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ARTICLE INFO ABSTRACT

Keywords: The effect of TIPA and CaCl; on early hydration, i.e. 24 h, of a B-BYF cement has been studied by in situ syn-
CO footprint chrotron X-ray powder diffraction, calorimetry, thermal analysis, NMR, and rheological measurements of the
CaCl,

pastes and mechanical strength of the corresponding mortars. The addition of 0.05 %bwc (by weight of cement)
of TIPA reduced the viscosity of the paste during the first minutes of hydration but, after the end of the induction
period, ~7 h, it favored the formation of AFt compared to the reference paste. The latter is likely due to the
acceleration of the dissolution of the amorphous aluminates and sulfates by the presence of TIPA. These results
correlate with the increase of ~169% of the 1-day mechanical strengths. The addition of 2.0 %bwc of CaCly
accelerated the dissolution rate of ye’elimite, causing an increase of the amount of precipitated ettringite even
before the end of the induction period, which has been shorted to ~6 h. The 1-day mechanical strengths of the
mortars with this admixture outperforms that of the reference mortar by 181%. Finally, ferrite and ag-belite
reactivities were not affected by the addition of any of these admixtures during the first 24 h of hydration of this
cement.

TIPA
Rietveld analysis
Synchrotron radiation

1. Introduction Depending on the amount of sulfate, other phases such as AFm, C4A S

Hj,, may precipitate at early ages. These reactions usually occur within
the first 24 h and most of the heat evolved is due to these reactions.
Reactions related to ye’elimite and the formation of ettringite are
very fast, causing rapid setting and strength development but at the
same time they present a loss of fluidity at early ages and poor work-
ability, that pushes these cements into niche applications [9,10]. This
fact is caused by the strong dependence of the final performances on the
composition of this ye’elimite based cements. For instance, the ye’eli-
mite/soluble sulfate ratio close to that of reaction (1), yields to high
early strength mortars. Besides, these systems can be used as repairing
materials due to their self-leveling properties if ettringite is formed by a
different pathway in which calcium hydroxide is present [11]. More-
over, it is highly advisable to use superplasticizers [12], to maintain
their initial fluidity, and retarders [13-15], when needed, to counteract
the loss of dispersion efficiency of superplasticizers due to their high
reactivity, in order to use them in larger-scale applications.
- Belite reactivity is much slower than ye’elimite, and the formation of
Si0z = S; Aly03 = A; SO3=S; H20 = H; Fe;03 = F]: stratlingite, CoASHg, and AFm type phase, can be expressed by reaction
(2), which comprises its reactivity with aluminates [16]:

There is an undoubted impact on climate change linked to the
Portland cement production [1], with an estimation of ~0.87 tons of
CO3, per ton of manufactured clinker Portland, considering the decar-
bonation of raw materials and fuel consumption in the kilns. Consid-
ering these values, and the PC global production of more than 4 Gt in
2022 [2], the estimated contribution of cement sector to global climate
change is ~8% [3]. Belite-Ye’elimite-Ferrite (BYF) cements are low-
carbon materials due to their lower need of calcium in the raw mate-
rial and the lower temperature of production [4]. Their main phases (in
order of abundance) of the BYF clinkers are dicalcium silicate, belite
(C2S), and Klein salt or ye’elimite, C4A3 S [5]. The reactivity of these
cements depends on the composition of the clinker and on the type and
amount of calcium sulfate added [6,7], but the main hydration product
at early ages is the formation of crystalline ettringite and nanocrystalline
hydrated aluminum hydroxide [8] due to the reaction of ye’elimite with
anhydrite and water, reaction (1), in cement nomenclature [CaO = C;

C4A;S +2CS + 38H—>C6A S JH,, + 2AH;-5H @
C,S + AHj3 + 5H — C,ASHg 2
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Since the reactivity of belite is slow, in order to make these cements
competitive to PC, some attempts have been performed to increase their
reactivity: i) by adding stabilizers of a-forms of belite in the clinkering
step, as they are more reactive polymorphs [16-18], or ii) by preparing
BYF but with a small amount of alite in their composition, to profit from
the higher reactivity at early ages of this phase[19-21]. All these at-
tempts have yielded to materials with enhanced mechanical strengths.
Complementary to these strategies, the use of certain accelerators may
be a way to increase belite reactivity and finally, to enhance mechanical
strengths. CaCl, has been used as an accelerator of PC, especially to be
used to counteract the effect of low temperatures. The effects of this
admixture on hydration kinetic have been extensively studied [22], and
there are some hypotheses about the effect on C3S, aluminates and
sulfates dissolution or C-S-H resulting microstructure. However, this
admixture has to be used with caution because chloride ions are able to
depassivate the surface of steel, by forming soluble chlorides, breaking
the protective oxide layer produced at the high pH of cement paste [23].
In cements based on calcium sulfoaluminate, the use of inorganic ad-
mixtures to accelerate the rate of hydration at low temperatures has
been described [24]; although these authors point out the enhancement
of belite reactivity by inorganic accelerators, they do not use CaCly.
Other family of accelerators are alkanolamines, such as triethanolamine
(TEA) or triisopropanolamine (TIPA) which have been recently used to
minimize the retarding effect of superplasticizers in PC [25], or as a
strength-enhancing agent in high C4AF cements [26].

