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Abstract

The hydration behavior of belite phase in different cements is not well understood. Belite hydrates very slowly but there are
reports with faster hydration kinetics. Here, the hydration behavior of belite phase in a commercial belite calcium sulfoalumi-
nate (BCSA) cement has been investigated. The BCSA cement was hydrated with two water-to-cement ratios, 0.50 and 0.65
and at two temperatures, 20 and 40 °C. Studies of calorimetry, NMR, laboratory X-ray powder diffraction (XRPD), thermal
analysis (TA) of the pastes, and mass balance calculations have been performed. The calorimetric and LXRPD studies showed
that with sufficient water for the hydration reactions to take place, i.e., w/c =0.65, the degree of reaction of belite is 30% at
7 days and above 60% at 35 days, at 40 °C. The 2°Si and >’ Al MAS-NMR and TA studies confirmed the reactivity of belite
under conditions of sufficient water (thermodynamic requirement) and at high temperature (kinetic requirement). This was
demonstrated by the presence of stratlingite by 2’Al MAS-NMR and TA. Finally, it was found that~ 12 mass% of the added
water remains unbound, but it is unavailable for the progression of hydration reactions in the studied experimental conditions.
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Introduction

Cements containing calcium sulfoaluminate phase, also
known as ye’elimite, are recognized as alternative low-
carbon cements owing to their reduced lime content and
lower manufacturing temperatures [1, 2]. There are two main
families of ye’elimite-based cements: (i) those comprising
over 60 mass% calcium sulfoaluminate, generally termed
CSA, used to compensate shrinkage [3, 4], fast setting and
for encapsulating radioactive wastes [5, 6] and (ii) those with
high belite content, > 50 mass%, usually denoted as belite
calcium sulfoaluminate (BCSA) or belite-ye’elimite-ferrite
(BYF) [7, 8], for instance used for its rapid setting and high
early mechanical strengths [9].

The hydration processes of these types of cements have
undergone extensive investigations and strongly depend
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upon various parameters, including the type and quantity
of calcium sulfate incorporated in the cement production
[10-13], the water-to-cement ratio [14, 15], the temperature
[16-18], the presence of reactive minor phases, or the use
of retarders [19, 20]. All these studies agree that ye’elimite
dissolves very quickly in water and, with an appropriate
quantity of additional calcium sulfate, yields ettringite (also
named as AFt) and amorphous hydrated aluminum hydrox-
ide [21, 22] within minutes after water mixing, reaction (1).
Hereafter, cement nomenclature will be employed.

C4A;S + 2CS + 48H — CoASy Hy, +2(AH; -5H) (1)

This reaction is the main responsible for the rapid setting
and the early strength of CSA and BCSA.

Depending on the amount of sulfate [12], AFm can be
formed by the reaction of ye’elimite with water according
to reaction (2).

C4A;S + 28H — C,ASH,, + 2(AH, - 5H) )

These reactions are so fast that they can lead to poor
workability, and consequently, the use of retarders is advisa-
ble [23, 24]. In addition, it has been published that ettringite
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transforms into AFm at higher temperatures as its solubility
increases [25].

Belite is the major phase in BCSA and a minor phase,
but in significant amounts, in CSA. However, its hydration
behavior is not so well understood. It has been described
to react, in this aluminum-rich environment, according to
reaction (3) to form stratlingite [7], which is also an AFm-
type phase.

C,S + AH; - 5H — C,ASH;g 3)

If the cement also contains iron in the form of ferrite,
belite can react with it to form amorphous iron-siliceous
hydrogarnet [26, 27].

At later ages, when all the AH;-5H is consumed by reac-
tion (3), belite further hydrates yielding amorphous C-S-H,
according to reaction (4), assuming that the C-S-H gel has
the same stoichiometry than that of alite [28].

C,S +4.3H — 0.2CH + C, 4SH, , @

Although the presence of an amorphous C-S-H has been
demonstrated in cements based on calcium sulfoaluminate
[16, 18, 29], the degree of hydration of belite is very low
at 28 days of hydration. In the last decade, several attempts
have been performed aimed to increase the degree of hydra-
tion of belite by stabilizing highly reactive polymorphs of
belite [30, 31] or by preparing alite-containing clinkers [32].
However, other authors highlighted its low reactivity coin-
ing the catchy term “belite a waste of lime” [33]. Conse-
quently, the reactivity of belite and its role in the mechanical
strengths required further studies and clarification.

In this work, the hydration of a commercially avail-
able BCSA cement is studied to understand the hydration

behavior of belite, its major constituent. To do so, two
water-to-cement ratios (thermodynamic approach) and two
temperatures (kinetic approach) were tested. 2’Al and »Si
MAS-NMR, calorimetry, thermal analysis and laboratory
X-ray powder diffraction studies have been performed to
unravel the effect of water availability and temperature on
the kinetics of belite hydration.

