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Portland cements are currently used as Oil-Well-Cements for the sheath between the
metal casing and the borehole. At high pressures and temperatures, the resulting
C-S-H gel(s) is partly unstable and it can react to give different crystalline phases and
changing microstructure which increases porosity. It is known that the addition of silica-
rich materials to Portland cements, used to decrease the overall Ca/Si molar ratio,
avoids/minimises the early strength retrogression experienced by neat cement slurries.
Alternatively, belite-rich cement could be used but belite reactivity in these conditions is
largely unexplored. Here, belite-rich mixtures have been quantitatively studied at 180
bars and of 160 °C by in situ synchrotron powder diffraction using a tailored-designed
spinning capillary cell. For model alite/belite mixtures, alite strongly accelerates belite
hydration in these conditions. At 10 h of hydration, B-C 2 S shows a reaction degree
of 30 and 80% for 20wt%C 3 S-80wt%C 2 S and 50wt%C 3 S-50wt%C 2 S
mixtures, respectively. Furthermore, the 50wt%C 3 S mixture hydrates yielding
significant amounts of Jaffeite and a-C 2 SH and the 20wt%C 3 S mixture gave no
Jaffeite and much lower amount of a-C 2 SH. Finally, a belite cement has also been
hydrated in these conditions and the reaction degree of belite was 50% at 10 h. The
hydration of this cement did not yield Jaffeite neither a-C 2 SH in the studied
experimental conditions.
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1. Introduction.

Oil-Well-Cement (OWC) is a special kind of cement [1,2] used for specific applications mainly in
oil, gas and geothermal industries. Furthermore, in the last two decades, there has been increased
interest in oil and gas extraction from unconventional resources like shale gas and heavy oil. The
pastes derived from OWC are subjected to variable conditions including high pressures (up to 1000
bar) and high temperatures (up to 300°C). Consequently, the hydration processes change
substantially, and the hydration phases formed under these conditions are different (or they can be)
than those obtained at room temperature and atmospheric pressure [3].

The hydration of PC close to ambient conditions is widely studied and it mainly consists of two
different types of reactions which can interact with each other. These are the silicate and the
aluminate reactions [4] (cement notation for the different phases will be used hereafter). The main
silicate reaction consists of the dissolution of alite (simplified as CasSiOs or C3S), supersaturation
of the pore liquid with the different ionic species and then, the crystallization of portlandite,
Ca(OH)2 and the precipitation of a nanocrystalline calcium-silicate-hydrate (C—S—H) gel which the
following average stoichiometry at the microscale, (Ca0)1.8SiO24H,0 [5]. The hydration reaction
of belite seems to be similar to that of alite, although the reactivity of belite (simplified as Ca>SiO4
or C,S) is much slower, and it is assumed to yield an analogous C—S—H gel. Aluminate reactions
mainly consist on the dissolution of aluminates, i.e. CsA and C4AF and calcium sulfate sources
yielding crystalline ettringite and AFm phases at room pressures.

The hydration reactions of cements can change at high pressures and temperatures (HPHT) and the
hydrated phases can be partly different from those obtained at room temperature and pressure [6,7].
Reports dealing with different cement systems [7-9] have shown that the effect of temperature is
larger than that of pressure. For instance, it was reported that C—S—H gel was not fully stable at high
temperature [10], and hence, that non-ambient conditions led to its partial decomposition/reaction to
yield other (crystalline) hydrates, such as a-C>SH and/or Jaffeite, CeSoH3z [10,11]. Because the
Ca/Si ratio of Jaffeite is similar to that of alite, it could readily form at HPHT. At high temperatures,
pressure should favour the appearance of phases with higher mass densities, i.e. smaller molar
volumes. In such conditions, a-C>SH stability will be favoured respect to that of Jaffeite. The
transformation to higher density phases increases the porosity and decreases the mechanical
strength (behaviour known as strength retrogression) [12-18]. Moreover, C—S—H gel crystallization
at HPHT has been reported to yield tobermorite and related minerals [19-22] and to change its
microstructure by densification and hence porosity increase [22,23]. All these processes lead to
early strength retrogression by neat cement slurries cured at HPHT. The addition of silica-rich
compounds to Portland cement decreases the Ca/Si ratio and it mitigates this undesired conversion
[2,24]. Therefore, there are many publications dealing with the addition of silica fume (SF),
metakaolin (MK), quartz with small particle sizes, or fly ash (FA) to OWC to decrease the Ca/Si
ratio of the resulting binder [23,25-27].