In this work, an activated BYF cement, containing stabilized o
belite by the addition of borax at the clinkering step [27], has been
hydrated in the presence of superplasticizers jointly with CaCly or TIPA.
A synchrotron X-ray powder diffraction study during the first 24 h of
hydration has been performed to unravel the effect of admixtures on the
hydration kinetic of this cement. Moreover, these results in combination
with those obtained by 2’Al MAS-NMR, calorimetry, rheology and
thermogravimetric analysis, have been correlated with the mechanical
strengths at 1 day of hydration.

2. Materials and methods
2.1. Materials

2 kg of BYF clinker were synthesized in the laboratory with the
addition of ByO3 in the form of borax (to stabilize o’y-CsS). This clinker
was prepared following the procedure reported elsewhere [27]. Briefly,
the raw materials to prepared the clinker were pre-homogenized in a
micro-Deval machine with steel balls. Next, the raw mixture was placed
in a crucible Pt/Rh pressed as pellets (b = 55 cm x 5 cm height). The
pellets were clinkered by following a heating ramp with five segments:
1) from room temperature to 900 °C at 5 °C/min; 2) holding for 30 min;
3) from 900 to 1350 °C at 5 °C/min; 4) holding for 30 min; and 5)
quenching. Finally, the clinker was ground. Then, the cement was pre-
pared by milling the clinker with 10 wt% of anhydrite to prepare the
cements up to a Blaine parameter of 526 m?/kg. Table 1 gives the
elemental composition determined by XRF and phase assemblage of the
B-BYF REF cement determined by SXRPD and Rietveld method, as
detailed elsewhere [27] (including the Amorphous and Crystalline non-
quantified, ACn) see below.

A commercial polycarboxylate-based superplasticiser (SP), with 25
wt% of active matter (Floadis 1623 marketed by Adex Polymer S.L.,
Madrid, Spain), was used to assure the flowability of the pastes and
mortars. As accelerators, two commercially available admixtures were
used: Triisopropanolamine, TIPA, 98% from Acros Organics, and CaCly,
96.3%, from Fluka™.

2.2. Paste preparation

The water to cement (w/c) ratio was 0.40 for all the pastes. The
selected amount of SP was 0.4 wt%, active matter by weight of cement
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Table 1

Elemental composition, expressed as weigh percentage of oxides, determined by
XREF, including loss on ignition (LOI) and mineralogical composition determined
by SXRPD and Rietveld method, including ACn content for B-BYF_REF.

Chemical composition from XRF Mineralogical composition from SXRPD

(Wt%) (Wt%)

Ca0 50.6 @GS 381
Si0, 13.7 CiAsS¢ 222
SO5 10.4 C4AF 20.6
ALO; 149 C,AS 0.6
Fe;03 5.4 cs 9.0
MgO 0.9 ACn 9.5
TiO, 0.5

K»0 0.3

Na0* 0.8

B,05* 1.8

LOI 0.7

" Nominal percentage added as borax.
& Data corresponding to the sum of cub-C4A3 S and ort-C4A3 S.

(bwc), which was previously optimised [28]; the water of the SP was
considered for w/c ratio. The amounts of admixtures were 0.05 wt% of
TIPA and 2.0 %bwc CaCls.

2.3. In situ synchrotron X-Ray powder diffraction (SXRPD) data
collection and analysis

Quartz, SiO3 99.5% (AlfaAesar) was added to the cement powder as
internal standard, 12.0 wt%, and mixed manually using an agate mortar,
to determine the total amount of amorphous phases of the pastes
(Amorphous and Crystalline not-quantified, ACn) [29]. Consequently,
the mixture of cement with quartz (Cement-Q) was used to prepare the
pastes to perform the in situ SXRPD as follow: in all cases, SP was added
to water and stirred for 1 min with magnetic stirrer prior to binder
addition. Pastes with TIPA or CaCly, were firstly prepared with w/c of
0.35 with the SP-water and stirred for 1 min, in step 1 of Fig. 1. After
that, a dissolution with the accelerator admixture (admixture,q in Fig. 1)
was added (in the appropriated proportion to achieve w/c of 0.40 and
the desired amount of admixture) and (manually) stirred for 30 s and
mixed (with a vortex) for other 30 s, step 2 in Fig. 1. Finally, pastes were
injected with a syringe in the borosilicate capillaries (0.7 mm of diam-
eter) and sealed with grease to avoid water loss.