Materials and methods
Materials

A BCSA cement was used. Table 1 shows the textural prop-
erties of this cement, i.e., particle size distribution meas-
ured by laser diffraction by applying MIE theory with non-
spherical particles and with a refractive index (RI) of 1.68
and an absorption index (Al)of 0.1 [34], specific surface
area (SSA) determined by the BET approximation of the N,
isotherm and fineness determined by the air permeability
method (Blaine). The elemental composition, expressed as
oxides, the mineralogical composition and the textural prop-
erties are also reported in Table 1. A commercial citric acid
(Sigma-Aldrich) was used as a retarder.

Paste preparation

The tested w/c ratios were 0.50 and 0.65. To ensure the
workability of the pastes, a fixed amount of citric acid of
0.20 mass% by mass of cement (bwc) was used.

The pastes were prepared at 20 °C using a mechanical
stirrer. They were then filled into cylindrical molds made
of polytetrafluoroethylene, which were rotated in a roller

Table 1 Textural properties, elemental composition, expressed as weigh percentage of oxides, determined by XRF, including loss on ignition
(LOI) and mineralogical composition determined by synchrotron X-ray powder diffraction (SXRPD) and Rietveld method

Textural properties

D, o/pm 0.9
D,,so/pm 8.6
D,gy/um 39.2

Density/g cm™ 2.98
SSA/m? g~! 2.06
Blaine fineness/cm?® g 5909

Chemical composition from XRF/mass%

Mineralogical composition from SXRPD/mass%

CaO 50.1
AlL,O4 14.9
SiO, 14.3
SO, 14.1
MgO 1.8
Fe,04 0.9
K,0 0.6
Minors 1.4
LOI 1.9

B-C,S 45.1
a'y-C,S 5.8
Ortho-C,A; S 27.9
CsS 8.4
C SHys 33
Minors 9.4
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table at 16 rpm for the first 24 h, at the same temperature.
The pastes were demolded after 24 h and stored in a closed
plastic container with water in a chamber at 20+ 1 °C to
be stopped at the appropriated ages. The 40 °C pastes were
mixed in the same way as those at 20 °C, except they were
sealed with plastic to avoid direct contact with water before
being submerged. The roller table, cylinder molds, and water
used for the curing process were at 40 °C before use, and the
entire procedure was carried out in the stove at 40 °C. The
ages chosen to stop the hydration of all the pastes were 1 and
7 days and ~ 1 and ~2 months. This process was carried out
with manual grinding and two washes with isopropanol and
one with diethyl ether [35]. After completion of the process,
the samples were stored in a desiccator and sealed with a
plastic polymer.

The pastes are referred below as BCSA_Xwc_Y °C, where
X stands for 0.50 or 0.65 and Y for 20 or 40.

Synchrotron X-ray powder diffraction (SXRPD)

The anhydrous sample was measured at ALBA synchro-
tron (Barcelona, Spain) in the diffraction end station of the
Materials Science and Powder Diffraction (MSPD) beam-
line. The sample was mixed with quartz, ~30 mass%, as an
internal standard to determine the amount of amorphous and
non-quantified crystalline content (ACn) [36]. However, the
amount of ACn calculated was very low. Consequently, the
amorphous content, if present, is below the limit of quan-
tification, i.e.,~35 mass%, so it is considered here as 0.0
mass%. To analyze this pattern and to obtain the Rietveld
quantitative phase analysis (RQPA), the Rietveld method
was applied using the GSAS II software package [37] with
the instrumental parameters determined in a previous pub-
lication [38].

Laboratory X-ray powder diffraction (LXRPD)
and data analysis

Before obtaining the powder patterns, the arrested-hydration
pastes were manually mixed in an agate mortar with an inter-
nal standard, ~20 mass% of quartz, to determine the ACn
content [36]. The LXRPD patterns for these mixtures were
recorded using a D§ ADVANCE (Bruker AXS), Mo-K,,,
2=0.7093 A and a 6/6 geometry, at the Servicios Centrales
de Apoyo a la Investigacion (SCAI) of the University of
Malaga (UMA). To analyze these patterns, the Rietveld
method was applied using the GSAS I software [39] using a
pseudo-Voigt peak shape function [40] with the asymmetry
correction [41]. The refined parameters were background
coefficients, zero-shift error, phase scaling factors, unit cells,
peak shape parameters and coefficient of preferred orienta-
tion (if required). The structural descriptions, CIF files, of

the crystalline anhydrous and hydrated phases used in this
analysis are published elsewhere [42, 43].

