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Limestone Calcined Clay Cements, LG, are being widely researched as low-carbon binders. However, the hy-
dration reactions during the first day are key for their performances and they were not well known. Here, we
employ in situ synchrotron X-ray powder diffraction to understand the hydration reactions that take place during
the first day. The influence of two superplasticisers and three strength-enhancing admixtures have been inves-
tigated. The diffraction data were analysed by the Rietveld method and the results compared to mass balance
calculations. For LC binders and in the absence of strength-enhancing admixtures, the hydration rates of the

clinker phases, i.e. C3S, C3A and C4AF, are accelerated because of the filler effect. The C-S-H based-admixtures
further accelerate the hydration of tricalcium aluminate and ferrite. Chiefly, it is firmly proved that the
pozzolanic reaction takes place from 7 h onwards in the studied experimental conditions. The estimated degree
of hydration of metakaolin at 22 h, in the studied binders, was ~10 %.

1. Introduction

Portland cement (PC) world production was in 2019-4 Gt/yr [11],
being the main constituent of concretes [2]. On average, every ton of
Portland clinker generates ~0.87 tons of CO5 [3] which accounts for ~8
% of all anthropogenic CO5 emissions [4]. CO footprint decrease in the
cement industry has been recognized as critical [4-7] but it is also
acknowledged that it is very difficult to attain [8]. A principal work [6]
concluded that clinker replacement by supplementary cementitious
materials (SCMs) [9,10] is the most advantageous current way for COy
footprint decrease, having the lowest performance and economic
impacts.

Widely-available kaolinitic calcined clays are gaining increased
attention as SCMs [10]. However, the main drawback of the resulting
limestone calcined clay cements (LC3) [11-13] is their poor mechanical
strengths at early ages, ie. 1-3 days. Therefore, it is important to
enhance/accelerate cement hydration at early ages. This is a common
requirement shared by several other low-carbon cements [14,15] where
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SCMs are used to increase the clinker replacement factor [4,9,10,12].
Although there are several ways to improve the early hydration of ce-
ments, not all of them are compatible with keeping the mechanical
strength and durability performances, and at the same time using highly
available, sustainable and cost-effective products. Here, we focus on
nucleation seeding by water-based stabilised suspensions of C-S-H
nanoparticles [16-18]. It must be noted that a synergistic effect between
C-S-H seeding and alkanolamine addition is being reported [19-25] for
enhancing the hydration of low-carbon cements. Hereafter, cement
nomenclature will be employed to describe the different phases. On the
one hand, C-S-H nucleation seeding slightly accelerates C3S hydration
and mainly enhances C-S-H nucleation in the pore solution (outer
product C-S-H) at the expense of C-S-H covering alite particles (inner
product C-S-H), which results in a more homogenous distribution of C-S-
H gel with lower capillary porosities [26]. On the other hand, it is known
that alkanolamines accelerate the C3A and C4AF hydration and that its
dosage is quite important as higher amounts can hinder PC hydration.
There are several reviews on the use of stabilised C-S-H nanoparticles
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in cement hydration [26-28] and it is beyond the scope of this article to
review this topic further. The most recent review [26] focused on the use
of commercial C-S-H nucleation seeding admixtures in low-carbon ce-
ments, mainly blends of PC with SCMs. It was shown that the im-
provements in the mechanical strength performances observed at 12 h, 1
and 28 days of hydration vary but are close to +100 %, +50 % and + 20
% respectively. In any case, the optimum C-S-H admixture dosage is
binder and application dependent. To better understand the mechanism
of C-S-H seeding, X-ray powder diffraction (XRPD) data analysed by the
Rietveld method is key to showing the hydration degree of the different
phases. It is noted that calorimetry is being widely used but it only gives
an overall picture as the signal is the compounded function of all hy-
dration reactions. To the best of our knowledge, so far only two works
report in situ Rietveld quantitative phase analyses (RQPA) for C-S-H
seeded samples at early hydration ages [19,29]. From laboratory XRPD
data, it was reported faster dissolution rates of C3S, C3A and anhydrite
for the seeded PC blends with ground granulated blast furnace slag [29].
The second work [19] employed in situ synchrotron XRPD (SXRPD) to
study the early age hydration reactions for C-S-H seeded PC 42.5 R
pastes, water-to-cement mass ratio (w/c) of 0.50. The data were taken in
transmission within rotating capillaries. This approach is free from the
three most common experimental errors in LXRPD working in reflection
with pastes covered by a foil (4 water microbleeding, 4 Portlandite
preferred orientation, 4 vertical particle segregations before setting).
This work showed that the alite hydration was slightly accelerated by C-
S-H nucleation seeding. Moreover, C-S-H seeding also enhanced C3A and
C4AF dissolutions, principally after 10 h. As expected, enhanced gypsum
and C3A dissolutions resulted in larger amounts of crystallised ettringite.
It should be noted that C-S-H nucleation seeding is already being
employed for cement hydration acceleration and microstructural opti-
mization of LC3 type cements [22,30-35]. C-S-H seeding seems to be
specially adequate for boosting the mechanical strength performances of
LCS binders at one day of hydration [33,35,36].

Here, we expand our initial work [19] to study the C-S-H seeding of
PC 52.5 R pastes (w/c = 0.50) and then to LC? binders, based on this PC,
with w/b = 0.40 (w/b refers to water-binder mass ratio). The hydration
of these binders has been enhanced with two C-S-H commercial ad-
mixtures and with triisopropanolamine (TIPA), a commonly used
cement additive. To extract the best possible information from the RQPA
results, mass balance calculations have also been carried out. This is
even more important for LC3 C-S-H seeded pastes where the pozzolanic
reactions have been investigated. Therefore, the next section summa-
rises the basic knowledge about the most common hydration reactions.

2. Hydration reactions for mass balance calculations

Establishing the cement hydration reactions allows us to carry out
mass balance calculations, under some assumptions, that is important to
understand the sequences of chemical processes taking place with time.
Firstly, we focus on the chemical reactions for the clinker phases, see
Annex: Table Al. The reactions are described for gypsum but adapting
them for bassanite or anhydrite is straightforward. Eq. (1) gives alite
hydration [2,37,38]. It must be noted that the average C/S ratio within
C-S-H gel as well as its water content at the micrometre scale is variable.
In (1), a C/S ratio of 1.8 and a H/S ratio of 4.0 are assumed [38]. Belite
hydration does not take place at early ages and therefore is not discussed
here. Eq. (2) details C3A hydration in the presence of sulfates [2,37] to
yield ettringite. The hydration of C4AF is slower and more complicated
as the main iron-containing hydrated phase(s) are amorphous. Amor-
phous siliceous hydrogarnet (named here as Fe-Si-H) has been reported
as the most stable phase from C4AF hydration in PCs [39,40]. Therefore,
eq. (3a) has been previously used for mass balance calculations [41,42].
This hydration reaction, at early ages, was supported by a recent in situ
SXRPD, where alkanolamine boosted C4AF dissolution which was
accompanied by larger amounts of ettringite [19]. However, at later
hydration ages, one week or later, the reaction of C4AF does not produce
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ettringite. This is very likely due to the lack of available sulfates.
Therefore, the related eq. (3b), yielding aluminium-siliceous hydro-
garnet was proposed [43] and it is given here for completeness, but not
used.

Secondly, we deal with the pozzolanic reactions, see Annex:
Table A2. In calcined kaolinitic clays, the main pozzolanic compound is
metakaolin (MK). Here, we describe metakaolin by its ideal composi-
tion, Al,Si»O7, although we are aware that it has a complicated local
structure, without long-range order, and it may contain some residuals
hydroxide groups [44-46]. The hydration reaction pathway(s) of SCMs
in general, and MK in particular, depends upon the overall composition
of the hydrating blend [47,48]. The reactions in absence of sulfates/
carbonates, give stratlingite and/or hydroxide-AFm type phases. These
reactions are not relevant here. At early hydration ages, AFm-type
monocarboaluminate (Mc or CasAl,(OH)12(CO3)(H20)s) is normally
not detected, and ettringite and/or hemicarbonate (Hc or CasA-
15(OH)13(CO3)p.5(H20)s.5) are formed. Thus, egs. (4a), (4b) and (4c)
detail the hydration of MK to give AFt, Hc, or both; in the presence of
sulfate-rich and sulfate-poor pore solutions. Specifically, eq. (4a) de-
scribes the hydration of MK with sulfates to give C-A-S-H and ettringite.
Eq. (4b) details the hydration of MK with carbonates to give C-A-S-H and
Hc. Eq. (4c¢) is an intermediate situation where the hydration of MK may
yield C-A-S-H, AFt and Hc, which is not used here but given for
completeness. Eq. (5) is the related one to yield Mc in absence of sul-
fates, which is not used here as Mc is not observed at early ages.