The powder diffraction end station of MSPD-BL04 beamline at ALBA
synchrotron (Barcelona, Spain) was used to perform the in situ SXRPD
study [30] by selecting a wavelength of 0.62005(1) A (20 keV), and
using the MYTHEN detector. The capillaries were rotating at 20 rpm
during data collection, which took 6 min per pattern [from 2 to 40°
(20)]. The temperature at the experimental hutch was 22 + 1 °C.

The powder patterns were analyzed by using the Rietveld method-
ology with GSAS-II software [31], with the instrumental parameters
determined with the Si SRM 640e standard, and collected in the same
conditions [32]. The crystal structures used are those published else-
where [33,34].

2.4. Calorimetry analysis

An eight-channel Thermal Activity Monitor (TAM Air from TA In-
struments) calorimeter was used. Glass ampoules of 20 ml with distilled
water were used as reference according to [35], and ampoules with the
samples were also inserted in the calorimeter. The studied pastes (~6 g)
were prepared in the same way as for the in situ SXRPD study, Fig. 1,
without quartz; pastes were introduced into the ampoules with a syringe
and immediately placed into the calorimeter to start the measurement.
The methodology described in [36] was followed to measure calorim-
etry from the very beginning. The heat flow data were collected at 20 °C
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Fig. 1. Sketch of the experimental procedure employed to prepare the pastes.

and are represented per gram of anhydrous cement. Prior to the calo-
rimeter study, all the materials (cement, admixtures and water) were
maintained at 20 °C for 24 h.

2.5. %7Al MAS-NMR

For the 7Al MAS-NMR study, the cement-Q pastes were prepared
following the same procedure detailed in Fig. 1. The hydration was
arrested after 4 and 24 h as detailed in [28,37]. To collect 2771 MAS-
NMR spectra, a Bruker AVIII HD 600NMR spectrometer was used, at
156.4 Hz, whose specs are: field strength of 14.1 T and rotors operating
at 20 kHz. The experimental conditions are listed below: single pulse
(n/12), excitation pulse of 1 ps and 5.0 s relaxation delay and 200 scans.
An external solutions A1(NO3)3 1 M was used to refer the chemical shifts.
The deconvolutions of the spectra have been performed with the DMFIT
software. The line shape of the 27Al peaks associated with yéelimite
(AI"Y) and amorphous phases (A1) were described by Czjzek model. For
ettringite the peaks associated were described by a lorentzian/gaussian
function [38,39].

2.6. Thermogravimetric analysis (TGA)

Pastes (without quartz) with w/c = 0.4 were prepared in cylinders to
perform TGA. The anhydrous cement and water + SP, without or with
admixture, were mechanically stirred at 800 rpm twice during 90 s with
30 s of pause in between. Finally, 30 s of stirring were applied. Pastes
were poured into PTFE molds, hermetically closed and cured at 20 °C
rotating in a rolling table during 24 h [40]. The hydration was arrested
after 24 h by manually gently grinding and using isopropanol and
diethyl ether [28,37]. The samples were stored at 40 °C for 24 h in a
stove before performing the thermogravimetric analysis [41]. The
stopped-pastes were placed in open platinum crucibles under air flow
and heated from room temperature (RT) to 1000 °C (at 10 °C/min) in an
SDT-Q600 analyzer from TA instruments. The free water was calculated
by using the equations (3) and (4) [20]:

BWmp x CEM

BW = A 2 2T
W'="100 = BWorm 3

FW =TW — BW @

being BW the chemically bounded water; BWarp the weight loss
measured from RT to 600 °C from DTA-TGA curves; CEM the cement
content; and TW the nominal added water, all values in weight
percentage.

2.7. Rheological study

Pastes (without quartz) were prepared using the same methodology
detailed for TGA. The effect of the accelerator on the rheological
behavior of the fresh pastes was studied using a rotational viscometer
(VT550, Thermo Scientific Haake, Germany). Pastes (55 ml) were
measured in a stainless steel serrated coaxial cylinder sensor (MV2P),

provided with a lid to minimize evaporation. Flow curves were
measured at controlled rate, from 2 to 350 st (up-curve), for a total of
12 ramps (up-curve), with ramp times of 6 s. And from there, following
the same ramp times, from 350 to 2 s~!, were measured for the down-
curve. Pastes were pre-sheared at 350 s7! (for 30 s) and held at 0 st
(for 5 s) before the measurement. Data were acquired after 8 min since
the cement powder was added to water.

