoaluminate
was higher at a lower calcium sulfate to calcium sulfoaluminate molar ratio. Moreover,
at 25 °C, in the samples with a calcium sulfate to calcium sulfoaluminate molar ratio of 1,
the gypsum was completely consumed by the reaction with calcium sulfoaluminate to
form ettringite, while it remained present in all other mixtures.

Furthermore, hydration was accelerated at elevated temperatures in comparison to
an ambient temperature, as a higher degree of hydration of calcium sulfoaluminate was
observed at the beginning of the hydration, and more ettringite was formed.

Full width at half maximum of ettringite peaks increased at elevated temperatures at
a molar ratio of calcium sulfate to calcium sulfoaluminate 1 and 2.5, indicating a decrease
in crystallite size at elevated temperatures, due to a higher degree of hydration and faster
precipitation of ettringite. However, different gypsum amounts (M-value) did not affect
crystallite sizes of ettringite.

At a molar ratio of calcium sulfate to calcium sulfoaluminate 1, the d-values of
ettringite peaks increased at elevated temperatures, suggesting a higher ion uptake in the
ettringite structure as more ions were released from the cement clinker. At a molar ratio
of 2.5, however, there is no significant difference in the d-values, due to a higher addition
of gypsum, the cement mixture contains less clinker is in and consequently less substitute
ions are available to incorporate into the ettringite.
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