3. Materials and methods
3.1. Starting material provenance

The PC used in this study was a CEM I 52.5 R, PC-52.5, from Fin-
anciera y Minera S.A. (Mdlaga, Spain) which conforms to EN 197-1. 20
kgs of the commercial kaolinite-rich clay supplied by Arcimu, S.A.
(Zaragoza, Spain), reference CVPM3B (2021), were crushed (2 mm
mesh) and calcined at 860 °C for 4 h at Inducerama brick-manufacturing
company (Malaga). This temperature is the operational one that could
not be changed. After calcination, the calcined clay (CC) was milled up
to a Dy 50-13 pm. A commercial limestone (LS), reference Omyacarb®
5F, was provided by Omya Clariana S.L.U. (Granada, Spain). A com-
mercial gypsum (Gy) supplied by Fébrica de yesos y escayolas La
Maruxina S.A. (Toledo, Spain) was used. The Supplementary Informa-
tion (S.1.) gives the analyses of the employed materials.

This study was performed with plain PC-52.5 and with LC® binder.
The LC° blend contained 52 wt% of PC-52.5, 30 wt% of the CC, 15 wt%
of LS, and 3 wt% Gy as detailed in Table 1, see below.

The cement was analysed by XRF, SXRPD, thermal analysis, laser
diffraction, nitrogen isotherm and Blaine air permeability. Its full
characterisation is deposited in S.I. The elemental and mineralogical
compositions are given in Tables S1 and S2, respectively. Fig. S1 reports
the thermal analysis traces for determining the gypsum and bassanite
contents. The textural properties are also reported, see Table S3 and
Fig. S2. The Blaine and density values were 451(3) mzkg_1 and 3.096(1)
gem S, respectively.

The kaolinite content of the 105 °C-dried raw clay was determined
from three approaches. Firstly, from the weight loss in the thermal
analysis study, see Fig. S3. The measured mass gave a kaolinite content
of 76.3 wt%. Secondly, from the Rietveld analysis of the powder pattern
by using the internal standard methodology, see Fig. S4. The full
mineralogical composition is given in Table S4, which includes a crys-
talline kaolinite content of 72.9 wt%. Finally, the kaolinite content was
also estimated from the XRF analysis. In this case, from the total Al,O3
content (Table S1), it was subtracted the amount of aluminium oxide
within the crystalline phases quantified in the Rietveld study, excluding
kaolinite. Then, the resulting Al;O3 amount was assumed to fully come
from kaolinite, which was 74.2 wt%. The reported final kaolinite con-
tent, 74 wt%, is the average of these three measurements. We do not
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Table 1
Summary of all the pastes prepared in this work with the dosages and the acronyms. The admixture dosages are referred to the anhydrous binder.
PC CcC LS Gy H,0 SP XS130 STE53 TIPA w/c w/b
/8 /8 /8 /8 /8 /8 /g /8 /8
PC-52.5-w/c=0.50-Ref 100 - - - 50.00 - - - - 0.50
PC-52.5-w/c=0.50-STE53 100 - - - 48.56 - - 2.00 - 0.50
PC-52.5-w/c=0.40-SP1-Ref 100 - - - 39.72 0.43° - - - 0.40
PC-52.5-w/c=0.40-SP1-XS130 100 - - - 38.28 0.43° 2.00 - - 0.40
PC-52.5-w/c=0.40-SP1-STE53 100 - - - 38.28 0.43° - 2.00 - 0.40
PC-52.5-w/c=0.40-SP1-TIPA 100 - - - 39.72 0.43° - - 0.05 0.40
LC3-w/b=0.40-SP1-Ref 52 30 15 3 39.72 0.43° - - - 0.40
LC3-w/b=0.40-SP1-XS130 52 30 15 3 38.28 0.43° 2.00 - - 0.40
LC3-w/b=0.40-SP1-STE53 52 30 15 3 38.28 0.43° - 2.00 - 0.40
LC3-w/b=0.40-SP1-TIPA 52 30 15 3 39.72 0.43° - - 0.05 0.40
LC3-w/b=0.40-SP2-Ref 52 30 15 3 39.72 0.43" - - - 0.40
LC3-w/b=0.40-SP2-X5130 52 30 15 3 38.28 0.43" 2.00 - - 0.40
LC3-w/b=0.40-SP2-STE53 52 30 15 3 38.28 0.43" - 2.00 - 0.40
LC3-w/b=0.40-SP2-TIPA 52 30 15 3 39.72 0.437 - - 0.05 0.40
LC3-Gy2-W/b:0.40-SP1»Ref 52 30 15 3* 39.72 0.43° - - - 0.40

$ Amount of SP1.
# Amount of SP2.
" This gypsum was Gy2 which has Dy 50~13 pm.

report decimal places as the variability of natural materials is larger than
1 %. This raw clay was calcined as detailed in methods and milled. The
textural properties of the resulting solid, CC, are given in Table S3.

The mineralogical compositions of the employed LS and Gy samples
were given in Table S4 and the textural properties in Table S3. It is noted
that there are two gypsum samples. Gy-1 was prepared by grinding in a
ball mill the as-received sample for 1.5 h stopping every 30 min, waiting
for 30 min to avoid overheating. The in situ SXRPD showed that this
gypsum sample, Gy-1, did not fully dissolve during the first day, see
below. This gypsum sample, Gy-1, had a Dy 50~33 pm. Thus, a new
batch, Gy-2, was prepared grinding for 4.0 h, stopping every hour and
waiting for 30 min to avoid overheating. This sample, Gy-2, had a
Dy 50~13 pm. The powder pattern for Gy-2 is reported in Fig. S5, where
there are no diffraction peaks from bassanite. The textural properties of
Gy-1 and Gy-2 are also reported in Table S3 and the PSD traces are given
in Fig. S2.

Quartz (SiO5 of 99.5 %, AlfaAesar) was used as the internal standard
in the powder diffraction experiments to indirectly quantify the overall
amount of amorphous and unidentified components (ACn). To do so,
12.0 wt% of quartz was manually added, in an agate mortar, to the
required dried mixtures before the experiments [49]. For the calcula-
tions, the standard was assumed to be 100 % crystalline quartz.

Two polycarboxylate-ether based superplasticisers (SP) have been
employed: SP-1 which is a standard one commonly used for concrete
rheology optimisation and SP-2 which is a new superplasticiser specially
designed to avoid the loss of fluidity during the first hours of LC® hy-
dration. These SPs have been already employed for processing unseeded
and C-S-H seeded LC3-mortars [35,36].

The employed accelerating admixtures, also known as strength-
enhancing admixtures, were: i) triisopropanolamine (98 %, Acros Or-
ganics), ii) Master X-Seed 130 (XS130) and iii) Master X-Seed STE53
(STE53). XS130 and STES3 are C-S-H gel-based seeds with solid contents
close to 28 wt%, from Master Builders Solutions Espana S.L.U., Spain. A
description of these C-S-H nucleation seeding admixtures have been
recently reported [20].

3.2. Paste preparation

All the pastes were prepared in the same way for the in situ X-ray
powder diffraction (XRPD) studies and the isothermal calorimetry
studies. Table 1 gives the dosages of all pastes including their water and
admixture contents.

A first set of pastes was prepared with water/cement mass (w/c)
ratio of 0.50 following the methodology reported elsewhere [19]. The in

situ synchrotron XRPD, at 25(1) °C, and the calorimetry studies were
performed for the neat PC-52.5 and the accelerated paste by adding
STES3.