In situ characterization is very useful to understand the hydration under these conditions but most
HPHT diffraction studies reported qualitative or semi-quantitative results mainly devoted to the
hydration of C3S [6,7,10,28]. The lack of quantitative information on the coupled role of pressure
and temperature is due to the lack of suitable tools to carry out high-resolution phase-selective in
situ studies during cement hydration. In order to address this knowledge gap, we have recently
developed a HPHT capillary cell which allows rotation to improve the powder averaging [29]. The
possibility of rotation coupled with synchrotron X-rays allowed to quantitatively follow in-situ
OWC hydration reactions. Furthermore, a very recent work [30] performed an in situ synchrotron
powder diffraction study to follow the reaction of each phase in an OWC paste at 150 bars and
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150°C. Without the use of admixtures, the reaction degree of alite reached 90% after 7 h and that of
belite was 42% at 14 h.

As current OWC are based on Portland cements, retardants are commonly needed to slow down
alite reaction allowing enough open time for correct paste pumping and placement [31].
Furthermore, as the Ca/Si is close to 3/1, silica-rich supplementary cementitious materials like SF,
MK or FA, are used to decrease this ratio in the final hydrate assemblage. An alternative approach
could be to use belite cements as Oil Well Cements. In addition to the benefit due to the possible
avoidance of porous development, CO. footprint reduction will be attained. However, belite
reactivity is very much unexplored under these conditions. Furthermore, an additional advantage of
this type of cements is the low heat of hydration for drilling in permafrost area. Heat of hydration of
Portland cement can cause melting of surrounding permafrost, hence every effort to minimize this is
worth to be researched.

The objective of this work is to study belite reactivity at high temperature and pressure. In order to
do so, in-situ synchrotron powder diffraction data have been collected in model C3S-C2S mixtures
at 180 bars and 160°C. Furthermore, an industrially-fabricated belite cement has also been studied
under similar conditions. This study profits from the recent development of the HPHT spinning
capillary cell.

2. Materials and Methods.
2.1. Materials.

Three single phases were used in this study. 1) Crystalline I> (extra pure resublime quality) was
purchased from Scharlen. Il) Triclinic tricalcium silicate, t-C3sS, was purchased from Mineral
Research Processing (M.R.PRO). IIl) Dicalcium silicate, p-C.S, with CazSio.972Al0.02803.98600.014
stoichiometry was synthetized with the aluminium content that allows to stabilize the p-polymorph
[32].

B-C2S was synthetized as follows. SiO2 (Alfa Aesar, 99.5%), CaCOs (Alfa Aesar, 99.95-100.05%)
and y-Al,Oz (Alfa Aesar, 99.999%) were used as raw materials in the stoichiometric proportions
given above. Raw materials were mixed in a Micro-deval mill (Proeti) for 30 minutes. Then, the
powder was preheated for 4 h up to 1050°C with a heating rate of 10 °C/min. The material was
grinded for 45 min using the Micro-deval device to obtain a better homogenization. Later, the
material was pressed into pellets and heated up to 1500°C for 6 h. The material was quenched from
high temperature with an air flow. The resulting pellets were grinded in a disk mill (Siebtchnik).
Again, new pellets were prepared, heated up to 1200°C for 1 h with a heating rate of 20 °C/min,
quenched with an air flow and grinded in the disk mill. Then, an additional cycle was carried out.
New pellets were prepared and finally heated up to 1000°C for 30 min and cooled with liquid
nitrogen. These pellets were grinded in the disk mill.

An industrially prepared Belite cement, BC, (type CEM 1 42.5 N) from Buzzi Unicem SpA was also
used [33]. This material was characterized as reported below and it had a Blaine value of 5023
cm?gL,

The hydration of the samples was performed by adding the required amount of water to the powder
samples. The water to cement (w/c) mass ratio used was 0.50 for the BC sample and 0.45 for the t-
CsS and B-C»S series. The pastes were manually stirred in a plastic beaker for 2 min to ensure
homogenization. A paste was immediately loaded, with the aid of a syringe and a short piece of
silicone tube, into the sapphire capillaries (Saint-Gobain crystals) with an outer diameter of 3.18
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mm and inner one of 1.75 mm. PTFE cylindrical plugs of 3 mm of length and 1.75(5) mm of
diameter were used to block both ends of the sapphire capillaries at least at 10 mm from the end of
the capillary. These PTFE plugs allow the pressure to be transmitted to the paste meanwhile they
avoid the direct contact of the oil with the hydrating paste.

2.2. Methods.
2.2.1. Laboratory X-ray powder diffraction (LXRPD).

LXRPD data for anhydrous materials were collected on a D8 ADVANCE (Bruker AXS)
diffractometer (SCAI — Universidad de Méalaga) equipped with a Johansson monochromator, using
strictly monochromatic Mo-Ka; radiation, A=0.7093 A, in transmission geometry (6/0).

