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Using a model for C-S—H growth kinetics in combination with
calorimetry measurements, we show that amorphised tricalcium
silicate is more thermodynamically stable than its crystalline form.
However, the onset of the hydration reaction occurs more quickly
in amorphised tricalcium silicate compared to its crystalline form.

The hydration reaction of tricalcium silicate (often referred to as
alite in its impure form) to form calcium silicate hydrate (C-S-H)
gel and calcium hydroxide is critical for the strength develop-
ment of concrete, the world’s most widely used inorganic
material. The rate of the tricalcium silicate hydration reaction
is industrially important, as it strongly determines the strength of
concrete at early ages (<7 d after mixing).> There is growing
industrial interest in accelerating the hydration reaction of
cement, and hence its strength development, through high-energy
grinding.>* Laboratory studies using high-energy grinding meth-
ods (e.g. planetary ball mill, SPEX mill) have produced amorphised
tricalcium silicate, with distinct hydration kinetics.>™ However,
there are several knowledge gaps around the structure-property—
performance relationships of partially amorphised tricalcium
silicate and the hydration reaction.

In this study, tricalcium silicate was synthesised and inten-
sively ground, to investigate how the evolution in its structural
and physical characteristics affected the hydration reaction.
The T; polymorph (triclinic) was synthesised (details in SI
Section S1), to avoid ionic substitution defects and make it
simpler to investigate changes in reaction kinetics.'® High-
energy grinding was carried out using a vibratory disk mill
(details in SI Section S2.1). Grinding for longer durations led to
progressively finer particle size and higher specific surface area
(Fig. 1A), as determined via laser diffraction and N, sorption
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respectively (details in SI Section S3.2). After 3 s of grinding, the
particle morphology was angular (Fig. 1D); after 240 s of
grinding, the particle morphology appeared to still be angular,
but more fine particles were observed (Fig. 1E). Longer grinding
also led to broadening of X-ray diffraction peaks (Fig. 1B and C).
The amorphous content was estimated using addition of rutile
as an internal standard (details in SI Section S3.1). The amor-
phous content increased from a negligible amount (<5 wt%) at
3 s of grinding to > 35 wt% after 240 s of grinding (Fig. 1F).
Heat flow curves associated with the hydration reaction of
tricalcium silicate were measured using isothermal calorimetry
(details in SI Section S4). The hydration peak showed a pro-
gressive increase in maximum heat flow with longer grinding
durations, and also a general tendency for the peak to occur at
earlier times (Fig. 2A). The period between the end of the initial
dissolution peak and the onset of the main hydration peak is
referred to as the ‘induction period’.’* The heat flow value
during this period is expected to follow a linear dependence
with the specific surface area of tricalcium silicate.'> However,
for these samples milled using high-energy grinding apparatus,
the trend with heat flow during the expected ‘induction period’
and specific surface area was non-linear (Fig. 3B). This non-
linearity can be explained by the presence of an additional
exothermic event between 1 and 2 h, which is clearly resolved
from the main hydration peak for the sample ground for 240 s
(Fig. 2A). An additional peak in this time period was observed
in previous studies on high-energy milling of tricalcium sili-
cate, and was attributed to the hydration of amorphised trical-
cium silicate.>®® Intensive grinding significantly increased the
cumulative heat release at both 24 h (a 41.7% increase for 240 s
compared to 3 s) and at 168 h (a 34.6% increase for 240 s
compared to 3 s) (Fig. 2C). The apparent activation energy of
hydration for each sample was measured using data collected
from isothermal calorimetry measurements at 20, 30 and 40 °C
(details in SI Section S4). Grinding increases surface defect
density,"® and the type of surface defect affects the activation
energy of tricalcium silicate hydration.'* Therefore, it was
expected that longer grinding durations would lead to lower
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Fig. 1 (A) Changes in the dsg and BET specific surface area with grinding

duration (via disk mill). (B) and (C) Progressive broadening in the X-ray
diffraction peaks of tricalcium silicate with longer grinding durations.
Images showing the morphology of tricalcium silicate particles after (D)
3 s of grinding, (E) 240 s of grinding. (F) Increase in amorphous content and
decrease in crystalline tricalcium silicate with longer grinding duration, as
determined via Rietveld refinement using a rutile internal standard.

activation energy of hydration. To our surprise, this trend was
not observed, with an initial decrease in apparent activation
energy followed by a subsequent increase at longer grinding
times (Fig. 2D).