A second set of pastes, for LC® binders, was prepared with w/b of
0.40. Firstly, the 80 % of the total water was added to the binder and
stirred for 1 min at 800 rpm. Secondly, the employed amount of SP was
added with a syringe and 10 % of the total water, to flush out any SP left
in the syringe, was also added and the paste was stirred for 1 min at 800
rpm. Thirdly, the accelerator admixture was added and immediately the
remaining 10 % of the total water was used to flush out any accelerator
left in the syringe. The paste was again stirred for 1 min at 800 rpm. The
reference pastes, without accelerator, were prepared following the same
methodology except that in the second step the SP was added with the
20 % of the total water and with 2 min of mechanical stirring at 800 rpm.
Finally, all the pastes were injected, with the aid of a syringe, in glass
capillaries of 0.70 mm of diameter for in situ Synchrotron and Labora-
tory XRPD studies or placed into the glass ampoules for the
calorimetries.

After some preliminary tests, the amount of SP added for all the
pastes was 0.43 wt% (as received) by weight of binder (bwb). This
amount was chosen to have pastes with good fluidity, to fill the narrow
capillaries, but without any feature of segregation. The accelerators
were added at 0.05 wt% bwb of TIPA and 2.0 wt% bwb (as received) for
XS130 and STE53. The water contents of all the admixtures were taken
into account to maintain fixed the w/b ratios, i.e. 0.40 for LC® pastes and
0.50 for PC pastes.

3.3. Analytical techniques

3.3.1. X-ray fluorescence analysis
Data were taken in an ARL ADVANT’XP+ Thermo Fisher device, in
fused beads.

3.3.2. Textural characterisation

Three textural features were measured: i) Specific surface area from
BET calculations of Nj isotherms (ASAP 2420, Micromeritics, USA); ii)
air permeabilities following EN 196-6 (Blaine fineness device from
Controls); iii) Particle size distribution (PSD) by laser diffraction. The
PSD data were measured in a Mastersizer 3000 equipment (Malvern
Panalytical) using a dry chamber (Aero S). The MIE-non-spherical
methodology was adopted to treat the raw data. The refractive and
absorption indexes are given in Table S5 in S.I.
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3.3.3. Transmission Electron Microscopy (TEM) study

A JEM-1400 (Jeol, Japan) microscope working at 80 kV with a
camera Gatan ES1000W, was used to characterize the particle size and
morphology of STE53 admixture. A diluted suspension (1/1000) with
isopropanol was prepared and further dispersed within an ultrasound
bath for 10 s. The resulting diluted suspension was dropped on Cu grids
(200 mesh) with formvar-carbon films.

All the above equipments are located at SCAI-Universidad de
Malaga.

3.3.4. Isothermal calorimetry

A Thermal Activity Monitor (TAM) instrument (8 channel) was used.
Subsection 3.2 described the paste preparation methodology. The
measurements took 7 days at 20 °C, excluding the first 45 min after
mixing, which is required for thermal stabilisation.

3.3.5. In situ Synchrotron X-Ray Powder Diffraction (SXRPD)

The MSPD beamline (ALBA synchrotron, Spain) [50] was used for
the in situ SXRPD study. The diffractometer is equipped with MYTHEN
detector yielding very good signal-to noise ratios for short measurement
times. The used wavelength was 0.61907(1) A (20 keV) and the tem-
perature in the experimental hutch was 25(1) °C. The temperature of the
pastes within the capillaries was not measured. However, the capillaries
were narrow, 0.7 mm of diameter, and therefore thermal dissipation is
high. As a result, the temperature of the pastes should be quite close to
25 °C. The capillaries were spun at 20 rpm during data collection and the
four capillaries sample holder was used. Each pattern took 6 min
[angular range from 2 to 40° (20)] and three positions along each
capillary were measured and then merged to have better statistics and
powder averaging. The hydration period from ~0.5 h (required to pre-
pare the paste, fill the capillaries up and close the experimental hutch) to
~24 h was continuously monitored for all the pastes. For selected pastes,
some patterns were collected at longer times if synchrotron beamtime
was available, ie. for the pastes scanned at the beginning of the syn-
chrotron experiment.

GSAS-II software [51] was used to carry out the Rietveld quantitative
phase analyses (RQPA) for the SXRPD patterns as published elsewhere
[19]. The ACn values determined by the internal standard methodology
[49], include the free water (FW), the increasing C-S-H or C-(A)-S-H gels
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contents (from the hydration of alite and the pozzolanic reaction), and
any other amorphous components (for instance any ill-crystallised hy-
drated phase like AFm or siliceous hydrogarnet).

3.3.6. In situ laboratory x-ray powder diffraction (LXRPD)

To check the effect of the particle size of the employed gypsum, a LC
paste with fine gypsum with Dy 50~13 pm was prepared in the same way
as detailed in subsection 3.2, including quartz as internal standard. An in
situ LXRPD study was performed in a D8 ADVANCE (Bruker AXS)
powder diffractometer located at SCAI-Universidad de Malaga with Mo-
Kay radiation, A = 0.7093 A, working with the capillary configuration
[52] at 28(1) °C. The paste was introduced in a 0.7 mm diameter
capillary that was rotated during data collection. The powder patterns
were continuously collected from ~0.5 to ~35 h. Each pattern took 2.3
h in the angular range of 3 to 35°(20). These patterns were analysed by
Rietveld method using the GSAS and the EXPGUI graphic interface [53].

4. Results and discussion
4.1. Characterisation of the C-S-H admixtures

A detailed characterisation of the C-S-H nucleation admixture can be
found in the original patent [54]. TEM was used to characterize the
morphologies and the particle sizes of STE53 seeds. Fig. 1 shows a large
view of the dispersed C-S-H seed displaying partly agglomerated parti-
cles with variable sizes ranging 50-500 nm. The enlarged view shows
many small C-S-H domains within one agglomerated particle. Analogous
particle sizes have recently been reported for XS130 [19,55] and the
related admixture, Master X-Seed 100 [19,56].

4.2. In situ calorimetric study of pastes

Fig. 2 shows the calorimetric data highlighting the effects of the used
admixtures: superplasticisers and cement hydration accelerators. Fig. 2a
and d show the calorimetric curves for the PC-52.5 pastes processed with
SP1. The hydration took place under two conditions: i) w/c = 0.50
without SP, to be related to our previous work which used SXRPD and
calorimetry for studying cement hydration activation at early ages by C-
S-H seeding [19]; and ii) w/c = 0.40 and SP1, because this w/b ratio is

Fig. 1. TEM images for the employed STE53 admixture. (Left) Selected large field-of-view for the C-S-H nucleation seeds dispersed in isopropanol. (Right) Magnified
view showing an agglomerated cluster with individual particles smaller than 100 nm.
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Fig. 2. Calorimetries (T = 20 °C) for the studied pastes, referenced to the mass of dried binder, showing the effects of the accelerator admixtures. Left panels: The first
two-day heat flow traces for better visualization. Right panels: Cumulative heat developed during the first week of hydration. The total heats (J/g) at 12 h, 1d and 7
d of hydration are given in the insets for comparison. (a) Heat flows for PC-52.5 pastes with w/c = 0.40 and SP1, and with w/c = 0.50 without SP. The corresponding
cumulative heats are displayed on (d). (b) Heat flows for LC binders with w/b = 0.40 and SP1, and their cumulative heats on (e) panel. (c) Heat flows for LG binders
with w/b = 0.40 and SP2, and their cumulative heats on (f) panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

commonly employed for LG studies. On the one hand, at T = 20 °C and
w/c = 0.50, the effect of STE53 was shortening the induction period and
boosting the aluminate peak. On the other hand, the changes by C-S-H
seeding at w/c = 0.40 are more conspicuous. The reference paste has the
alite and aluminate peaks centred at 11.9 and 17.4 h, respectively. TIPA
slightly enlarged the induction period and increased the aluminate peak
area. Conversely, both STE53 and XS130 admixtures strongly decrease
the induction period, as expected [26,27,57]. It is noted that the paste
containing XS130 is almost undersulfated. This highlights that, in order

to have properly sulfated binders, the admixture nature and content
should also be taken into account. Moreover, the most important effect
of C-S-H seeding is the acceleration and enhancement of the aluminate
peaks, see Fig. 2a.