2.2.2. Synchrotron X-ray powder diffraction (SXRPD) experiment.

Full details about the beamline, capillary cell and experimental conditions have been very recently
reported [29,30,34]. A photon energy of 19.7 keV, A=0.62820(1) A, was selected with a Si(111)
channel-cut monochromator to collect powder diffraction data in Debye-Scherrer configuration.
The beam size was 0.6 mm vertical and 0.8 mm horizontal. The detector was a LX255-HS Rayonix
CCD placed at 306.65 mm from the sample (tilt vertical angle of 27.335°). These values were
determined for the final configuration using quartz as an external standard.

A sapphire capillary filled with quartz was used as the standard to calibrate the detector setup and
another filled with iodine was used to determine that the target pressure and the pressure within the
capillaries were the same. The sapphire capillaries containing the paste were blocked with the PTFE
plugs and loaded into the spinning capillary cell. Firstly, the static pressure was manually generated
by a pump generator to achieve 180 bars. Immediately, the heating system was turned on to reach
155-160°C. Hence, target pressures and temperatures were reached at slightly different times for
each sample. As the influence of temperature in the hydration reactions is larger than that of
pressure, always high pressure was reached first. The zero time, for all reported HPHT hydration
studies described hereafter, is that when the target temperature was reached.

The cell was rotated at 30 rpm (60 rpm for the iodine and BC experiments). It contains a Micos LS-
180 translation stage that enables to collect 2D data in any desired horizontal point of the capillary.
For the studied samples, 5 snapshots were taken at different positions along the capillary, at 0.5 mm
intervals with an exposure time of two seconds per snapshots (1 snapshot and 10 seconds of
exposure for the iodine). Patterns were collected with intervals of ~15 min. The 2D images were
reduced to 1D data by pyFAI software [35]. An empty sapphire capillary was firstly analysed and
the spots from the sapphire capillaries were masked during the integration step. Five 1D raw
patterns were collected at different capillary positions and then sum up with a local software
yielding the final 1D dataset to be analysed by Rietveld methodology.

2.2.3. LXRPD and SXRPD data analysis.

GSAS suite of programs [36] was used to analyse the powder patterns by Rietveld methodology.
Background coefficients, zero-shift error, cell parameters and peak shape parameters (using a
pseudo-Voigt function) were refined [37].

2.2.4. Particle size distribution (PSD) analysis.

The average particle size distribution of the anhydrous samples was measured by laser diffraction
(Malvern MasterSizer S, UK). The powders were previously dispersed in isopropanol using an
ultrasonic bath.

2.2.5. BET surface area determination.
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The specific surface areas of the selected samples were measured by multi-point N2 adsorption with
a BET (ASAP 2420, Micromeritics, USA) instrument.

2.2.6. X-ray fluorescence (XRF) analysis.

The elemental composition of BC was measured by XRF using an ARL ADVANT'XP+ (Thermo
Fisher) equipment at the SCAI — Universidad de Méalaga.

3. Results and discussion.
3.1. Anhydrous sample characterization

Crystalline lodine was used to test that the applied pressures reached the samples within the
capillaries, which were isolated from the pressure transmitting oil by the PTFE cylindrical plugs.
The LXRPD Rietveld fit for this crystalline standard is shown in Fig. S1. Preferred orientation
effect was observed in the pattern and it was corrected by the March-Dollase approach [38].

Triclinic tricalcium silicate sample was initially characterized by laboratory techniques. Its PSD is
displayed in Fig. S2a having a dvso of 4.6 um and the BET specific surface area of 1.87(1) m?/g.
The Rietveld fit of the LXRPD data for t-C3S showed that it was a single crystalline phase, see Fig.
S3. Beta dicalcium silicate sample was also analysed by laboratory tools. Fig. S2b displays its PSD
(dv50=2.4 um), and the BET area was 2.25(1) m?/g. Fig. S4 displays the Rietveld fit for this sample
showing that it was also a single phase.

The industrially-produced BC was characterized by LXRPD and XRF. Fig. S5 displays the Rietveld
fit for this sample which yielded the Rietveld quantitative phase analysis reported in Table S1. The
elemental analysis determined by XRF is given in Table S2. Fig. S2c displays the PSD (dvs0=7.5
um) for this cement which has a BET area of 1.40(1) m?/g.

3.2. Model samples at high pressure and temperature

Firstly, the set up was tested using l> powder within a sapphire capillary to ensure that the system
works correctly and chiefly, that the PTFE plugs transmitted the loaded pressure. Crystalline 1> was
selected due to its large compressibility with a Bulk modulus value of 7.7 GPa. Synchrotron powder
patterns were collected at room pressure and 50, 100, 150 and 185 bars on loading and unloading
waiting for 10 minutes before data acquisition for sample/system stabilization. Fig. S6 (top) shows
the Rietveld fit for the data taken at 185 bars as an example of the quality of the data that can be
obtained. The unit cell values for I, decreased with pressure and then increased with releasing
pressure, as expected. Fig. S6 (bottom) displays the fit of these data to the second-order (K’=4.0)
Birch-Murnaghan equation of state that allows obtaining the bulk modulus. The obtained values
where 6.2 GPa and 8.3 GPa with increasing and decreasing pressure, respectively. The closeness of
these values, taking into account the limited pressure range, to the reported bulk modulus of I,
allows to state that the pressure is correctly transmitted by the PTFE plugs.