To investigate the reasons governing the observed changes
in hydration behaviour, modelled heat flow curves were gener-
ated using the ‘needle growth’ model of Ouzia and Scrivener"
(Fig. 2B). The reduction in particle size distribution with longer
grinding times were accounted for in the model, but all other
parameters associated with C-S-H growth were kept constant
(details in SI Section S5). The effect of increasing specific
surface area on the maximum heat flow of the modelled
hydration peak generally showed good agreement with the
measured data (SI Fig. S4). Small deviations between the
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Fig. 2 (A) Measured hydration curves via isothermal calorimetry; (B)
modelled hydration curves, using the ‘needle growth” model of Ouzia
and Scrivener;! (C) cumulative heat hydration curves; (D) evolution of
apparent activation energy of hydration.

measured and modelled hydration peaks could be explained
by differences between samples in the peak nucleation rate,
characteristic growth rate and nucleation stopping time; the
effect of these parameters are shown in a sensitivity analysis
conducted by Ouzia and Scrivener (Fig. 10 in ref. 1). However,
the model only considers the growth regime of C-S-H, and so
does not capture the additional exothermic peak during the
‘induction’ period. This comparison indicates that the changes
in the hydration behaviour of intensively ground tricalcium
silicate cannot be fully explained by physical factors as treated
in this model.

To isolate the effect of increased structural disorder from
increased specific surface area, tricalcium silicate was milled
using a low-energy grinding apparatus (i.e. a McCrone mill).
The aim was to achieve the same specific surface area
(~2 m® ¢') whilst introducing a lesser degree of structural
disorder (details in SI Section S2.2). The low-energy milled
sample exhibited a similar main hydration peak, but did not
feature the additional exothermic peak at 1-2 h (Fig. 3A). A
similar observation was made comparing between tricalcium
silicate ground using other high-energy and low-energy milling
devices (i.e. a planetary ball mill and a mortar mill).” When the
heat flow during the ‘induction period’ of the low-energy milled
sample is plotted with the high-energy milled samples, it
represents a continuation of a linear trend, as expected'?
(Fig. 3B). An additional investigation was made by thermally
treating the samples at 650 °C for 6 h to anneal defects in the
samples, as used by Costoya'? (details in SI Section S2.3). For all
samples, the annealing treatment shifted the hydration peak to
later times as expected;'*'* and, decreased the heat flow during
the ‘induction period’ to very low levels (Fig. 3C). The two
observations described above support the interpretation that
the additional exothermic peak is the hydration of amorphous
tricalcium silicate.
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Fig. 3 (A) Heat flow curves of tricalcium silicate ground to approximately
the same specific surface area (~2 m? g™%) using high-energy milling
apparatus (disk mill) and low-energy grinding apparatus (McCrone mill). (B)
Heat flow at 1 h, for samples milled using high-energy milling apparatus
(disk mill) and low-energy grinding apparatus (McCrone mill). (C) Heat flow
curves for samples after annealing at 650 °C for 6 h. (D) Heat content
measurements determined via drop calorimetry at 1400 °C.

Heat content values determined by drop calorimetry are
compared to the value for C;S from the GTOX database'® in
Fig. 3D. Assuming that the high temperature state at 1400 °C is
the same for both the 3 s and 240 s ground samples, one can
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calculate the heat of amorphisation making a thermodynamic
cycle. The reaction tricalcium silicate (crystalline) — (amor-
phous) has an enthalpy of reaction of —220 + 116 J g~ (95%
confidence interval). This value is in good agreement with the
value of —162 + 32 J g~ ' reported from Bergold et al® using
hydration experiments. Contributions to measured enthalpy
from defect annihilation and surface energy are negative. Hence,
the true difference in intrinsic bulk values between the 3 s and
240 s samples is likely to be slightly larger than that measured
here. However, the contribution of surface energy effects is
considered negligible, estimated as ~4 J g~ ' (calculation in SI
Section S3.4). The result is counterintuitive as the heat of reaction
is negative. Overgrinding tricalcium silicate samples leads to a
higher thermodynamic stability from an enthalpy point of view,
and therefore to a lower intrinsic thermodynamic reactivity.