Magic angle spinning nuclear magnetic resonance
(MAS-NMR) study

The pastes for the 2>Si MAS-NMR and the >’ Al MAS-NMR
studies were prepared as described in section “Paste prepara-
tion”. The equipment used, which is located at the SCAI at
UMA, is described below: Bruker AVIII HD 600NMR (field
strength of 14.1 T). The conditions for the Si MAS-NMR
measurements were with 'H decoupling by single pulse
excitation with a pulse /2 of 5 ps, 30 s relaxation delay
and 10,800 scans, working at 119.8 MHz with a 2.5-mm
triple-resonance DVT probe using zirconium oxide rotors
at 15 kHz spin rate, and the referenced external solution
was tetramethylsilane (TMS). The conditions for the 2TA1
MAS-NMR measurements were single pulses /12 of 1 ps,
5 s relaxation delay and 2000 scans, 156.4 MHz and rotors
operated at 20 kHz and the referenced external solution was
1 M AI(NO3),.

Thermal analysis (TA)

The TA traces were measured using an SDT-Q600 analyzer
by placing the samples in open platinum crucibles under air
flow. The heating profile for the anhydrous BCSA was from
room temperature (RT) to 1000 °C at 10 °C min~'.

The pastes for this study were prepared as described in
section “Paste preparation”. The arrested-hydration pastes
were measured without adding internal standard. The heat-
ing profiles were from RT to 40 °C (at 10 °C min™!), iso-
thermal at 40 °C for 30 min and heating to 1000 °C (at 10 °C
min~'). The water that is not chemically bound is referred to
here as unbound water (UW) and is calculated using Egs. (5)
and (B), with all values given in percent by mass:

BW x CEM
100 — BW xp
UW = NW-BW ©6)

CEM stands for the cement content, BW for the chemi-
cally bound water, BWp, for the mass loss measured from
40 to 550 °C from TA curves, and NW for the nominally
added water.

Isothermal calorimetry

Pastes for the calorimetric studies were prepared as
described in section “Paste preparation”. Immediately after
preparation, they were poured into glass ampoules and
inserted into the eight-channel thermal activity monitor
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(TAM) calorimeter. The preparation and loading of the
glass ampoules into the calorimeter took less than 10 min
for all samples. The ampoules with water as the reference
[44] were placed in the calorimeter, and the temperature
signal was stabilized prior to loading the samples, allowing
data collection to begin immediately after sample insertion.
Measurements were conducted over 7- and 14-day periods
at 20 °C and 40 °C.

Results and discussion
Calorimetry study

The BCSA pastes were prepared with two different w/c
ratios, 0.50 and 0.65, as described in the experimental
section. The w/c ratio of 0.50 is commonly used for field
applications of these types of cements [45, 46]. This ratio
leads to a significant fraction of the cement as unreacted
because the lack of water. The second ratio was not chosen
arbitrarily. The theoretical w/c ratio for a complete reaction
of ye’elimite and belite was calculated on the basis of reac-
tions (1) to (4), being 0.68. Therefore, from a theoretical
point of view (and without considering the additional role of
water as reaction environment for species diffusion), a w/c
ratio of 0.65 could be sufficient for nearly complete reaction.
Moreover, in addition to the commonly employed 20 °C for
placing our results in the BCSA hydration landscape, reac-
tion at 40 °C was also investigated in order to accelerate the
kinetics of the hydration without significantly altering the
resulting hydrates.

100 -
1(a) BCSA_0.50wc_20 °C
e — BCSA_0.50wc_40 °C
{1 ___ BCSA 0.65wc_20°C
sod | ',| _______ BCSA_0.65wc_40 °C <
|
‘TO': 70__ | \ )
4 \ =~
= 60 I} ®
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Fig. 1 Isothermal calorimetric curves of BCSA pastes, referenced to
1 g of binder, prepared with w/c ratios of 0.50 and 0.65, and at 20 °C
and 40 °C. a Heat flow traces during the first 6 h, for better visualiza-
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Figure la and b shows the heat flow up to 6 h and the
cumulative heat of all pastes up to 72 h, respectively. The
pastes hydrated at 40 °C were also measured up to 14 days
and so the corresponding cumulative heat curves are
included in Fig. 1b as an inset. It is known that this type
of cement reacts very quickly [47], and here, it is observed
that the main heat flow signals occur before 2 h after mixing
cement with water.