The hydration reaction of t-CsS (w/c=0.45) was followed up to 2.1 h at 180 bars and 160°C. As
described in the method section, the pressure was increased first and then the temperature was
raised. This full process took 32 minutes after paste mixing and this point in time is defined as to.
This is the procedure used hereafter which means that for this sample, to took place 32 minutes after
water-cement mixing. With this consideration for the time origin of the experiment, Fig. 1 displays
the time evolution for the in situ 1D SXRPD patterns for the t-C3S paste at HPHT. In the pattern
collected at 5 minutes, 0.1 h, the main diffraction peak of portlandite, located at 7.3° (20), is hardly
visible which means that hydration reaction rate before to was (very) small. Qualitatively, it can be
stated that CsS hydration in these conditions is very fast as the intensities of the diffraction peaks

5
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strongly decrease in just two hours in agreement with a previous report [39]. It is also shown that
Jaffeite phase starts to form after 1 hour of hydration.
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Fig. 1. Selected low angle range of the SXRPD raw patterns, 1=0.6282 A, for the t-C3S paste
collected at 180 bars and 160°C as a function of hydration time. The main diffraction peaks due to
a given phase are labelled.

The in situ synchrotron powder diffraction patterns were analysed by Rietveld methodology [40].
However, this study has been carried out without using an internal standard [41] which would allow
obtaining the overall amount of amorphous content [42]. This procedure has not been carried out as
the addition of the standard at high temperature and pressure could affect the hydration reaction
mechanisms and rates. Here, an alternative approach has been employed benefiting from the fact
that the same capillary is studied with the same overall amount of material and with the same
incoming X-ray flux. Hence, the histogram scale factor is kept constant and the analysis is derived
from the evolution of the phase scale factors. Fig. S7 displays two Rietveld plots for hydrating t-
CsS at HPHT and selected hydration times (to and 2 h) as representative examples. The Rietveld
analysis of the patterns yielded the phase scale factors for t-C3S, CH and Jaffeite which are reported
in Table S3. From the evolution of the phase scale factor for t-CsS, its degree of reaction can be
accurately derived which is shown in Fig. 2. It is highlighted that the hydration rate of t-CsS is very
fast in these HPHT conditions reaching 90% reaction degree in just two hours.

The hydration of B-C.S paste (w/c=0.45) was studied at 180 bars and two temperatures 120 and
160°C. Unfortunately, due to instabilities in the temperature control (with variations larger than
20°C) the SXRPD data collected close to 160°C could not be used and therefore the data are not
reported here. After this measurement was stopped, the problem was identified as a poor electrical
connection to the Eurotherm Nanodac controller of the cell which was fixed. For the study at
T=120°C, to took place 44 minutes after paste mixing. Fig. S8 shows 1D SXRPD patterns for 3-C,S

6
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pastes during the first 7 hours of hydration at 180 bars and 120°C. It is clear that single phase 3-C2S
does not hydrate at 120 °C and 180 bars in 7 hours. Consequently, the Rietveld study was not
performed for these patterns.
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Fig. 2. Evolution of the degree of reaction for the t-CsS (black symbols) and S-C.S phases (red
symbols) with time at 180 bars and 160°C in the three model pastes studied here: (i) 100 wt% of t-
CsS (squares); (ii) 50 wt% of t-C3S and 50 wt% of S-C,S (triangles); and 20 wt% of t-CsS and 80
wt% of S-C,S (circles).