Fig. 2b and e show the calorimetric curves for the LC® pastes pro-
cessed with SP1. The reference paste was hydrated without any accel-
erating admixture and the main peaks for alite and the aluminates took
place at 5.9 and 15.4 h, respectively. It should be noted that the
aluminate peak is not very much accelerated with respect to PC-52.5,
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which takes place at 17.4 h. Conversely, the alite peak is very much
accelerated, i.e. PC-52.5 displayed this peak at 11.9 h. This acceleration
is most likely due to the filler effect caused by the small particle size of
the used SCM. The calcined clay had a specific surface area of 29.6 m?/g
and a Dy 59 value of ~13 pm, see Table S3. As previously shown for the
PC-52.5 paste, the addition of TIPA to LC3-SP1 did not significantly alter
the induction period neither the alite peak. However, TIPA clearly
sharpens the aluminate peak. Furthermore, the C-S-H seeding admix-
tures slightly (and further) reduced the induction period. The influence
of XS130 and STES53 on the alite peak is minor but on the aluminate peak

\ AFt

PC-525I-W/c=0.50-Ref
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is much larger. Both C-S-H based products boost aluminate hydration
which is commonly followed by a sharp decrease in the released heat.
This signature is widely observed and it has been mainly assigned to a
slowdown of alite hydration because of the enhanced content of
aluminate species in the pore solution [26]. The cumulative heat curves,
see Fig. 2e, show a moderate increase of the heat evolved at seven days,
the increase is much more notorious at 12 h.

Fig. 2¢ and f show the corresponding data for the SP2-processed LC>
pastes. The reference paste, without any accelerating admixture, showed
the alite and aluminate peaks at 5.1 and 13.2 h, respectively. The

T
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Fig. 3. Selected region of the raw in situ SXRPD patterns, A = 0.62 A, for the different pastes showing the dissolution of the clinker phases and the crystallisation of
portlandite and ettringite during the first 24 h of hydration. The main diffraction peaks are marked according to the cement nomenclature. PC-52.5 series, panels (a)
and (b). LC3-SP1 series, panels (c) to (). LC3-SP2 series, panels (g) to (i). Panel (j) displays the in situ LXRPD patterns of LC3—SP1—Ref—(Gy—2) series in which the x-axis
(20/°) has been transformed to the synchrotron radiation for the sake of easy comparison.
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behaviour of the pastes containing SP2 is quite similar to that shown by
the pastes with SP1. Moreover, the role of the accelerating admixtures is
totally in line with the changes discussed just above for the sister series
containing SP1.

4.3. In situ synchrotron powder diffraction characterisation

4.3.1. Initial discussion on the SXRPD direct results

Two selected regions of the raw SXRPD patterns collected for the
three studied series are displayed in Figs. 3 and 4. Fig. 3 allows us to
directly follow, i.e. without any type of data treatment, the dissolution of
the clinker phases and the crystallisation of portlandite and ettringite.
Moreover, Fig. 4 directly displays the dissolution of gypsum and the
appearance of ettringite and hemicarbonate. In detail, Fig. 3a and b
show the selected regions of the patterns for PC-52.5-Ref and PC-52.5-
STES3, respectively. Two main features deserve attention. Firstly, the
admixture-containing paste shows an enhanced calcium aluminate hy-
dration, both C3A and C4AF. Secondly, in spite of a similar C3S disso-
lution rate, there is a lower rate of crystallisation of portlandite for PC-
52.5-STES53, see Fig. 3b. This has been reported several times for C-S-H
and alkanolamine activations [19,20,55,58,59], and it could be related
to the C-S-H secondary nucleation. The C-S-H gel that preferably grows
in the pore solution may have a larger Ca/Si ratio and hence, the cor-
responding portlandite amount would be smaller [59]. However, this
hypothesis still lacks firm experimental confirmation. This will be the
subject of further investigations.

Fig. 3¢ to f show the patterns for the LC binder pastes with SP1. The
evolution of the traces for LC3-SP1-Ref compared to the PC-52.5-Ref
indicates that C3A reacts faster in the presence of the SCMs. Moreover,
the amount of crystallising CH is very much reduced at 1 day which may
indicate that the pozzolanic reaction is already taking place. Concerning
the admixtures, STE53 and specially XS130 further reduce the amount of
crystallising portlandite, see Fig. 3d and e, respectively. Conversely,
TIPA, which does not significantly promote secondary C-S-H gel nucle-
ation, and does not show a decreased portlandite crystallisation. In fact,
slightly larger amounts of CH are inferred from the powder patterns.
This can be due to the enhanced C3S hydration and it will be discussed in
the quantitative study, see below. Finally, Fig. 3g to i show the patterns
for the LC? binder pastes with SP2. Note that TIPA paste in this series
was not measured due to beamtime limitations. All the findings dis-
cussed above are again observed here. Especially, the C-S-H admixture
containing pastes, i.e. LC3-SP2-STE53 and LC3-SP2-X$130, showed less
portlandite than the reference paste, LC3-SP2-Ref. A faster C3A reactivity
was again observed. In addition, Fig. 3j depicts the in situ laboratory
powder patterns for LC3-SP1-Ref-(Gy-2), for the sake of comparison, see
below. As known, the powder diffraction peaks in the laboratory pat-
terns are broader which results in larger peak overlapping.

Fig. 4a and b show alternative regions for PC-52.5-Ref and PC-52.5-
STES53 patterns, respectively. For these binders, Hc does not precipitate,
in the studied time range, and gypsum is fully dissolved. The remaining
panels of Fig. 4 illustrate the evolution of the corresponding LC® binders
without and with admixtures. It is evident that the admixtures accelerate
Hc formation when compared to the reference LC? binders, see Fig. 4c
and g. Moreover, for these LC® pastes, gypsum is not fully dissolved in
the first day because of the large particle size of the additional gypsum
dossaged to prepare these binders, i.e. Dy 50~33 pm.

4.3.2. Quantitative analysis of the SXRPD data

All collected SXRPD patterns have been analysed by the Rietveld
method. The resulting values are deposited in the S.1., see Tables S6-S14.
As examples of the obtained fits, Fig. S6 displays the Rietveld plots for
the SXRPD patterns of PC-52.5-Ref-w/c = 0.50 and PC-52.5-STE53-w/c
= 0.50 at 0.7 h of hydration; Fig. S7 shows the Rietveld plots for LC3-
SP1-Ref-w/b = 0.40 and LC3-SP1-STE53-w/b = 0.40 at 11.2 h; and
Fig. S8 reports the Rietveld plots for LC3-SP2-Ref-w/b = 0.40 and LC>-
SP2-STE53-w/b = 0.40 at 19.4 h. In order to develop a unified picture,
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the phase contents are shown arranged as evolving phase (dissolution or
crystallisation) rather than displaying the behaviour of the binders. The
results for the analyses are displayed in Figs. 5-9. A discussion is carried
out next to reveal the trends and to compare the behaviour of selected
phases in different binders. In the next subsection, a more elaborated
analysis is performed based on the equations given in the introduction.
This is mainly carried out to estimate the MK degree of reaction in the
investigated conditions.

Fig. 5 displays the hydration (dissolution) of alite and the concomi-
tant crystallisation of portlandite. For PC-52.5-Ref, C3S starts to signif-
icantly dissolve at ~3.5 h which is also the time when CH starts to be
quantified. This behaviour fully agrees with the calorimetric study
where the induction period ends approximately at 3 h, see Fig. 2a. STE53
enhances the C3S dissolution at very early ages, 5 h or less, but lower
amounts of CH are quantified at the same hydration age when compared
to PC-52.5-Ref, see also Tables S6 and S7. As discussed above, this
qualitative observation has been reported several times for C-S-H
seeding [26] and it points towards the outer C-S-H, precipitating at very
early ages in these conditions, having slightly larger Ca/Si ratios.
Moreover, the addition of STE53 slightly reduces the dissolution rate of
the C3S hydration after 9-10 h, see Fig. 5a, when compared to the neat
PC-52.5 paste. This could be caused by increased aluminate dissolution,
see CgA dissolution pattern below. Higher amounts of aluminate species
in the pore solution are known to delay C-S-H growth [60-63] as well as
C3S dissolution.