2.8. Mortar preparation

Mortars (3 x 3 x 3 cm®) were prepared according to UNE-EN-196-1.
Mortars were cured at 20 + 1°C in a humidity chamber at 99% relative
humidity (RH) for 24 h, then demolded and tested. A correction factor
(1.78) was applied to assure that the given values were comparable to
standard prisms (4 x 4 x 16 crn3) [16]. Mortars were tested in the device
located at Malaga Cement factory (Votarantim Cimentos group, Malaga,
Spain).

3. Results and discussion
3.1. In situ synchrotron X-ray powder diffraction study

Figs. 2, 3 and 4 show selected SXRPD raw data plots during the first
~24h of hydration for B-BYF_REF, B-BYF_0.05TIPA and B-BYF_2.0CaCl,
pastes, respectively, as a representative example, to illustrate the
changes occurring during this period of time. As a first sight, the main
(and only) change in the patterns is the dissolution of ye’elimite and
anhydrite, and the crystallization of ettringite, see reaction (1).
Diffraction peaks from AFm were not observed at any time during this
hydration period.

The enlarged low angle region of the patterns (at the bottom) shows
the diffraction peaks of ettringite and C4AF. Ettringite reflection is
increasing with time and ferrite diffraction peak is constant, indicating
that the latter is not dissolving within the first ~24 h of hydration. It has
been described [26] that TIPA can complex with Fe>* to accelerate the
dissolution and hydration of C4AF in a high-pH slurry. Consequently, the
absence of ferrite reactivity can be justified mainly due to the low dosage
added [42] jointly with the lower pH of BYF slurries [43].

Fig. 5 shows selected SXRPD raw data plots at selected ranges for the
three pastes. The left panels show the main diffraction peaks of ye’eli-
mite (~9.5° (20,—062 4) and anhydrite (~10.2° (20,062 &), both
decreasing in all pastes. With the objective of illustrating the trend of
dissolution of ye’elimite and anhydrite, a red dotted line joining the
intensity of reflections at ~9.5° and ~10.2° (20,962 &) in the ~24 h
SXRPD pattern has been included. In B-BYF_REF and B-BYF_0.05TIPA
pastes, the red dotted line has a negative slope, while in the paste with
CaCly the slope of this line is positive, indicating a different dissolution/
reaction degree of these phases. Specifically, anhydrite is dissolving/
reacting at a slower pace. This behavior will be discussed below. The
right panels show a range where the main diffraction peaks of a’y-C2S
are located (arrows in Fig. 5), and are not changing with time, showing
that this phase is not dissolving significantly in the first ~24 h.
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Fig. 2. Selected SXRPD raw patterns (. = 0.62 A) for B-BYF_REF paste. Bottom:
enlarged low angle region.

All the SXRPD patterns were analyzed to obtain the Rietveld Quan-
titative Phase Analysis (RQPA), including the indirect quantification of
ACn, as detailed in the materials and methods section. Fig. S3, as sup-
plementary material, shows the Rietveld plots of the three pastes at
selected hydration times, ~1.5, ~10 and 22 h, as representative exam-
ples of the goodness of fits at any hydration time. Tables S1 to S3,
deposited as supplementary material, give the phase assemblage,
including the total ACn content, of the three pastes at all the studied
hydration times. It is important to clarify that the ACnret included in
these tables mainly comprises the nanocrystalline/amorphous
aluminum hydrates, viz aluminum hydroxide or AFm-related phases, as
well as the free water (FW), i.e. the non-chemically bounded water.
Under the assumption of certain hydration reaction, that is discussed
below, these data have been used to estimate these two components of
ACnrotal-

Fig. 6 shows the weight percentages as a function of time of ye’eli-
mite, anhydrite and ettringite for the three studied pastes from RQPA.
The dissolution/reaction rates of ye’elimite and anhydrite in B-BYF_REF
and B-BYF_0.05TIPA are almost coincident, as well as the crystallization
of AFt before ~7 h. After this time, slightly more AFt has precipitated in
the TIPA-containing paste than in the reference paste. The addition of
CaCly has accelerated the dissolution of ye’elimite, before ~7 h,
meanwhile the dissolution of anhydrite has been partially delayed. It has
been previously described that the addition of Ca®" containing salts
change the solubility of anhydrite [44], which may justify this behavior.
Moreover, the precipitation of AFt follows a slightly different pathway in
B-BYF_2.0CaCl; than in the other two pastes, likely due to the change of
solubility of anhydrite. The discussion to understand this behavior is

Construction and Building Materials 371 (2023) 130765

AFt Quartz
C4A3§
AFt -
AFt S
| ARt
Quartz
C,AF
_Jd

3 4.\ 5 6 7 g 9 10 11 12 13 14 15

‘ o
240000 AFt
. 25.2h
—— 13.9h
_ 200000 e
2 11.0h
$ 160000 4 — 10.5h
E ——9.4h
120000 - ——83h
——7.8h
— 6.2h
80000 ——5.1h
—— 4.6h
CAF I 36h
40000 1 AFt —— 2.5h
. A ——15h
0 T T T 1
3.0 35 40 45 5.0

26/°

Fig. 3. Selected SXRPD raw patterns (. = 0.62 A) for B-BYF_0.05TIPA paste.
Bottom: enlarged low angle region.

detailed below.