In order to study the effect of C3S on the hydration rate of C>S, the hydration of two model mixtures
at 180 bars and 160°C were studied. The prepared mixtures were 50 wt% t-CsS and 50 wt% B-C>S
(50C3S-50C-S) and 20 wit% t-CsS and 80 wt% [B-C2S (20CsS-80C.S). For 50CsS-50C.S, the target
pressure and temperature were reached 55 minutes after mixing. Fig. 3 shows the in situ 1D SXRPD
patterns for this paste at selected ages of hydration to qualitatively show the phase evolution. At 1 h,
there is an important amount of portlandite formed as deduced from the intensity of its main
diffraction peak situated at 7.3° (20). The formation of Jaffeite is also clearly visible at this
hydration time, diffraction peak at 4.1° (20). Moreover, the amount of t-C3S is very small at 1 h of
hydration and almost negligible at 2 h. On the other hand, the main diffraction peaks of -C>S
strongly decreased from 1 h to the end of the experiment at 10 h of hydration. It is worth noting the
appearance of a-CoSH at ~3 h of hydration was concurrent with the hydration of 3-C.S, and the
intensities of their diffraction peaks increased with the hydration age. These patterns were analysed
by the Rietveld methodology and two Rietveld plots, at ~0.5 and ~9 h of hydration, are shown in
Fig. 4 as examples of the quality of the fits that it can be obtained with the setup developed at
ALBA synchrotron [29,30]. The scale factors of the different phases and degree of reaction for the
anhydrous phases are given in Table S4. Fig. 2 also shows the evolution of the degree of reaction
for t-C3S and B-C.S with time. It is underlined that B-C.S is the same powder used above which did
not react at 7 h at P=180 bars and T=120 °C. However, the high pH from alite dissolution activates
belite reaction which was 80% at 10 h (at P=180 bars and T=160 °C).

A similar study was carried for the 20C3S-80C2S mixture, hydrated also at 180 bars and 160°C. Due
to some technical difficulties, the target pressure and temperature were reached 1 h and 27 min after
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mixing. Fig. 5 shows the in situ 1D SXRPD patterns for this paste at selected hydration ages.
Portlandite starts to crystallize at very early ages concurrent with the dissolution of t-CsS, as
expected. At 2.6 h of hydration this phase reaches its maximum and its content remains constant
within the error of the analyses. Jaffeite crystallization is hardly visible for this mixture. The
qualitative inspection of the dissolution rate of 3-C,S for this sample shows that it is much slower
than that shown for the 50C3S-50C,S paste, see Fig. 3. These patterns were analysed by the
Rietveld methodology and two Rietveld plots, at to and ~8.4 h, are displayed in Fig. S9 as
representative examples. Table S5 reports the scale factors of the different crystalline phases and
degree of reaction for t-C3S and B-C.S. Fig. 2 also shows the time evolution of the degree of
reaction for the two anhydrous phases in this mixture. It is noteworthy that C3S has reacted ~80% at
2 h but B-C2S hydration rate is much smaller than that of belite in the 50C3S-50C,S in exactly the
same experimental conditions. This seems to indicate that not only the pH value but the overall
amount of Ca(OH)2 is key for belite activation. Furthermore, for this belite-rich mixture at 10 h of
hydration, Jaffeite formation is not observed, as hypothesized, and the content of a-C,SH is rather

small, see Fig. 5.
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Fig. 3. Selected low angle range of the SXRPD raw patterns, 1=0.6282 A, for the 50 wt% t-C3S and
50% f-C,S paste collected at 180 bars and 160°C as a function of hydration time. The main
diffraction peaks due to a given phase are labelled.
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the same capillary is scanned at different hydration times, the diffraction intensities (and the
background level for C-S-H development) can be directly compared.
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Fig. 5. Selected low angle range of the SXRPD raw patterns, 2=0.6282 A, for the 20 wt% t-C3S and
80% p-CoS paste collected at 180 bars and 160°C as a function of hydration time. The main
diffraction peaks due to a given phase are labelled.

3.3. Belite cement hydration at high pressure and temperature.

The hydration behaviour for the employed BC was studied up to 14 h using w/c=0.50 under 180
bars and 155°C. For this sample, the target pressure and temperature were reached 55 minutes after
mixing. Fig. 6 displays the in situ 1D SXRPD patterns as a function of the hydration time. An initial
reaction, in the time elapsed between mixing and HPHT stabilization, took place. The first in situ
SXRPD patterns, taken at 0.1 h, shows that a small fraction of ettringite (AFt) was already form ed
(see its main diffraction peak located at 3.7° (20)). It can be also observed that this phase rapidly
decomposes at HPHT and its content is negligible at 1.2 h of hydration, in agreement with a
previous report [30]. For this BC sample, the formation of katoite, whose main reflection is located
at 7.1° (20), appears at 1.2 hours of hydration and its amount seems to be constant up to 14 h. The
main diffraction peak of portlandite, located at 7.3° (260), reaches its maximum close to 3 h, in line
with the alite hydration rate as its dissolution seems to stop at ~3 h. Meanwhile, the dissolution of
B-C.S is slower but it continues along the full duration of the experiment. Selected patterns were
analysed by the Rietveld methodology and Fig. S10 displays two selected Rietveld plots at ~1.2 and
~14 h of hydration. The scale factors obtained from the Rietveld fits are reported in Table S6.
Moreover, the evolution of the degree of reaction with time for t-C3S and B-C.S, calculated
assuming the start of the phase dissolution at the earliest pattern, t=0.1 h, is displayed in Fig. 7.
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3.4. General discussion.