Now, we focus on the alite dissolution in the corresponding LC3
binders, see Fig. 5b and c. Firstly, alite starts to hydrate at ~2 h, much
faster than in PC-52.5 pastes. This is very likely due to the filler effect
[64] and it was also evidenced in the calorimetries. Secondly, the ad-
mixtures do not significantly accelerate the C3S hydration in these LC>
binders at very early ages, i.e. less than ~5 h. Thirdly, TIPA accelerates
the hydration of C3S after ~7 h for LC3-SP1, see Fig. 5b. However, this is
not observed in the calorimetric curve. Conversely, XS130 slightly de-
lays C3S hydration after ~7 h for this binder. The situation is very
similar for the LC® binders with SP2, where neither STE53 nor XS130
seems to accelerate C3S hydration, see Fig. 5c. Therefore, the increase in
compressive strength at 1-day from LC3-SP2 to LC3-SP2-XS130 mortar,
from 20 to 29 MPa (or 45 % gain) [35], is likely due to the secondary
nucleation-growth effect with a much homogenous distribution of C-S-H
and C-A-S-H gels. Similar strength gains are obtained by using STE53
admixture [36]. For this comparison, it is assumed that the degree of
hydration of pastes and mortars are the same. Synchrotron X-ray
diffraction tomography showed that C-S-H seeding partly moves the C-S-
H gel regions away from the dissolving clinker particles towards the
capillary porosity [65]. This rearrangement of the C-S-H gel, even for the
same overall amount, yields a more homogeneous C-S-H distribution.

The most interesting and original result from this investigation is
deduced from the portlandite content evolutions in the LC® binders. It
can be seen that after about 7 h of hydration, the CH contents stagnate
but C3S keeps hydrating. This is a firm direct evidence that the pozzo-
lanic reaction(s) starts as early as 7-9 h of hydration. This behaviour is
observed for both families of pastes, containing both SP1 and SP2, see
Fig. 5b and c, respectively. This will be further elaborated in the next
subsection. Finally, it should be noted that CH content starts to stagnate
at hydration times quite close to the aluminate peaks in the calorime-
tries, see Fig. 2b and c. This observation suggests that these aluminate
peaks, in the heat flow traces for LC® binders, may have a contribution
from the pozzolanic reaction.

Fig. 6 shows the dissolution of gypsum and the concomitant crys-
tallisation of ettringite. We have chosen to represent the data in this way
as sulfate availability is commonly the limiting reactant for AFt crys-
tallisation. Aluminium could come from the dissolution of C3A and
C4AF, as well as any amorphous aluminate phase(s). Moreover, MK is
also a source of aluminium in the LC? binders. It can be seen that the
amounts of CSH, at very early hydration ages for PC-52.5-Ref and PC-
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Fig. 4. Selected region of the raw in situ SXRPD patterns, A = 0.62 A, for the different pastes showing the dissolution of gypsum and the crystallisation of hemi-
carbonate and ettringite during the first 24 h of hydration. All details as in Fig. 3.
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Fig. 5. Phase content evolutions with time from in situ SXRPD. (Left-axes)
dissolution/hydration of alite. (Right-axes) crystallisation of portlandite. (a) PC-
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52.5-STE53 are invariably higher than at to. This has been previously
observed, see for instance [19,63], and it is due to the fast dissolution of
bassanite with the subsequent secondary gypsum crystallisation. The
bassanite was present in the employed pristine cement, see Table S2.
CSH, fully dissolves at 10 h for PC-52.5-Ref and PC-52.5-STE53 but
about 1 wt% remain undissolved for the LC® binders. This is due to the
large particle size of the added gypsum, Gy-1, as will be demonstrated
later.

Concerning the ettringite formation, AFt keeps crystallising beyond
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Fig. 6. Phase content evolutions as in Fig. 5. (Left-axes) dissolution of gypsum.
(Right-axes) crystallisation of ettringite.

10 h for PC-52.5-Ref and PC-52.5-STES53, i.e. when gypsum is fully
dissolved. This indicates that there is an additional source of SO?( an-
ions, i.e. reservoir, which is likely the sulfate anions adsorbed on the C-S-
H gel. Two features should be highlighted related to the AFt crystal-
lisation. Firstly, the AFt crystallisation rate is much faster in LC® binders
compared to the plain cement, see Fig. 6. The amount of AFt can be as
high as 11.5 wt% as early as 7 h of hydration, see LC3-SP2-XS130 in
Fig. 6¢. Secondly, the AFt contents stagnate at about 10-12 wt% for the
LC® binders after 7-10 h of hydration. This is quite likely related to a lack
of sulfates available for further crystallisation. The C-S-H seeding ad-
mixtures increased the amount of AFt at very early ages, before stag-
nation, but not the AFt amount at 20 h which is governed just by the
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Fig. 7. Phase content evolutions as in Fig. 6. (Left-axes) hydration of tricalcium
aluminate. (Right-axes) crystallisation of hemicarbonate.

sulfate availability. Fig. 7 displays both the hydration of tricalcium
aluminate and the crystallisation of hemicarbonate. Hc only crystallises
in the LC3 system, i.e. it was not detected in PC-52.5-Ref and PC-52.5-
STES53 pastes. For these pastes, C3A started to hydrate at about 10 h,
when CSH, was fully dissolved. Furthermore, the enhancement of C3A
hydration by the STE53 admixture was not significant, see Fig. 7a. On
the other hand, C3A starts hydration much earlier in LC® binders, at 5 to
8 h of hydration. Moreover, C3A hydration is strongly enhanced by the
employed admixtures, see Fig. 7b and c. This is in agreement with the
heat flow traces discussed earlier where the aluminate peaks were
strongly enhanced. However, although there is an agreement in the heat
flow, there is 1-2 h shift in the timing when the reaction happens.

It is worth noting that our data show that sulfates are adsorbed from
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Fig. 8. Tetracalcium aluminoferrite content evolution as in Fig. 5.

o
(&)

C-S-H gel in the 10-20 h time interval for the PC pastes and in the 5-8 h
interval for the LC® pastes, see Fig. 6. The roles of the SO3~ adsorption
and desorption from C-S-H are difficult to discuss in the present inves-
tigation, beyond the obvious consequences in enhanced aluminate
dissolution and ettringite precipitation. Comparing Figs. 5 and 6, there is
not an acceleration in C3S dissolution rate in these time intervals. We
speculate that desorption of sulfate from C-S-H gel could result in faster
CsS dissolution because enhanced C-S-H growth rate. However, sulfate
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Fig. 9. Phase content evolutions as in Fig. 4. (Left-axes) belite results. (Right-
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desorption from C-S-H also increases the dissolution rates of C3A and
C4AF, and it is known that higher concentration of aluminates in the
pore solution slows down the dissolution of alite. More research is
needed, in properly designed experiments, to shed light on the conse-
quences of sulfate desorption from C-S-H gel.

Another important and original result from this investigation is the
Hc crystallisation in LC> binders. He crystallisation arises from any
source of reactive alumina in presence of carbonate anions. We interpret
the crystallisation of Hc as a second evidence of the pozzolanic reaction
taking place at these ages, in addition to CH consumption, see above.
This observation supports egs. 4b or 4c, as the pozzolanic reaction has
taken place for MK. Moreover, TIPA does not accelerate the Hc
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crystallisation but XS130 and STE53 do. TIPA seems to favour amor-
phous AFm precipitation. Comparing the CsA dissolution and Hc crys-
tallisation in Fig. 7b and c, it seems that SP2 has a synergistic effect with
the C-S-H based admixtures resulting in enhanced CsA dissolution and
Hc crystallisation.