Fig. 7a shows the crystalline anhydrite/ye’elimite molar ratio as a
function of time, calculated from RQPA reported in Tables S1 to S3.
Considering reaction (1), the stoichiometric C S/C4A3 S molar ratio is
2.0, also indicated in Fig. 7a. B-BYF_REF and B-BYF_0.05TIPA results are
close to 2.0, especially at 24 h, while B-BYF_2.0CaCl; results are below
that value during all the experiment. Moreover, Fig. 7b and 7c show the
theoretical ettringite calculated according to reaction (1) considering
the dissolution of both crystalline ye’elimite and anhydrite in B-
BYF_REF and B-BYF_0.05TIPA pastes, and with the assumption of excess
of the other chemical reactants. The experimental AFt in each paste has
also been included here to facilitate the discussion. In these cases, both
calculated values are almost coincident, and very close to the experi-
mental ones, especially before ~7 h of hydration, supporting that in
these pastes the followed pathway to form ettringite is close to equi-
librium as expressed in reaction (1). In the TIPA-containing paste, after
~10 h, the difference between the experimental and the calculated AFt
values increases with time. Consequently, the aluminate and sulfate
bearing amorphous fraction of B-BYF is playing a role here, yielding to a
slightly higher AFt precipitation. Consequently, it can be indirectly
derived that TIPA has increased the solubility rate of aluminate- and
sulfate-bearing amorphous phases. However, more research is needed to
confirm/discard these findings, for instance, pore solution analysis.

However, to follow with this discussion, in the sample with CaCls,
the molar ratio of crystalline C S/C4A3 S is far from 2.0, Fig. 7a, indi-
cating that there is a different pathway to form ettringite. A hypothesis is
that the crystalline anhydrite that is dissolving yields to AFt following
reaction (1), reacting with a fraction of crystalline ye’elimite. The AFt
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calculated according to this hypothesis is shown in Fig. 7d. The extra-AFt
formed is assumed to have precipitated from the dissolution of crystal-
line ye’elimite in a low sulfate environment. This behavior has been
previously observed [45], in which a sample of pure ye’elimite with
water yielded a mixture of ettringite and AFm-type phases. Conse-
quently, assuming that there are two different pathways for AFt pre-
cipitation in the paste with CaCly, the amount of amorphous aluminate
hydrates should be also higher than in the other pastes, as proved below.

Analyzing Figs. 6 and 7, a change on slope in the curves is observed at
~7 h. Consequently, pastes of B-BYF_REF and B-BYF_2.0CaCl, were also
prepared ex situ, where the hydration was stopped at 4 h and 24 h, with
the objective of obtaining information of phase assemblage before this
change of hydration kinetics. Fig. 8 shows the deconvoluted 2’Al MAS-
NMR spectra of B-BYF_REF and B-BYF_2.0CaCl,, prepared by the same
methodology as for the in situ SXRPD study, at 4 h and 24 h. These
spectra show the Al'Y signals of ye’elimite at ~70 ppm, Al'! of ettringite
centered at ~13 ppm and the broader and less intense signals of AV
centered at ~12 ppm, corresponding to nanocrystalline-AHs and
possibly to AFm-type phases [46].

Table 2 shows the relative population of Al"Y and AI'! of each spec-
trum. The values given in Table 2 indicate that, in the presence of cal-
cium chloride, the amount of amorphous aluminate hydrates is larger in
comparison with the reference paste at 4 h and after 24 h. The nature of
these aluminate hydrate cannot be unraveled from 2’Al MAS-NMR
because the signals are very broad.

Fig. 9 gives the TGA curves for the three stopped pastes after 24 h. In
this figure, the presence of the dehydroxylation of AHs, centered at
~250 °C, is clearly present in B-BYF_REF and B-BYF_0.05TIPA, while in
B-BYF_2.0CaCly, the signal is much broader and located at ~190 °C,
which may be related to nanocrystalline AFm-phases [47]. The
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endotherm related to the dehydroxylation of AHg is usually broader in
cements with low amount of anhydrite or gypsum as reported by [47],
due to its small particle size or amorphous nature. Moreover, AFm-type
phases also precipitate in systems with lower sulfate contents, giving
signals located at ~190 °C, as described previously [48,49]. Conse-
quently, these data are consistent with the hydration reaction deduced
from SXRPD data and with Al MAS-NMR, in which dissolution of
anhydrite has been delayed by the presence of CaCl,.