Due to a technical problem with the in situ cell, the B-C>S dissolution at 180 bars and 160°C could
not be measured. However, this material when hydrated as a single phase does not dissolve at all at
180 bars and 120°C up to 7 h, see Fig. S8. Hence, it could be anticipated that its dissolution rate
should be small at the same pressure and 160 °C. On the other hand, at P=180 bars and T=160 °C,
phase pure t-CsS hydrates ~90% in 2 h. Furthermore, Fig. 2 shows that the presence of C>S slightly
delays hydration rate of C3S. At 7 h of hydration, C3S has a reaction degree of 86 and 92% in the
20C3S-80C-S and 50C3S-50C>S mixtures, respectively. This effect is presently not understood and
we speculate that it could be due to a lack of water for the final stages of the hydration reactions.
However more research is needed to shed light about this behaviour. Conversely, the presence of
CsS strongly accelerates the hydration of C>S. At 10 h of hydration at this HPHT conditions, -C2S
shows a reaction degree of 30 and 80% for 20C3S-80C.S and 50C3S-50C,S mixtures, respectively.
Our results indicate that both a high pH and a large reservoir of Ca(OH). in the hydrating paste
seem to be key for belite activation. Furthermore, we speculate that, under these experimental
conditions, single belite phase will hydrate faster if plain water is replaced by calcium hydroxide
saturated water. However, we are aware of a work showing a decrease of the dissolution rate of -
C2S with the increase of calcium hydroxide concentration at very early hydration ages, less than one
hour [43], at room temperature and pressure. Therefore, more research is needed to firmly establish
the dependence of belite hydration kinetics with the Ca(OH). concentration at HPHT conditions.

Jaffeite is a high pressure phase and its formation has been widely reported from the reaction of
C-S-H gel and portlandite [10,14,26,39]. However, the formation mechanism is complex as pure
CsS paste showed a very large degree of reaction but Jaffeite formation was moderate. The 50C3S-
50C>S paste showed the largest fraction of Jaffeite formation. Moreover, in this mixture, also a
large amount of a-C2SH was measured and its development took place at the same time than belite
dissolution. However, our diffraction data does not allow to conclude if a-C>SH is formed directly
from belite dissolution or if C—S—H formation is needed as an intermediate step. More research is
needed to clarify this point.

One industrially-produced belite cement(type CEM 1 42.5 N) has been studied under these HPHT
conditions. The cement contained 54 wt% of belite and 25 wt% of alite, see Table S1. Its PSD
profile is given in Fig. S2c showing 7.5 and 38 um for Dyso and Dy,go, respectively. Alite reacts
very fast at the starting of the experiment reaching a reaction degree close to 60% at 3 h and its
dissolution ceased. This striking observation is not in disagreement with the data reported in Fig. 2,
where alite reaction degrees were ~90% at 10 h because the alite particle size for that sample was
likely smaller, see Fig. S2a with 4.6 and 11 um for Dyso and Dv,00, respectively. Chiefly, the belite
reaction degree in the belite cement increases smoothly, see Fig. 7, reaching 62% at 14 h of
hydration slightly larger than that of alite at that hydration time, 60%. Acknowledging that this
experiment has a very particular set of conditions, it is really noteworthy to find a hydration time
where belite reaction degree is larger than that of alite. These results are likely due to hydration
inhibition of big alite particles at large degree of reaction. We speculate that the origin of the
unhydrated CsS, about 7 wt%, is likely the lack of available water close to the partly reacted alite
particles. This is an indirect consequence of the major consumption of the added water, w/c=0.50,
by the hydration of the phases of this cement with smaller particle sizes. However, more research is
needed to clarify this point.

4. Conclusions
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This in situ synchrotron study, using a high-pressure high-temperature spinning capillary cell
operated at 180 bars and of 160°C, has allowed extracting the following main conclusions:

1. Alite reacts very fast in these conditions reaching 85-90% degree of reaction at 2 h for a pure
phase experiment as well as for alite-belite mixtures. Belite slightly delays alite hydration rate.

2. Belite hydration rate is strongly accelerated by alite presence. At 10 h, B-CzS has a reaction
degree of 30 and 80% for mixtures with 20 wt% and 50 wt% of C3S, respectively.

3. The 50wt% mixture of alite and belite develops significant amounts of Jaffeite, C¢S2H3, and
a-C2SH. Conversely, the mixture of 20 wt% of alite and 80 wt% of belite does not yield Jaffeite
and the amount of a-C2SH is comparatively smaller.

4. The belite degree of reaction of an industrially produced belite cement reached 62% at 14 h of
hydration slightly larger than that of alite, 60%.
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Figures
Fig. S1. Laboratory powder X-ray diffraction Rietveld plot (\=1.5406 A) for crystalline I-.