The amounts of Hc measured here, 0.3-1.0 wt% at 20 h and 0.9-1.3
wt% at 40 h (Tables S8-S14), are compared to those reported in bibli-
ography next. These values are referred to 100 g of paste and the cor-
responding values referred to 100 g of anhydrous binder are 0.4-1.4 and
1.3-1.8 wt%, respectively. The accompanying AFt contents ranged
10-12 wt%, or 14-17 wt% when they are referred to 100 g of binder.
Moreover, it must be noted that already in 2018 [66] it was demon-
strated that carboaluminate contents are strongly dependent on the
amount of MK in the calcined clay. Therefore, the comparison here is
restricted to LC® binders with MK content 60-75 wt% and w/b = 0.40.
Avet et al. [66] reported (Hc + Mc) amounts of ~0.8 and ~ 6.0 wt% at 1
and 3 d, respectively. The AFt content was 12.5 wt% at both ages.
Zunino and Scrivener [67] reported (Hc + Mc) amounts of ~1.0 and 2.5
wt% at 1 and 2 d, respectively, with an associated AFt content of 8.5 wt
% which increased to 10.0 wt% at 2 d. Finally, larger values were re-
ported in [68]. For the binder with 3.6 wt% of SOs, the reported
amounts of (Hc + Mc) and AFt at 3 days were 9.8 and 17.0 wt%,
respectively.

Fig. 8 shows the hydration of C4AF. On the one hand, C4AF hydrates
very little in the measured time range for PC-52.5, see Fig. 8a. STE53
does not seem to modify C4AF hydration in the PC-52.5 pastes. On the
other hand, C4AF is more reactive in LC® binders. The studied admix-
tures modestly accelerate the C4AF hydration in LC3-SP1 binders.
Conversely, XS130 and STE53 accelerated the C4AF hydration more
significantly when the pastes contained SP2. The understanding of this
synergistic effect, also found in C3A hydration, see just above, requires
further investigations.

Fig. 9 displays the time evolution of C5S and CC. During the studied
time range, the dissolution of these phases could not be evidenced. The
plots show constant values within the variability and accuracy of the
analyses. It is noted that the maximum amount of measured Hc, 1.4 g,
requires the dissolution of 0.12 g of CC, both values referred to 100 g of
paste. The quantification of the dissolution of 0.12 wt% of CC is not
reliably attained even by synchrotron powder diffraction.

The degree of hydration (DoH) of the clinker phases can be directly
determined from the data reported in Tables S6-S14, as the mineralog-
ical analyses are always referred to 100 g of paste. This can be done
because of the use of the internal standard, see experimental section.
Thus, Fig. 10(a) displays the DoH for the PC-52.5-Ref and PC-52.5-
STES3 series. It can be seen that the DoH of C3S is about 30 % at ~10
h, i.e. the maximum of the heat flow peak, and about 55 % at 19 h, i.e.
the time for the aluminate peak. At this age, 19 h, the hydration degree
of C4AF is still quite small, ~10 %, but that of C3A is ~35 % and ramping
up. It can also be seen that the employed admixture marginally modifies
the DoH of these phases for this highly reactive cement. C3S hydration is
slightly decelerated after 14 h, see Fig. 10(a).

Fig. 10(b) and (c) display the DoH for the clinker phases for the LC-
SP1 and LC3-SP2 series, respectively. The following observations can be
extracted from these plots: (i) CsS hydration is accelerated by the
presence of the SCMs. The 30 % DoH is reached at ~10, ~7.5and ~ 6 h
for PC-52.5-Ref, LC3-Ref-SP1 and LC>-Ref-SP2. This is likely due to the
filler effect, although it should be kept in mind that the CsS-water ratios
are different in the two series. It must also be noted that the LC3 series
have SP which could delay CsS hydration but it does not seem to
counterbalance the filler effect. As expected, this enhanced reaction is
damped at later ages, after about 18 h. (ii) C4AF hydration rate is highly
enhanced in LC® binders. For instance, C4AF DoHs at 19 h are 10, 31 and
32 % for PC-52.5-Ref, LC3-Ref-SP1 and LC3-Ref-SP2, respectively. (iii) C-
S-H nucleation seeding admixtures are very effective in boosting C4AF
hydration in Lc? binders, see Fig. 10(b) and (c). For instance, the DoH of
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Fig. 10. Degree of hydration of the clinker phases and metakaolin as a function of time. (a) Data for the PC-52.5 series where the influence of the STE53 admixture is
also shown. (b) Data for the LC3-SP1 series where both studied admixtures (STE53 and XS130) accelerate the hydration of C3A and C4AF. C3S hydration is slightly
decelerated at later ages by X5130. (c) Data for the LC3-SP2 series displaying a similar behaviour than that of LC3-SP1. Metakaolin hydration is not significantly

boosted by the employed admixtures up to 1 day.

C4AF at 20 h increases from 30 % for the reference paste to ~40 % for
the two pastes containing STE53 admixture. (iv) C3A also hydrates faster
in LC® binders than in the plain PC, see Fig. 10. C3A DoHs at 19 h are
~36, ~56 and ~ 57 % for PC-52.5-Ref, LC>-Ref-SP1 and LC3-Ref-SP2,
respectively. (v) The employed admixtures are also very effective in
boosting C3A hydration in LC® binders, especially STE53, see Fig. 10(b)
and (c). The DoH of C3A at 19 h increases from 56 and 57 % for the
reference pastes SP1 and SP2, to 70 and 68 % for the corresponding
pastes containing STE53. (vi) The employed admixtures also slightly
deaccelerate C3S hydration at later ages in the studied LC® binders. The
exception is STE53 in LC3-SP1 where the CsS rate of hydration is slightly
enhanced. A similar overall behaviour is shown by TIPA and the cor-
responding traces are shown in Fig. S9(a). They are not included in
Fig. 10 for the sake of clarity.

To end this subsection, the DoH of MK is also displayed in Fig. 10(b)
and (c). The calculation to obtain these values is detailed in the next
section, but the results are reported here for completeness. The esti-
mated degree of hydration is close to 10 % at 1 day and it does not seem
to be significantly enhanced by the employed admixtures in the studied
time interval.

Phase analyses by SXRPD

4.3.3. Hydration reaction discussion including mass balance calculations

The calculated amounts of hydrated phases were obtained by the
hydration egs. [42] given in the annex and the mass-balance calcula-
tions. The steps for the calculations are graphically shown in Fig. 11,
which are based on previous publications for LG systems [41,68,69] but
simplified for accounting the reactions just taking place during the first
day of hydration. For instance, it does consider the formation of mon-
ocarboaluminate. It is noted that the employed cement has relatively
low magnesium content, 1.5 wt%, and the formation of amorphous
hydrotalcite has also not been considered here.

Step (1). The reacted crystalline C4AF fraction is computed according
to eq. 3a. This yields calculated amounts of amorphous siliceous
hydrogarnet C3FSpg4Hs 32, AFt and CH. Additionally, the required
amount of C3S is subtracted from the total reacted amount of C3S.

Step (2). The reacted crystalline CsA fraction is computed according
to eq. 2. This yields a calculated value of AFt which is added to the one
resulting from C4AF hydration.

Step (3). The reacted C3S content, after subtraction of the CsS
required for eq. 3a, is computed according to eq. 1. This yields calcu-
lated amounts of C-S-H and CH. A (very minor) correction factor, 98 %,

at tp and the hydration ages.
Computed phases: =
C5S, CsA, C,AF & AS, (MK)

(1) C,AF hydration
computed by eq. 3a

| CHearc from (1)+(3) |

| AFt.,cfrom (1)+(2) |
@ | C-5-Hgi from (3) |

(3) G5S hydration
compijted byeq. 1 <:

(2) C;A hydration
computed by eq. 2

| F-S-Heqicfrom (1) |

End of calculations in the absence of SCMs

d

(4) CH consumed in the
pozzolanicreaction, CH,,,,,
is estimated by: CH ;c-CHeyp

J

| C-(A)-5-Hyor from (3)+(5) |

Hc,,,, from (5b)

[ AFt,, from (1)+(2)+(5a) |

(5a) CHpop is used in eq. 4a
to calculate C-A-S-H,,,,
& AFt,;, (at times when Hc
Is not observed)

(6) MK degree of reaction
is determined by the
amount hydrated in eq. 4a
(and 4b if applicable)

| MK DoR from (6) |

(5b) For times when Hc
is observed, the additional
CHp,; is used in eq. 4b to
calculate C-A-S-H,,, & Hc,,o,,

- T

Fig. 11. Flowchart with the steps followed for the calculations of the hydrated phases including the determination of the degree of reaction of metakaolin in LC3

binders by mass balance.
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is applied to the obtained CH amount to account for the released mag-
nesium which does not form crystalline portlandite. The total amount of
CH is obtained by adding the small amount from step (1) and the much
larger amount from step (3).