3.2. Calorimetric study

Fig. 10a displays the heat released by the three pastes determined by
calorimetry during the first 24 h, with an enlarged inset for the heat
evolved. Fig. 10b depicts the accumulated heat up to 24 h for the three
samples, with the detailed values of accumulated heat at selected times
of hydration as an inset. The three pastes evolved a heat flow higher than
50 mW/g during the first 10 min of hydration, mainly due to the wetting
of the sample and first dissolution of ye’elimite, followed by a fast
decrease of heat. These first signals are almost coincident for all the
samples, independently on the admixture. After this, the induction
period starts in which the rate of dissolution of ye’elimite and anhydrite
falls slowly and the formation of ettringite and amorphous hydrates
continues [50]. In this stage, there is a small signal at ~3 h in REF and
TIPA samples, that disappears in the paste with CaCl,. This is mainly due
to the dissolution of anhydrite which is partially delayed by the presence
of calcium chloride due to the common ion effect. Then the three pastes
show an induction period that ends at 7.4, 7.2 and 6.4 h, for REF, TIPA
and CaCly pastes, respectively (determined by the interception of two
lines as shown in the inset of Fig. 10a). These values should be compared
with the data presented in Figs. 6 and 7. Although the in-situ SXRPD data
have been obtained with quartz as internal standard and may present
slightly accelerated hydration reactions due to the well-known filler
effect [51,52], the time values are almost coincident with the change of
slope (of the curves) for dissolution and precipitation phenomena,
shown in Figs. 6 and 7. Consequently, the most important heat flow
signals occur from the massive dissolution of ye’elimite and anhydrite,
followed by a massive precipitation of ettringite [15]. On the one hand,
the addition of TIPA produced an almost negligible effect on the heat
evolved. On the other hand, CaCl, acted as an accelerator, decreasing
the induction period and narrowing the heat signals associated to
ettringite formation. This type of acceleration has been previously
described in similar BYF systems by reducing the w/c ratio [49]. These
findings also agree with the results from the in situ SXRPD study, and
support the reaction pathway for ettringite formation explained before.

3.3. Rheological study

Fig. 11 shows the flow curves of the three pastes measured just after
8 min from the hydration initiation. The amount and type of accelerator
and the hydration time will affect the rheological behavior of the pastes.
All these pastes follow the Herschel-Bulkley model, with a value of the
corresponding index, higher than 1 (viz. 1.26, 1.23 and 1.24, for B-
BYF_REF, B-BYF_0.05TIPA and B-BYF_2.0CaCl,, respectively, from the
down-curve) indicating a slight shear thickening behavior. On the one
hand, the addition of 0.05 wt% of TIPA decreased the shear stress, and
consequently the viscosity, of the B-BYF paste at any shear rate (f.i. 323
mPas and 118 mPas at 100 s~ !, without and with TIPA, respectively,
from the down-curve). It has been published [53-57] that the viscosity
depends not only on the alkanolamine kind, dosage, cement type, but
also on the hydration time. The improved fluidity (lower viscosity) of
mortars with TIPA at the very beginning of the hydration may be
explained [56] by the reduction of cement agglomerates through the
modification of interparticle forces. The admixture may be in the
interstitial paste solution, and consequently, not adsorbed onto the
cement particles surface [58], or may interact with the cement grains
[57]. On the other hand, the presence of CaCl; increased both viscosity
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BYF_2.0CaCl, pastes.

(viz. 446 mPas at 100 s’l, from the down-curve) and the thixotropic
cycle (10* Pa/s for the paste with CaCl,, but almost negligible for the
other two pastes) referred to the reference paste. It has been described
[44,59] that the addition of calcium chloride in PC pastes reduces the
calcium sulfate solubility, and consequently the sulfate anion concen-
tration in the aqueous phase decreases. As the adsorption of
polycarboxylate-based SP onto sulfate and PC particles (e.g. C3A) is
competitive, this would favor the adsorption onto the latter, increasing
fluidity (and reducing viscosity). However, by increasing the CaCl,
content above a certain amount (viz. 1.1 %bwc for PC with w/c = 0.3
[44]), the effect of the ionic strength may gain prominence with the
consequent decrease in fluidity. Thus, the increase in viscosity and
thixotropic cycle here may be attributed to both the increase in ionic
strength in the paste (as a relatively high amount of CaCl, was added),
and the higher precipitation of AFt from very early ages. Actually, at 0.8
h of hydration, higher contents of crystalline AFt were quantified for B-
BYF_2.0CaCl, than for the other two pastes even at longer times, f.i. 1.5
h, Tables S1 to S3 and Fig. 6.