Fig. S2. Particle size distribution and cumulative volumetric particle size distribution for t-CsS, -
Cz2S and BC samples.

Fig. S3. Laboratory powder X-ray diffraction Rietveld plot (A=0.7093 A) for anhydrous t-CsS.
Fig. S4. Laboratory powder X-ray diffraction Rietveld plot (A=0.7093 A) for anhydrous B-C:S.
Fig. S5. Laboratory powder X-ray diffraction Rietveld plot (A=0.7093 A) for anhydrous BC.

Fig. S6. (Top) Selected in situ (T=RT and P=185 bars) synchrotron powder X-ray diffraction
Rietveld plot for crystalline 12. (Bottom) Second-order (K’=4.0) Birch-Murnaghan equation of state
fitting for the unit cell data of I> with increasing (red) and decreasing (blue) pressures.

Fig. S7. In situ synchrotron powder X-ray diffraction Rietveld plots for the t-C3S paste hydrating
under 180 bars and 160°C at (top) to and (bottom) 2 hours.

Fig. S8. Selected low angle range of SXRPD raw patterns for the B-C2S paste collected at 180 bars
and 120°C as a function of hydration time. The inset shown an enlarged view to highlight that -
C2S does not react in the studied time range.

Fig. S9. In situ synchrotron powder X-ray diffraction Rietveld plots for the 20 wt% t-CsS and 80
wit% B-C2S paste hydrating under 180 bars and 160°C at (top) to and (bottom) 8.4 hours.

Fig. S10. In situ synchrotron powder X-ray diffraction Rietveld plots for belite cement paste
hydrating under 180 bars and 155°C at (top) 1.2 and (bottom) 14 hours.



Tables

Table S1. Rietveld quantitative phase analysis for anhydrous BC sample from laboratory X-ray
powder diffraction.

Table S2. Elemental composition for the BC sample used in this study.

Table S3. Phase scale factors obtained from the Rietveld analyses for the t-C3S paste at increasing
hydration times under 180 bars and 160 °C. The degree of reaction for t-CsS is also given which is
derived from the ratios of its scale factor and that at to.

Table S4. Phase scale factors obtained from the Rietveld analyses for the 50 wt% t-CsS and 50 wt%
[-C2S paste after selected hydration times under 180 bars and 160 °C. The degree of reaction for t-
CsS and B-CzS are also given.
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Table S1. Rietveld quantitative phase analysis for anhydrous BC sample from laboratory X-ray
powder diffraction.

C.S B-C,S CAF CAS CA CS MgO cC
Weight Fraction (%)  25.2 53.7 12.2 2.4 1.2 2.1 1.3 1.9

Table S2. Elemental composition for the BC sample used in this study.
CaO SiO, SO; Al0O,; Fe,0; MgO K,0 Na,0 TiO, P MnO SrO Others
Weight Fraction (%) 61.1 221 49 45 28 28 09 02 02 01 01 01 02

Table S3. Phase scale factors (Sph) obtained from the Rietveld analyses for the t-CsS paste at
increasing hydration times under 180 bars and 160 °C. The degree of reaction (a) for t-CsS is also
given which is derived from the ratios of its scale factor and that at to.
Time (h)
0.0 0.1 0.3 0.6 0.9 1.1 1.3 1.6 1.7 2.0 2.1
a (%) t-C,S 0.0 29 361 418 543 651 729 790 825 866 883
Spn t-C3S 0.0582 0.0565 0.0372 0.0339 0.0266 0.0203 0.0158 0.0122 0.0102 0.0078 0.0068
Seh CH 0.0349 0.0736 0.4116 0.4159 0.5873 0.6724 0.7434 0.7819 0.7863 0.7991 0.7982
Spn Jaffeite 0.0000 0.0000 0.0000 0.0000 0.0000 0.0031 0.0046 0.0074 0.0116 0.0220 0.0252

Table S4. Phase scale factors (Sph) obtained from the Rietveld analyses for the 50 wt% t-CsS and
50 wt% B-C2S paste after selected hydration times under 180 bars and 160 °C. The degrees of
reaction (o) for t-CsS and B-CzS are also given.
Time (h)
00 05 10 21 30 38 50 60 69 80 90 100
a(%)t-C;S 00 329 801 896 899 914 914 919 923 922 931 928
a(%)p-C,S 00 36 116 168 242 297 407 503 593 687 747 807
Sph t-C3S 0.0347 0.0233 0.0069 0.0036 0.0035 0.0030 0.0030 0.0028 0.0027 0.0027 0.0024 0.0025
Sph B-C,S 0.1866 0.1798 0.1649 0.1553 0.1415 0.1311 0.1106 0.0928 0.0760 0.0584 0.0473 0.0361
Sph CH 0.0000 0.2256 0.4090 0.4171 0.4156 0.4136 0.4147 0.4155 0.4164 0.4118 0.4102 0.4067
Spn Jaffeite 0.0000 0.0018 0.0246 0.0334 0.0339 0.0338 0.0337 0.0333 0.0334 0.0345 0.0331 0.0341
Sph a-C,SH 0.0000 0.0000 0.0000 0.0058 0.0103 0.0148 0.0232 0.0341 0.0388 0.0509 0.0535 0.0646
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Table S5. Phase scale factors (Sph) obtained from the Rietveld analysis for the t-C3S and B-Cz2S phases in the 20 wt% t-C3S and 80 wt% [-C2S paste at
increasing hydration times under 180 bars and 160 °C. The degrees of reaction (a) for t-C3S and B-C2S are also given.