Previous research on amorphisation of tricalcium silicate
has used X-ray diffraction to measure the bulk amorphous
content of a milled sample.® However, bulk measurements do
not give information about the spatial distribution of amor-
phised tricalcium silicate. In Raman spectroscopy, an increase
in band breadth can indicate an increase in the structural
disorder of the local bonding environment.'® Raman spectra
have shown band broadening in intensively milled tricalcium
silicate (albeit still as a bulk measurement),’” and also been
used to distinguish amorphous regions in siliceous cement
constituents.'® Here, we used Raman confocal microscopy to
investigate the spatial variation in structural disorder of trical-
cium silicate (details in SI Section S3.3).
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Vi | —— Centre
—— Edge
Vi

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™)

Vi —— Centre
—— Edge
Vi

Vi

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™)

v, T Centre
—— Edge

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™)

240 s grinding

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™")

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™)

Intensity (a.u.)

700 750 800 850 900 950 1000
Raman shift (cm™')

Fig. 4 Optical microscope images and Raman spectra for individual particles of tricalcium silicate, for samples: (A)-(C) ground for 3 s, and (D)-(F)
ground for 240 s. For (A)—(D), the “c" and “e" annotations represent the centre and edge regions, representing the spectra. For (E) and (F), the letters
simply identify different regions within those particles. v; denotes the position of v4(SiO4)*~ bands.
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For the 3 s ground sample, no significant difference in the
profile of the v,(Si04)*~ bands was observed between the centre
and edge (i.e. outer 1 pm perimeter) regions of tricalcium
silicate particles (Fig. 4A-C). This indicates that no meaningful
amorphisation took place within 3 s of grinding, consistent
with bulk measurements of amorphous content (Fig. 1F). For
the 240 s ground sample, no significant differences in spectral
profile were observed between centre and edge regions in some
particles (Fig. 4D). However, larger particles (> 20 pm diameter)
with a distinct porous microstructure were also observed. The
formation of large, agglomerated particles of amorphised tri-
calcium silicate occurs in parallel with ongoing comminution;
very fine particles are present alongside the large agglomerates
after 240 s grinding (Fig. S6 and S8). The parallel processes of
comminution and agglomeration also explain the continuing
increase of specific surface area at 240 s grinding duration
(Fig. 1A). In several of these larger, porous particles, a degree of
broadening of the main v,(SiO,)*~ bands was observed in
multiple regions within each particle (Fig. 4E and F). These
observations indicate that the distribution of amorphised
tricalcium silicate is spatially heterogeneous.

This behaviour observed for tricalcium silicate (hardness of
~9 GPa') differs from the expected distribution of amorphous
material for harder minerals such as quartz (hardness of
~14.5 GPa®). In quartz, the crystalline refinement and defect
build-up is concentrated in a surface layer.”* A possible expla-
nation for these spectral and microstructural changes is that
the fine particles undergo amorphisation during repeated
impacts, and simultaneously undergo a ‘cold-welding’ of
successive fracture and welding events. This process eventually
forms larger agglomerates made of fine individual crystallites
(as is well-established in mechanical alloying).”’ Types of
defects known to exist in tricalcium silicate include
vacancies,”>*® twinning,>* edge dislocations® and kink
bands.>® The formation and movement of dislocations could
enable sufficient plasticity for cold-welding phenomena to take
place, which are more commonly observed in metallic systems.
However, the interpretation from this preliminary data needs
further validation using complementary techniques, such as
transmission electron microscopy.

In summary, the majority of the increase in hydration heat
by 24 h was attributed to the higher bulk specific surface area of
tricalcium silicate particles achieved via comminution during
high-energy milling. In parallel, partial amorphisation of tri-
calcium silicate led to an earlier onset of hydration, but made a
lower contribution to the heat of hydration.
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