3.4. Mechanical strengths

The mechanical strength values (compression) of the mortars of B-
BYF without and with the addition of the two admixtures after 24 h of
hydration were 16.6(2), 28(3) and 30(1) MPa, for B-BYF_REF, B-
BYF_0.05TIPA and B-BYF_2.0CaCly, respectively. The increase of early
mechanical strengths is firmly established. Although, the direct corre-
lation between results obtained from pastes with those obtained from

mortars is not straightforward and should be taken with caution, a
discussion is included here. On the one hand, the lower viscosity of the
paste with TIPA at very early ages may have yielded to a more homo-
geneous mortar and consequently, to higher mechanical strengths,
jointly to the fact that slightly higher AFt contents were quantified for
the TIPA paste than for the REF one (viz. 28.6 and 31.1 wt%, respec-
tively, Tables S1 and S2). On the other hand, the addition of CaCly, has
caused a slightly larger degree of hydration of ye’elimite yielding a
larger amount of amorphous hydrated phases. The large 1-day
compressive strength value for the CaCl, containing sample seems to
indicate that the amorphous calcium aluminate hydrated phase has high
binding properties. However, more studies are needed to firmly estab-
lish this point. Finally, it should be noted that the three binders show
very similar cumulative heats at 24 h which indicated that the released
heat is not a good descriptor for predicting the mechanical strengths.

4. General discussion

The selective effect of two different admixtures, TIPA and CaCl,, on
the hydration of an active B-BYF cement has been studied. Tables S1-S3
give the full phase assemblage obtained from the SXRPD study,
including the total ACn content, which comprises the amount of amor-
phous/nanocrystalline hydrated phases and the weight percentage of
free water, i.e. non-chemically combined water, at each hydration time.
Considering the results presented in Figs. 6 and 7, it can be stated that
the reaction pathway of REF and TIPA pastes goes through reaction (1).
Consequently, Fig. 12 shows the calculated amount of amorphous/
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Fig. 6. (a) Ye’elimite, (b) anhydrite and (c) ettringite phase evolutions with
time obtained from RQPA of in situ SXRPD study of B-BYF REF (black), B-
BYF_0.05TIPA (red) and B-BYF_2.0CaCl, (green). In (c) the purple dashed line
indicates the maximum amount of AFt, considering Al,Os3 as the limiting
reactant (excluding the Al,O3 in ferrite and gehlenite). *Symbols in blue are the
amount of each phase in the anhydrous cement renormalized with the nominal
added water. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

nanocrystalline AHs-5H (ACnc,c) and the calculated amount of non-
combined water, FW g, considering the stoichiometry of reaction (1).
These values match fairly well with the total ACn content experimen-
tally obtained, also included in Fig. 12. Furthermore, the value of FW
experimentally determined by TGA by stopping the pastes after 24 h of
hydration, also matches the calculated values. This agreement shows the
robustness of the methodologies.

Moreover, the paste with CaCl; has presented a different hydration
pathway. In this paste, the fraction of dissolved anhydrite was lower,
probably due to a decrease in its solubility due to the common ion effect.
The dissolved anhydrite fraction reacted with ye’elimite to give ettrin-
gite and AH3-5H according to reaction (1). In addition, it was observed
that another fraction of ye’elimite dissolved and gave rise to ettringite,
but without the presence of calcium sulfate. Winnefeld & Lothenbach
[60], through thermodynamic calculations of the stable hydrate
assemblage in calcium sulfoaluminate cements, predicted reaction (5),
where ye’elimite dissolved to give a mixture of ettringite, calcium
aluminate decahydrate and aluminum hydroxide gel. The calculations
carried out here assumed that the aluminum hydroxide gel shows the
same water content as that given in reaction (1).
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has been assumed.

C4A3 S + 104H — C6A S 3Hsy + 6CAH o + 2AH5-5H (5)

Thus, the amount of water consumed and the quantity of CAH; and
AHj3-5H formed have been calculated according to the stoichiometry of
reaction (5); the two latter phases were considered amorphous, as no
diffraction signals have been observed in the SXRPD study. Fig. 12c
shows the calculated uncombined water content (free water) and the
calculated amorphous content (the sum of AH3-5H according to reaction
(1), and CAH;( and AH3-5H according to reaction (5)). As can be seen,
again the results of the total ACn obtained with the SXRPD study agree
quite well with the calculated data. In addition, the 1-day free water
obtained with an independent method such as TGA, coincides well,
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Table 2

Relative population distribution of ALY of C4A; S, AIV! of AFt, AIV! sites of
aluminate hydrates of B-BYF_REF and B-BYF_2.0CaCl, at both 4 and 24 h of
hydration..