Time (h)
0.0 0.3 0.5 1.6 2.6 35 4.5 5.6 6.6 7.7 8.4 9.5 10.0
a (%) t-C,S 0.0 21.0 50.0 83.3 84.1 84.8 84.8 84.8 85.5 86.2 87.0 87.0 87.0
o (%) B-C,S 0.0 0.9 14 3.7 6.5 9.6 10.7 13.9 16.9 20.8 241 26.7 30.1

Sph t-C;S  0.0138 0.0109 0.0069 0.0023 0.0022 0.0021 0.0021 0.0021 0.0020 0.0019 0.0018 0.0018 0.0018
Sph B-C,S  0.2895 0.2870 0.2854 0.2789 0.2707 0.2618 0.2585 0.2492 0.2407 0.2292 0.2196 0.2122 0.2025
Sph CH  0.0196 0.0760 0.1585 0.2105 0.2137 0.2128 0.2187 0.2192 0.2181 0.2171 0.2162 0.2233 0.2192

Spn Jaffeite  0.0000 0.0000 0.0000 0.0014 0.0016 0.0018 0.0020 0.0023 0.0024 0.0025 0.0025 0.0025 0.0023
Sph a-C,SH  0.0000 0.0000 0.0000 0.0000 0.0011 0.0016 0.0026 0.0040 0.0060 0.0088 0.0114 0.0163 0.0188

Table S6. Phase scale factors (Spn) obtained from the Rietveld analyses for the belite cement paste at increasing hydration times under 180 bars and
155 °C. The degrees of reaction (o) for t-CsS and 3-CzS are also given.

Time (h)

0.1 0.7 1.2 2.2 3.1 4.0 5.0 6.2 7.2 8.0 9.0 100 110 121 130 140
o (%) CS 0.0 339 484 532 565 581 581 597 597 597 597 597 597 597 597 597
o (%) C,S 0.0 43 9.8 176 245 299 357 411 445 476 512 533 561 584 603 624

Sph C;S 0.0062 0.0049 0.0032 0.0029 0.0027 0.0026 0.0026 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
Sph C,S 0.1740 0.1665 0.1570 0.1433 0.1313 0.1219 0.1118 0.1024 0.0966 0.0912 0.0849 0.0812 0.0764 0.0723 0.0691 0.0654
Spn C,AF 0.0175 0.0140 0.0138 0.0137 0.0136 0.0134 0.0135 0.0133 0.0135 0.0132 0.0132 0.0133 0.0133 0.0134 0.0132 0.0132
Sph C4A;S 0.0017  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Sph CS 0.0049 0.0040 0.0048 0.0054 0.0055 0.0056 0.0057 0.0060 0.0061 0.0056 0.0061 0.0061 0.0061 0.0062 0.0063 0.0063

Sph CC 0.0123 0.0100 0.0098 0.0098 0.0095 0.0095 0.0092 0.0089 0.0090 0.0088 0.0087 0.0087 0.0084 0.0085 0.0085 0.0084
SphMgO 0.0270 0.0289 0.0277 0.0271 0.0257 0.0250 0.0230 0.0230 0.0226 0.0217 0.0215 0.0212 0.0209 0.0202 0.0200 0.0196
Sphn CH 0.0000 0.1533 0.1844 0.2145 0.2248 0.2364 0.2429 0.2503 0.2596 0.2609 0.2666 0.2715 0.2744 0.2750 0.2791 0.2829
Sph Killalaite 0.0000 0.0099 0.0130 0.0142 0.0144 0.0146 0.0150 0.0151 0.0154 0.0153 0.0155 0.0157 0.0156 0.0157 0.0157 0.0159
Sph Katoite 0.0016 0.0134 0.0144 0.0152 0.0155 0.0158 0.0160 0.0160 0.0163 0.0162 0.0165 0.0164 0.0166 0.0164 0.0165 0.0164
Sph AF; 0.0026 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Sph AF,, 0.0000 0.0011 0.0015 0.0017 0.0017 0.0017 0.0017 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0017 0.0017 0.0018
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