In the absence of metakaolin, the calculations stop here. For the LC3
binders, in addition of the three steps described above, the following
steps are also followed.

Step (4). The consumed CH in the pozzolanic reaction, labelled
CHpo;, is obtained as the subtraction of CHe,)c and the measured amount
of portlandite, CHexp.

Step (5a). If He is not detected, CH,,; is used according to eq. 4a to
calculate the amounts of C-A-S-Hjoz; and AFtyez;. AFtiora1 is computed as
the sum of AFtcac and AFtyoz;.

Step (5b). For times when Hc is experimentally detected, the addi-
tional CHy,o; is used according to eq. 4b to calculate C-A-S-Hj,,, and He.

Step (6). Calculates the degree of reaction of MK from the amount of
MK at ty and the amount consumed by eq. 4a (and 4b if applicable) at a
given age.

Following this approach, Fig. 12 displays the comparison between
the measured and calculated amounts of portlandite. On the one hand,
the evolution of calculated portlandite fractions for PC-52.5-w/c = 0.50
series show the same pattern than the experimental ones, see Fig. 12(a).
It must be noted that the model calculates about 0.5-0.8 wt% more CH
at later ages than the measured ones. This disagreement could be due to
experimental inaccuracies and also to the initial formation of a minor
amount of amorphous Ca(OH),. This fraction of amorphous calcium
hydroxide could be intermixed with (and/or adsorbed at) C-S-H slightly
increasing the C/S ratio above the assumed 1.8 value [59,70]. On the
other hand, the dilution of 50 % in the clinker should decrease the
amount of portlandite roughly by 50 %, i.e. from 8 to 4 wt%, for the LC>
binders. In fact, the calculate amounts of CH at 20 h in the LC3-Ref pastes
are slightly higher than 4 % because the (above discussed) filler effect,
see Fig. 12(b) and (c). Very importantly, the measured amount of CH
after 7-8 h stagnates between 1.3 and 2.1 wt%. This is about half of the
CH that should be produced by the measured C3S hydration, i.e. CHcalec,
and a firm prove that pozzolanic reaction is taken place as early as 7-8 h
after water mixing. Moreover, as it is highlighted by lines in Fig. 12(b)
and (c), the rate of growth of CHeyp in LC® systems at times earlier than 7
h (solid lines) is smaller than that of CH¢gj (dashed lines) which suggest
that pozzolanic reaction is taken place at even earlier ages.

Fig. 13 displays the comparison between the measured and calcu-
lated amounts of crystalline ettringite for the three studied series. This is
the weakest point of this work as the disagreement is large, the biggest
being 3.2 wt% at 11 h for PC-52.5-Ref. Fig. 13a shows the results for the
PC-52.5-w/c = 0.50 pastes where the experimentally measured amounts
of AFt are 1-3 wt% larger than the calculated ones, which are based on
the dissolution of the crystalline aluminates within the pristine cement.
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The possible origins of this disagreement are elaborated next and they
highlight the limitations of powder diffraction where some assumption
have to be carried out in the data analysis. On the one hand, the
measured amount of AFt could be overestimated because experimental
inaccuracies. In this sense, preferred orientation of ettringite crystals
was checked and it was not present. However, iron can replace
aluminium in AFt and this is not considered in the Rietveld fits. If there is
a significant amount of Fe within the ettringite crystal structure, this
phase contains more electrons and therefore it diffracts more. Hence, a
higher scale factor for pure-Al AFt is needed in the Rietveld fit, which
directly translates to higher amount of this phase. On the other hand, the
amount of calculated AFt can be underestimated in our methodology.
We speculate that the two largest contributions to this possible under-
estimation are the presence of amorphous calcium aluminate(s) within
the pristine cement and the assumed Al/Fe ratio in C4AF, i.e. 1.0. It has
been very recently demonstrated that C4AF can be aluminium-rich [59]
leading to higher AFt crystallisation. Amorphous calcium aluminates
would dissolve leading to additional (non calculated) ettringite. In order
to establish a limit, under the assumption that the total discrepancy is
due to amorphous calcium aluminates, 3.2 wt% of AFt would require the
dissolution of 0.7 wt% of amorphous CsA in the paste, which is equiv-
alent to 1.0 wt% in the pristine cement.

Concerning the LC3-w/b = 0.40 series, it is important to note that the
measured amount of AFt is similar to that of the neat PC, i.e. about 11 wt
% referred to 100 g of paste, see Fig. 13(b) and (c); in spite of having half
of the clinker. This is due to the enhanced reactivities of C3A and C4AF at
early ages in LC® binders. The disagreement between calculated AFt
amounts (from crystalline C3A and C4AF) and the experimentally
measured fractions is also observed but quantitatively much smaller, i.e.
~1.5 wt%. This is considered within the errors due to the experimental
inaccuracies and the assumptions in the calculations. Moreover, after
about 9-10 h, AFt stagnates as available sulfates are depleted. As C3A
and C4AF keep dissolving, AFt;o, continues to increase but the alumi-
nates are mainly employed in the Hc crystallisation see just below.

It should be noted that the AFt crystallisation in OPC and LC® binders
show quite different behaviours. The crystallisation of AFt is still taking
place at 20 h for PC-525-w/c = 0.50 series, but it stagnates at about 10 h
in the LG pastes. This is due to the different sulfate requirements and
availabilities. On the one hand, the original PC has 3.8 wt% of SOs,
leading to 2.53 wt% in the paste and therefore, it may develop a
maximum of 13.2 g of AFt (referred to 100 g of paste). The largest AFt
amount measured for these pastes is 11.0 wt%, and hence, sulfates are
not depleted at the latest measured age. On the one hand, the LCS binder
pastes have a total available SO3 content of ~1.94 wt% (1.32 from the
PC and ~ 0.62 from the added gypsum taking into account the undis-
solved fraction). This SO3 value leads to a maximum AFt content of 10.2
wt%, which agrees reasonably well with the measured amounts of
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Fig. 12. Experimental (solid symbols) and calculated (open symbols) amounts of portlandite as a function of the hydration time for (a) PC-52.5-w/c = 0.50 series, (b)
LC3-w/b = 0.40-SP1 series and (c) LC®-w/b = 0.40-SP2 series. The dashed lines at 2.0, 4.0 and 8.0 wt% of CH are guides to the eyes. For the discussion of the other

lines, see the text.
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Fig. 13. Experimental (solid symbols) and calculated (open symbols from eq. 4a and crossed out when eq. 4b was used) amounts of crystalline ettringite as function
of the hydration time for (a) PC-52.5-w/c = 0.50 series, (b) LC3-w/b = 0.40-SP1 series and (c) LC3-w/b = 0.40-SP2 series. The horizontal dashed line at 11.0 wt% of
AFt is a guide to the eyes. The times of stagnation of AFt crystallisation are highlighted by vertical dashed lines. The double arrows mark the discrepancy between

calculated and measured total amounts of AFt.

ettringite at the stagnation points. Clearly, for these LC® systems and at
about 8-10 h, the sulfates are depleted from the pore solution which
agrees very well with the aluminate peak in the calorimetries, see Fig. 2b
and c. Moreover, the AFt crystallisation rates are also different in PC and
LGS pastes, see Fig. 13. AFt measured crystallisation rate for LC pastes is
much faster than that in PC because the previously discussed enhanced
dissolution rates of C3A and C4AF.

As expected, Heey,, starts to appear when the AFt content stagnates,
see Fig. 13 and 14. The agreement between Hceyp and Hcpoz, precipi-
tation rates, see Fig. 14, is acceptable with errors lower than 0.5-0.6 wt
%.

The corresponding plots with the comparison of experimental and
calculated amounts of hydrates for TIPA admixture in the series LC3-SP1
are given in Fig. S9. Moreover, the calculated amounts of amorphous
phases are also deposited, see Fig. S10.