The curve of the paste with the w/c ratio of 0.50 (at
20 °C) shows an intense signal centered at 1 h, related to the
dissolution of ye’elimite and anhydrite and the precipitation
of AFt and amorphous aluminum hydroxide [15]. On the one
hand, the increase in the w/c ratio (at 20 °C) caused a change
in the hydration mechanism, as evidenced by a splitting of
the main signal and an acceleration effect. This effect has
been previously observed [22] and may be related to a faster
dissolution of ye’elimite by increasing the w/c ratio due to
larger concentration gradients and the higher solubility of
AFt at this temperature [25]. As expected, a slight increase
in total heat at 72 h was observed by increasing the w/c ratio
at 20 °C, Fig. 1b [15] due to a higher degree of hydration
of ye’elimite. During the first three days, increasing the w/c
ratio does not seem to have any effect on the belite hydration
since the slight increase in total heat at 24 h can be justified
by the higher degree of reaction of ye’elimite.

On the other hand, the increase in temperature led to an
acceleration of hydration in both pastes, which is almost
identical regardless of the w/c, dashed curves in Fig. 1.
This can be observed by i) the absence of an induction
period, ii) a sharper slope of the main signal, iii) ear-
lier times for the maxima and, iv) larger values of these
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tion. b Cumulative heat during the first three days of hydration. Inset
in (b) shows two additional experiments carried out for the pastes
with the two w/c ratios at 40 °C during 14 days. (Color figure online)
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maxima. However, the heat released after 24 h is almost
constant up to 72 h; consequently, it seems that belite
reactivity is not enhanced at 40 °C. Therefore, the calo-
rimetry of the pastes at 40 °C was extended to 14 days,
see inset in Fig. 1. The cumulative heat of the sample
with w/c=0.65 shows an increase in heat that started at
6 days of hydration, while the trace for the sample with
wlc=0.50 remains stagnated. These data show that belite
reactivity is kinetically enhanced (by temperature) only
if there is sufficient amount of water for its double role:
reactant and dissolution and transport medium.

Fig.2 2°Si MAS-NMR (left
panels) and Al MAS-NMR
(right panels) spectra of anhy-
drous BCSA and hydration-
arrested pastes at selected
hydration times. 1 stands for Q'
of C-S-H gel; 2 and 5 stands for
Q? of stratlingite; 3 stands for
Q?(1Al) of C-S-H gel; 4 stands
for Q% of C-S-H gel. (Color
figure online)

—1d

295j and Al MAS-NMR study

Figure 2 shows the 2°Si and 2’Al MAS-NMR spectra for
the anhydrous and hydration-stopped pastes at selected
hydration times. Three pastes were prepared for this sec-
tion, BCSA_0.50wc_20 °C, BCSA_0.65wc_20 °C and
BCSA_0.65wc_40 °C.

The °Si MAS-NMR spectra allow the local environment
of the silicon atoms in each paste to be studied. All pastes
show the resonance of unreacted C,S, ~-— 2 ppm, which is
due to Q° species. In the paste BCSA_0.50wc_20 °C, the
intensity of this signal is almost constant which shows that
the reactivity of this phase is very low at a w/c of 0.50 and

(a) BCSA_0.50wc_20 °C

— 36d

Al(VI)-AFt
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Al(IV)-C,AS
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" hydrates
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pm
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20 °C, even at 36 days of hydration. In contrast, a slight
decrease in this signal is observed in w/c =0.65 paste,
indicating a slight increase in belite reactivity at 28 days,
although there are no clear 2°Si resonances due to hydrated
phases. These results indicate that the higher availability of
water at 20 °C only slightly increases the reactivity of belite.
The increase in temperature for the w/c =0.65 paste confirms
the calorimetry finding. At 7 days of hydration, the Q? signal
due to stratlingite is already observed. Furthermore, at 35
and 58 days, there are also Q" due to C-S-H gel [18, 29], see
left panels in Fig. 2c.

The ?’Al MAS-NMR spectrum of anhydrous cement
contains the signals related to the tetrahedral Al coor-
dination, ~70 ppm, of ye’elimite. In all pastes, this sig-
nal decreases significantly indicating a high reactivity
of ye’elimite, although it is not completely consumed in
BCSA_0.50wc_20 °C and BCSA_0.65wc_20 °C even at 36
and 67 days, respectively (Fig. 2a and b, right panel). In
addition, all spectra show the octahedral aluminum coor-
dinate of ettringite, ~ 13 ppm, and aluminate hydrates, the
latter with two signals, centered at~ 10 ppm and ~5 ppm
[48]. In the paste BCSA_0.50wc_20 °C, the main hydra-
tion products are AFt, which shows a sharp signal, and
aluminum hydroxide gel with a broad band. Increasing the
w/c ratio led to an increase in the intensity of the resonance
centered at~ 10 ppm and related to AFm-type phases [49],
which in this case could be due to the formation of a minor
amount of stratlingite at 7 days of hydration. Moreover, the
Al(IV) signal of stratlingite is visible at~ 62 ppm, indicat-
ing the increased reactivity of belite due to the higher water
availability, Fig. 2b right panel, following reaction (3). The
reactivity of belite in the BCSA_0.65wc_40 °C paste is
clearly confirmed by two features in the 2?Al MAS-NMR

(a) BCSA_0.5wc_20 °C

100 5 0.1

0.0

|
o
o
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S .
N
- D0% /SSew "‘AlleQg

|
o
w

-04

AFt

60

0.5

T T T
300 400 500
T/°C

T T
100 200 600

- Mass/%

spectra: 1) the signals of stratlingite, ~ 68 and 62 ppm due to
Al(IV) and ~ 10 ppm due to Al(VI), are much more intense,
and ii) the decrease in the signal of aluminum hydroxide
gel, ~5 ppm, with hydration time highlighted by a # in
Fig. 2c, right panel.