Paste Al C4A3 AIV! AFt/ AI"! aluminate hydrates/
S % %
/%
B-BYF_REF @ 4 h 66.4 21.7 12.0
B-BYF_2.0CaCl, @ 4 h 54.8 19.5 25.7
B-BYF REF @ 24 h 12.1 64.0 23.9
B-BYF_2.0CaCl, @ 24 0.0 58.4 41.6
h
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Fig. 9. TGA and derivative TGA curves for the three pastes stopped after 24 h
of hydration. The inset is the enlarged range of the derivative TGA from 150
to 300 °C.

which indicates that the reaction pathway proposed is plausible.

27 A1-NMR data has been performed to corroborate the findings from
the in-situ SXRPD study. As discussed just above, the presence of CaCly,
has modified the pathway of ye’elimite hydration. The 2’ A1-NMR signal

of ettringite (~13 ppm) for all samples shows a narrow line width, due
to its ordered crystalline nature, Fig. 8. At the same time, the signals
related to nanocrystalline aluminum hydroxide or other distorted/
disordered aluminate hydrates are centered at ~12 ppm. The analysis of
these spectra, Table 2, confirms that the amount of aluminate hydrates is
larger in the sample with chloride. The chemical nature of these amor-
phous, or nanocrystalline, aluminate hydrates can not be directly
determined due to the broadness of the 2’A-NMR signals. However,
supported by the calculations discussed just above, and given in Fig. 12,
it can be speculated that the amorphous/nanocrystalline phases in REF
sample presents a stoichiometry close to hydrated aluminum hydroxide,
and that of CaCl, should be close to a mixture of nanocrystalline CAH;
and hydrated aluminum hydroxide.

5. Conclusions

In this study the effect of TIPA and CaCl, on early hydration of a B-
BYF cement is presented. The in situ SXRPD study has enabled to unravel
the particular effect of each admixture on the kinetic of hydration. On
the one hand, before the induction period finishes, the presence of 0.05
%bwc of TIPA had almost no effect on the dissolution kinetic of both
ye’elimite and anhydrite and consequently, the precipitation of ettrin-
gite. After this, TIPA mobilized a fraction of the amorphous aluminate
and sulfates to yield a slightly higher precipitation of AFt. In any case,
the stoichiometry of this paste followed the well-known pathway reac-
tion of 1.0 mol ettringite formation from 1.0 and 2.0 mol of ye’elimite
and calcium sulfate, respectively, reaction (1). On the other hand, the
addition of 2.0 %bwc CaCly has selectively boosted the dissolution ki-
netic of ye’elimite with a degree of hydration (DoH) of this phase of 46%
in this paste, meanwhile its DoH was 33 and 28% for the reference and
the TIPA pastes, respectively. At the same time, the dissolution of
anhydrite has been slightly delayed, and consequently, the formation of
ettringite seems to follow two coincident reaction pathways: i) the
consumption of calcium sulfate, following reaction (1), and ii) the extra-
ye’elimite dissolved that yielded a mixture of AFt and amorphous
aluminate hydrate. Finally, it was shown that neither C4AF nor a33-CoS
reactivities were affected by the addition of these amounts of TIPA or
CaCl,, within the first 24 h.

The calorimetric study confirmed the acceleration effect of CaCly, by
shortening the end of the induction period by ~1 h when compared to
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the reference paste. The effect of TIPA in the heat evolved was almost
negligible.

The rheological study showed that both admixtures have an impor-
tant impact on the viscosity of the paste within the first minutes of hy-
dration; TIPA reduces it mainly due to the reduction of cements
agglomerates, while CaCl; increases it, likely due to the higher ionic
strength jointly with the increased AFt content.

Finally, the effect of the addition of these accelerators in the early
compressive strengths has been positive, since in both mortars, the one-
day mechanical strengths outperform that of the reference, with an in-
crease of 169% and 181%, for mortars with 0.05 %bwc of TIPA and 2.0
%bwc of CaCly, respectively. According to the results obtained, and
taken with caution because the correlation of results obtained with
pastes and those with mortars is not straightforward, these enhance-
ments may be due to i) the lower viscosity of the fresh paste and the
slightly higher amount of AFt in the paste with TIPA and ii) due to the
slightly larger precipitation of AFt in the first hours of hydration jointly
with a higher amount of amorphous phases in the paste with CaCl,.
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Appendix A. Supplementary data

Supplementary information includes Tables S1 to S3 with the RQPA
results, including the ACn contents, all the patterns collected of the three
pastes during the first 24 hours. Fig. S1 shows selected Rietveld plots.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.conbuildmat.2023.130765.
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