Finally, these hydration reactions and the associated mass balance
calculation allow us to estimate the DoH of MK. The raw clay had ~74
wt% of kaolinite which means a ~ 71 wt% of MK in the calcined clay
employed to prepare the LC® binders. As the calcined clay was added at
30 % and then diluted to a w/b = 0.40, the MK content at t in the pastes
was 15.2 wt%. Now, it is possible to determine the MK DoH with the
consumed Ca(OH); values, ie. CHpoz;, under the assumptions stated
above. The DoH of MK at 22 h in these LC? systems is ~10 %, see Fig. 10
(b) and (c). This calculation sets a minimum value for the degree of
reaction of MK, which could be slightly larger as it is known the MK also
partly reacts with the amorphous Ca(OH); of the C-S-H gel leading to
overall smaller values of C/S ratio in both C-S-H and C-A-S-H gels

[71,72].

Interestingly, this calculation shows that for a LC3-50 cement with
71 wt% of MK, where 60 % of alite is already hydrated, just 10 % MK
was consumed and there was CH left for the reaction of a further 10 %,
see Fig. 12(b) and (c). This means that for a typical DoH of 90 % of alite,
there is portlandite for just the reaction of 30 % of the MK. This simple
calculation shows that calcined clays with one-third of their kaolinite
content, i.e. ~30 wt%, have the potential to exhaust all portlandite from
alite hydration in LC3-50 binders at later ages. This may justify that
calcined clays with modest MK contents, i.e. 30-40 wt%, yields rela-
tively competitive late strengths; however, at early ages calcined clays
with larger amounts of MK yield higher strengths.

4.4. In situ laboratory powder diffraction characterisation

This study was motivated by the observation of ~1 wt% of undis-
solved gypsum after about 10 h of hydration in the LC? pastes. Fig. 15
shows the in situ synchrotron and laboratory powder patterns for LC3-
SP1-Ref fabricated with Gy-1. Furthermore, Fig. 15 also displays the
corresponding in situ laboratory powder patterns for the same binder but
fabricated with Gy-2 which has a smaller average particle size, see
experimental section. This study reproduces the lack of complete
dissolution of the gypsum with large particle sizes, see Fig. 15b.
Conversely, gypsum with smaller particle sizes, i.e. Gy-2, is fully dis-
solved after 14 h in the LC® binder, see Fig. 15c. This observation
demonstrates the robustness of the experimental procedures and it
highlights the (overlooked) importance of having relatively small
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Fig. 15. Selected view for the raw patterns for the LC3-SP1-Ref pastes during
the first day of hydration. The main diffraction peaks are labelled. (a) SXRPD
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0.71 10\, for LC3-SP1-Ref prepared with Gy-1. (c) LXRPD data, A = 0.71 10\, for
LG3-SP1-Ref prepared with Gy-2.
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particle sizes even for quite soluble phases.

A Rietveld quantitative study has also been carried out for the in situ
laboratory X-ray powder patterns. The direct Rietveld results are
deposited in Tables S15 and S16 for Gy-1 and Gy-2 samples, respec-
tively. Hence, any interested reader could see the results but we do not
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discuss them here as they are in line with the SXRPD values, and they
inherently have larger errors.

5. Conclusions

Four main conclusions can be drawn from the present investigation
dealing with the early hydration of LC®-50 pastes by in situ synchrotron
X-ray powder diffraction.

Firstly, for LC® pastes, fabricated with a calcined clay with ~71 w%
of MK, the pozzolanic reaction starts as early as 7 h. This is shown by the
consumption of portlandite, as alite keeps dissolving but additional
crystalline Ca(OH); is not formed.

Secondly, the hydration rates of the clinker phases in LC3 binders are
accelerated at very early ages, 3-10 h, by the presence of the supple-
mentary materials which had fine particle sizes and high BET-surfaces.
This has been reported previously and it is a clear sign of the filler effect.

Thirdly, the use of the employed C-S-H nucleation seeding admix-
tures, STE53 and XS130, enhanced the hydration rates of the calcium
aluminate phases, both C3A and C4AF, in LC® binders. These admixtures
also seem to partly change the alite hydration mechanism moving the C-
S-H gel towards the pore solution but this cannot be directly measured
by diffraction techniques.

Finally, the degree of hydration of metakaolin has been estimated,
10 % at 22 h, based on the pozzolanic reaction which gave the best
agreement between the measured and calculated crystalline hydrated
product contents.

CRediT authorship contribution statement

Alejandro Morales-Cantero: Data curation, Formal analysis,
Investigation, Methodology, Resources, Software, Writing — original
draft, Writing — review & editing. Angeles G. De la Torre: Formal
analysis, Investigation, Writing — original draft, Writing — review &
editing. Ana Cuesta: Formal analysis, Investigation, Writing — original
draft, Writing — review & editing. Isabel Santacruz: Formal analysis,
Investigation, Writing — review & editing. Isabel M.R. Bernal: Formal
analysis, Investigation, Writing — review & editing. Oliver Mazanec:
Formal analysis, Investigation, Writing — review & editing. Alessandro
Dalla-Libera: Formal analysis, Investigation, Writing — review & edit-
ing. Pere Borralleras: Formal analysis, Investigation, Writing — review
& editing. Miguel A.G. Aranda: Conceptualization, Formal analysis,
Investigation, Supervision, Writing — original draft, Writing — review &
editing.

Declaration of competing interest

Master Builders Solutions has a research contract, "Low-CO2 cement
admixture activation study", with the research group of University of
Malaga. However, the company has not issued any guidelines for the
analysis or reporting of the data. The raw data have been openly
deposited at zenodo.

Data availability

Synchrotron X-ray powder diffraction, laboratory X-ray powder
diffraction and isothermal calorimetry raw data are available on Zenodo
at doi:https://doi.org/10.5281/zenodo.7761337, and they can be used
under the Creative Commons Attribution licence. Full details concerning
the datasets are given in the Supplementary Information.

Acknowledgement

This research was partly supported by the research grant PID2020-
114650RB-100 which is co-funded by ERDF. ALBA synchrotron is
thanked for providing beamtime at the BLO4-MSPD beamline. We thank
thorough discussions with Peter Schwesig and Sebastien Dhers from


https://doi.org/10.5281/zenodo.7761337

A. Morales-Cantero et al.

Master Builders Solutions. Funding for open access charge: Universidad

Appendix A. Hydration reactions for the mass balance calculations

Table Al
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de Malaga/CBUA

Model clinker phase hydration reactions. The equation (eq.) number is given in the right column.

Clinker phase hydration reaction Eq.
Ca3SiOs + 5.2H0 — 1.2Ca(OH) + (Ca0)1.5Si02(H20)4.0 @
CazAl;06 + 3CaS04-2H20 + 26H20 — CagAly(SO4)3(0OH)12-26H20 2)
CasAlyFes010 + 0.84CasSiOs + 3CaS04-2H,0 + 30.84H0 — CasFen(Si04)0.84(0H)s 64 + CagAla(SO4)3(OH)12-26H,0 + 0.52Ca(0H), (32)
CasAlyFes019 + 1.68CasSiOs + 11.68H20 — 2CasFeAl(SiO4)0.84(OH)g 64 + 3.04Ca(OH), (3b)

Table A2
Model pozzolanic hydration reactions.

Pozzolanic hydration reaction Eq.
Al,Sip07 + 5.4Ca(OH); + 2.4CaS04-2H20 + 23.4H20 — 2Ca; 5Al0.2S103.8(H20)4.0 + 0.8CagAl2(SO4)3(0H)1226H20 (42)
Al,Si07 + 5.8Ca(OH); + 0.4CaCO3 + 11.8H20 — 2Caj 5Alg.2Si03.8(H20)4.0 + 0.8CasgAlo(OH)13(CO3)0.5(H20)s5 5 (4b)
Al3Si307 + 5.6Ca(OH), + 0.2CaCO3 + 1.2CaS04-2H20 + 17.6H20 — 2Caj 5Al0.2Si03.8(H20)4.0 + 0.4Ca4Al(OH)13(CO3)0.5(H20)s5.5 + 0.4CagAl2(SO4)3(0H)1226H20 (40)
Al5Si507 + 5.4Ca(OH); + 0.8CaCO3 + 7.4H20 — 2Cay 5Alg 2Si03 8(H20)4.0 + 0.8CasAlo(OH)12(CO3)(H20)s (5)

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconres.2024.107463.
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