Thermal analysis

Figure 3a and b shows the thermal curves of the
hydration-arrested pastes BCSA_0.50wc_20 °C and
BCSA_0.65wc_40 °C at selected hydration times, respec-
tively. The amounts of unbound water were extracted from
these data, and they are also discussed in the next section. In
addition, qualitative information about the phase composi-
tion at each hydration age can also be obtained. All curves of
BCSA_0.50wc_20 °C are almost identical from 7 to 61 days,
confirming that the main reaction is the formation of AFt
and aluminum hydroxide gel has already taken place at 1 day
of hydration with only a minor contribution up to 7 days.
Conversely, for BCSA_0.65wc_40 °C, the thermal curves
change considerably with hydration time: i) signals due to
the decomposition of AFm and stratlingite phases appear,
and ii) the signal due to the dehydroxylation of aluminum
hydroxide decreases from 1 to 7 days, indicating its con-
sumption by stratlingite formation according to reaction (3).

Laboratory X-ray powder diffraction study

Figure 4a-c shows the LXRPD patterns of
BCSA_0.50wc_20 °C, BCSA_0.65wc_20 °C and
BCSA_0.65wc_40 °C at selected hydration times, respec-
tively, with the peaks due to given phases labeled. Quartz
was added after stopping the hydration as internal standard.

AH;-5H consumption

(b) BCSA_0.65wc_40°C

100 — ~0.1
LA RS A A AN
/ T 400
90 - > o
/ TS AH,SH 58d 1043
~_ 35d 3
—_—Stratlingite 7d >
— 7
80 - — AFm-type 1d {029
3
(=}
‘ Q
1-03 °
70 -
AFt 4-04
60 T T T T T -0.5
100 200 300 400 500 600
T/°C

Fig.3 Thermal analysis curves of a BCSA_0.50wc_20 °C and b BCSA_0.65wc_40 °C at selected hydration times. (Color figure online)
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(e}
(a) BCSA_ 0.50wc_20 °C
mN
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61d
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°/20 Mo-Ka,

ogx<. | «
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M Q 67d
X
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°/20 Mo-Ka,

(c) BCSA_0.65wc_40 °C

ﬂ-C S; strat
B -C,S

Mw/wf/\msgd
35d

meyd

1d

T T
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°/20 Mo—Kgq

Fig.4 LXRPD raw patterns for a BCSA_0.50wc_20 °C, b
BCSA_0.65wc_20 °C and ¢ BCSA_0.65wc_40 °C at selected hydra-
tion times with main peaks due to selected phases labeled. Red
crosses in (a) and (b) highlight the absence of diffraction signals
of crystalline stratlingite. Purple arrow in (¢) highlights the C-S-H
hump. (Color figure online)

All pastes show the diffraction signals of AFt regardless
of w/c or temperature, which is due to the fast reaction of

Table2 Phase assemblage of BCSA_0.50wc_20 °C at selected
hydration ages, including ACn content determined by RQPA with the
internal standard and unbound water (UW) by TA, referred to 100 g
of paste

Phases\time Ty 1 7 36 61
B-C,S 30.1 28.1 28.5 27.6 26.4
a'y-C,S 3.9 0.8 0.7 0.5 0.4
ort-C,A; § 18.6 3.6 3.0 32 3.0
CsS 5.6 1.3 1.3 1.2 1.1
CSH,s 22 - - - -
Minor 6.3 3.8 3.7 3.6 3.7
AFt - 26.7 29.5 26.6 28.2
AFt 30.9 32.1 31.8 32.1
Strat - - - - -
Strat,, 12.5 11.7 14.1 17.6
ACn - 22.1 21.5 24.1 24.8
AH;-5H 4.9 5.7 4.2 2.3
Uw 33.3 13.6 11.9 13.0 124
Uuw, 12.0 11.2 114 11.2

calc

Unbound water (UW), determined experimentaly from thermal data
and equation (6), is shown in bold. In italics, results of mass balance
calculations

ye’elimite with anhydrite. However, the diffraction peaks of
stratlingite are only present in the pastes that have, not only
a higher amount of water, but also a higher temperature, see
Fig. 4c.

Tables 2—4 show the phase compositions of all pastes ana-
lyzed, referred to 100 g of paste. These results were obtained
by combining two techniques, namely i) LXRPD and the
Rietveld method on the arrested-hydration samples mixed
with internal standard, which provides the mineralogical
composition including the ACn content and ii) thermal anal-
ysis of the stopped hydration pastes, which allows the indi-
rect determination of the unbound water (UW). These two
approaches make it possible to obtain the complete phase
composition of the pastes. These data permit the calculation
of the degree of hydration, DoH, of ye’elimite and belite,
and they are displayed in Fig. 5.

The reactivity of ye’elimite following reaction (1) is very
fast and the DoH of this phase is above 80% already at one
day of hydration for the w/c=0.50 paste at 20 °C, increasing
to 85% for w/c=0.65 at the same temperature. The higher
amount of water led to a slight increase in reactivity, but
it was the increase in temperature that caused this phase
to react to 100%. However, the molar ratio of ye’elimite
to anhydrite in this cement is 1:1.8 (taking also bassanite
into account), which is lower than that of reaction (1). Once
anhydrite and bassanite are completely consumed at 40 °C,
ye’elimite reacts further to give AFm according to reaction
(2), as previously described in similar systems [17].

The effects of water amount and temperature on the DoH
of belite follow a very similar trend to that described just
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Table 3 Phase assemblage of BCSA_0.65wc_20 °C given as in
Table 2

Phases\time 1y 7 28 67
p-C,S 27.4 26.2 23.8 23.1
a'y-C,S 35 0.5 0.4 0.4
ort-C,A; § 16.8 1.3 1.2 1.4
CS 5.1 1.0 0.9 1.0
CSH,s 2.0 - - -
Minor 5.6 3.1 32 3.9
AFt - 28.5 317 317
AFt . 32.1 32.3 31.9
Strat - - - -
Stratg, 10.3 16.5 17.9
ACn - 19.6 20.6 22.1
AH;-5H 1. 6.5 3.1 1.9
Uw 394 19.7 18.2 16.3
Uw, 17.3 17.2 17.4

calc

Unbound water (UW), determined experimentaly from thermal data
and equation (6), is shown in bold. Italicized values represent the per-
centage of hydrated phases and unbound water, calculated using Eqs.
(1) to (4) and the mass balance presented in Fig. 6

above for ye’elimite. On the one hand, increasing the w/c
ratio at 20 °C slightly increases the DoH of total belite,
Fig. 5, but despite the higher availability of water, the

Table4 Phase assemblage of BCSA_0.65wc_40 °C given as in
Table 2

Phases\time to 1 7 35 58
p-C,S 27.4 26.9 21.6 114 8.6
a'y-C,S 35 0.5 - - -
ort-C A, S 16.8 1.5 0.6 - -
CS 5.1 1.0 - - -

C S Hys 2.0 - - - -
Minor 5.6 3.9 42 34 32
AFt - 243 27.6 28.9 26.5
AFt . 31.6 31.6 31.6 31.6
Strat - - 6.9 9.8 7.5
Stratg, 8.6 22.8 22.8 22.8
AFm - - 3.6 6.2 7.1
AFm_,;, - 0.9 1.5 1.5
ACn - 21.3 15.9 29.0 335
AH;-5H 7.3 0.0 0.0 0.0
C-S-H,,, - - 13.7 17.6
CH,,c 0.9 1.1
Uw 39.4 21.1 19.7 114 13.6
Uw, 17.6 16.9 11.8 10.5

calc

Unbound water (UW), determined experimentaly from thermal data
and equation (6), is shown in bold. Italicized values represent the per-
centage of hydrated phases and unbound water, calculated using Eqs.
(1) to (4) and the mass balance presented in Fig. 6
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reaction kinetics of belite are very slow at 20 °C, with ~20%
DoH, in agreement with [18]. Belite reacts according to reac-
tion (3) consuming part of the hydrated aluminum hydroxide
and forming stratlingite, which must be amorphous at 20 °C
as no signals are detected in the LXRPD patterns, Fig. 4a
and b. In addition, with the w/c ratio of 0.65 and 40 °C the
DoH of belite increased significantly, over 60% at 35 days,
resulting in a larger amount of crystalline stratlingite. In
addition, a small hump, arrow in Fig. 4c, can be observed
in the 58 days pattern, indicating the formation of a C-S-H
gel from the hydration of belite according reaction (4). This
behavior differs greatly from that recently reported [18],
which shows that the reactivity of belite does not increase
with temperature at 28 days of hydration. This could be due
to the fact that the clinkers used in the two studies differ in
the manufacturing process. The clinker used in this study is
a commercial one produced with natural raw materials and
has a slightly higher sulfur content (~7.3 mass% SO; versus
6.3 mass% [18]; considering that anhydrite was added to
produce the cement). The presence of sulfur and other dop-
ing elements in the crystal structure of belite may have led
to a distortion [50, 51] that makes it more reactive.

At this point, it is worth analyzing the results for UW
obtained for the three pastes by TA, (Tables 2—4). The UW
of the paste with w/c ratio of 0.5 at 20 °C is 13.6 mass%
and almost stagnates up to 61 days of hydration. Although
this amount of water could be considered sufficient to con-
tinue the reactions, under these experimental conditions, this
UW does not seem to be available as the reactions do not
progress. This fact was also confirmed by calorimetry, as
the heat evolved by the paste with w/c ratio of 0.50 and at
40 °C stagnates at~230 Jg~! at 14 days of hydration, inset in
Fig. 1b, indicating that at higher temperatures the unbound
water is not available to drive the reactions forward. Inter-
estingly, the cement paste with higher w/c ratio, i.e., 0.65,
shows a different behavior at 20 °C. The UW decreases con-
tinuously until 67 days of hydration, reaching a value of 16.3
mass%. The degree of ye’elimite reaction is slightly higher
at all ages, Fig. 5, which is due to the higher water avail-
ability. However, despite the availability of water, no signifi-
cant increase in the degree of reaction of belite is observed,
demonstrating the slow hydration kinetics of this phase at
this temperature. For the paste with the same amount of
water but at a higher temperature, i.e., 40 °C, it is observed
that belite has greatly increased its DoH and forms larger
amounts of stratlingite according to reaction (3). Ye’elimite
reaches a reaction degree of 100% in this paste, and the
belite continues to react from 35 to 58 days. The unbound
water stagnates after 35 days.

These experimental results are compared to the calculated
amounts of hydration products and consumed water, which
are obtained through detailed mass balance calculations out-
lined just below.
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Fig.5 Degree of hydration of ye’elimite (triangles) and total belite,
i.e., f-C,S and a'y-C,S (squares) at w/c 0.50 (green) and 0.65 (blue)
and 20 °C (solid symbols) and 40 °C (open symbols). (Color figure
online)

Mass balance calculations

The calculated hydrated products (crystalline and amor-
phous) and the calculated consumption of water were
obtained using the phase composition results given in
Tables 2—4, using reactions (1)—(4) and the mass balance
calculations illustrated in Fig. 6. The calculation procedure
is described next.

Step 1 The reacted ye’elimite is used to calculate the
amount of AFt and the amorphous hydrated aluminum
hydroxide according to reaction (1).

Step 2 When crystalline AFm is quantified, the reacted
ye’elimite (considering the previous age when no AFm was

present) is calculated according to reaction (2) to obtain cal-
culated AFm and amorphous hydrated aluminum hydroxide.

Step 3 The reacted C,S is computed in reaction (3) by
consuming the calculated amorphous hydrated aluminum
hydroxide and yielding stratlingite. If the calculated alu-
minum hydroxide is not completely consumed, the mass
balance calculations end here.

Step 4 If the calculated aluminum hydroxide from steps
1 and 2 is consumed in step 3, and reacted C,S still remains,
this is computed with reaction (4), whereby amorphous
C-S-H gel and Portlandite are formed.

The total BW is also calculated by steps 1, 2 and 4.

Tables 2—4 contain the results of the mass balance calcu-
lations. It should be noted the three following considerations
in the employed approach.

(i) The AFt, content from reaction (1) is calculated
considering ye’elimite as limiting reactant;

(i) The amorphous fraction content depends on the
reactivity of the paste. If AFt or AFm are the only
crystalline phases, the amorphous fraction is com-
posed of the remaining AH;-5H_,;. not consumed
by reaction (3) and the calculated stratlingite, i.e.,
AH;-5H,.+ strat ;. (Tables 2 and 3). If crystalline
stratlingite is also observed, the amorphous fraction
is AH;3-5H, + strat, — strat,, + C-S-H . + CH,
(Table 4).

(iii) The amount of water consumed, BW, is computed by
reactions (1), (2) and (4).

calc calc

The results for AFt are discussed first. Figure 7a
shows the experimentally measured and calculated
amounts of crystalline AFt for BCSA_0.50wc_20 °C.
In this case, the AFt calculated from the reactivity of
ye’elimite is on average 4 mass% higher than the AFt

(Step 1) (Step 2)
. ~ . \ o .
Reagtmg ph_ases C4A3S hydratlon [ If crystalline AFm C4A35 hyd ration
C,S, CA,S, CS, CSHy < & UW computed by reac. (1) is quantified computed by reac. (2)
Consumption of C§ & UW Consumption of UW
(Step 4) /] | (Step 3)
Czs hydfal‘ion If all am-AH;-5H_, is consumed CZS hydration
computed by reac. (4) \J and reacted C,S remains computed by reac. (3)
Consumption of UW | Consumption of am-AH;-5H_,,.

| AFt_,. from (step 1) | | AFm_,. from (step 2) |

| strat,,, from (step 3) ” CH.. from (step 4) |

| BW from (steps 1,2 & 4) || am-AH;-5H., from (steps 1 & 2) || am-C-S-H_,,. from (step 4) |

Fig. 6 Graphical illustration of mass balance calculations
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Fig.7 Calculated (open symbols) and experimental amounts

of UW (triangles), ACn (squares), AFt (stars) and AFm (cir-
cles) for a BCSA_0.50wc_20 °C, b BCSA_0.65wc_20 °C and ¢
BCSA_0.65wc_40 °C

determined experimentally by RQPA and normalized
with the UW obtained by TA (Fig. 7a). However, in the
paste BCSA_0.65wc_20 °C, Fig. 7b, this discrepancy
is not observed, and the values are in good agreement.
This can be interpreted by assuming a small amount of
amorphous ettringite present in the w/c =0.50 paste. For
BCSA_0.65wc_40 °C, Fig. 7c, the difference is similar to
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the BCSA_0.50wc_20 °C paste, where the experimental
AFt is 4-5 mass% lower than the calculated value. For
this sample, the difference could be due to the presence of
crystalline AFm, which causes major uncertainties in the
mass balance calculations. For AFm phases, it is known
that the interlayer species can largely vary [52]. This high-
lights some limitations in the mass balance calculations
where assumptions and simplifications must be done.

The comparison between the calculated and the experi-
mental ACn is also shown in Fig. 7. The agreement is good,
despite the limitations of the methodology mentioned in the
previous paragraph.

Finally, the UW contents are discussed. The trend deter-
mined by TA and mass balance calculation is consistent for
all pastes, and the absolute values are in good agreement.
The experimental and calculated UW values in the pastes
with a water/cement ratio of 0.50 at 20 °C and that with
0.65 at 40 °C stagnate at~ 12 mass%. To interpret these
results, the types of water in cement hydration should be
considered. Water has a twofold role: Water as a medium
for dissolution and mass transport and as a reactant. Firstly,
water is the medium, in which solid phases (crystalline and
amorphous) are dissolved. After mass transport, when over-
saturation is reached, a certain hydrated phase precipitates,
with water playing the second role as a reactant. In the mass
balance calculations, water is only considered as a reactant.
In addition, there is a fraction of the water that is physically
adsorbed onto the surfaces of the particles and also filling
the pores of the amorphous components. This water is nei-
ther available as a reactant nor as a medium and cannot be
estimated by mass balance calculations. The available water
fills large capillary pores acting as a medium and as a reac-
tant [53, 54]. Therefore, ~ 12 mass% of UW (on the basis of
100 g of paste) appears to be the quantity of adsorbed/inter-
acting water that is unavailable to facilitate the progression
of hydration reactions.

Conclusions

For the studied BCSA cement, the calorimetric study
revealed that pastes with a w/c ratio of 0.50 at both 20 °C
and 40 °C showed stagnant heat release after 24 h, indicat-
ing insufficient water to sustain hydration. In contrast, pastes
with a w/c ratio of 0.65 at 40 °C continued releasing heat
after 6 days, highlighting accelerated belite hydration when
more water is available.

LXRPD studies confirmed these findings, showing that
increasing the w/c ratio at 20 °C slightly increased the degree
of hydration (DoH) of belite (~20% from 28 to 67 days). For
pastes with a w/c ratio of 0.50 at 20 °C, the unbound water
remained constant (~ 13%) from 1 to 61 days, indicating that
this water was unavailable for further reactions. Increasing
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the w/c ratio to 0.65 led to a gradual decrease in unbound
water (~ 16% at 67 days), but no significant increase in belite
hydration was observed at 20 °C due to its slow kinetics at
this temperature.

At 40 °C and w/c=0.65, significant belite hydration
occurred, with DoH exceeding 60% by 35 days, along-
side the formation of stratlingite. Here, the unbound water
stagnated at~ 12%, suggesting that this amount represents
physically adsorbed water, which does not facilitate further
hydration.

NMR and thermal analyses corroborated these results,
confirming stratlingite formation and amorphous hydrated
aluminum hydroxide consumption under these conditions.

In summary, belite hydration requires more than 12%
unbound water, but at 20 °C, the reaction remains slow
even with sufficient water. At 40 °C, hydration is acceler-
ated, reaching 60% DoH at 35 days when water is available,
but the reaction halts once unbound water reaches ~ 12%.
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