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GRAPHICAL ABSTRACT

Introduction

Portland cement is the most widely used manufac-
tured material on Earth, being produced in quantities
of approximately 4 Gt p.a. and is ubiquitous in use in
modern society. Cement, in some form, is used in
almost every structure in the modern world. How-
ever, despite this, important unanswered questions
remain regarding the chemistry of the complex
reaction process that underpins the setting and
hardening of cement [1].

The strength and durability of concretes whose
main binding component is Portland cement are
controlled by the microstructure of the hardened
cement paste, including a strong influence from the
nanometre- to micron-scale porosity present within
the hardened cementitious matrix [2]. This porosity
results from the inability of hydrate phases to entirely
fill the space within the hardened material, which is
governed by the mechanism by which they form and
grow to fill the initially fluid-filled spaces as cement
paste hydrates [3]. The development of a fuller
understanding of the early-age development of these
characteristics is therefore critical in producing
materials which are durable, sustainable, and offer
excellent mechanical properties at early age and also
throughout their service life.

The solidification process of Portland cement
occurs due to a complex sequence of chemical reac-
tions, involving and mediated by water, as the

initially present anhydrous clinker minerals are con-
verted to an assemblage of strength-giving hydrates
[4]. However, due to the challenges associated with
conducting in-situ analysis of solid—fluid reactions
involving up to 10 different mineral phases, taking
place at a pH of up to 13.5, it has not yet been possible
to fully characterise the first minutes to hours of this
process across all the length scales—from angstroms
to millimetres—which influence the setting and
hardening of the cement.

Using the high-flux X-ray sources and advanced
detectors available at synchrotron facilities, it is now
possible to acquire high-resolution crystallographic
[5, 6] and microtomographic [7, 8] data with an
unprecedented time resolution. Although syn-
chrotron X-ray diffraction techniques have previ-
ously enabled the materials science of cements to be
observed and quantified [8-10], complete data
regarding changes in the morphology and structure
of these materials on short time scales have remained
elusive despite recent advances [11-13]. Scanning
times of 12 min have been achieved using laboratory
instruments [13], while much shorter scan times (e.g.
a 5s scan taken every 10 min [12]) have been
demonstrated using synchrotron sources. However,
no data have been reported for hydration times of
less than 30 min, and none with a useful time reso-
lution below 10 min. A key aim of this paper is to
improve on both of these metrics.

Tomographic testing techniques, also referred to in
the literature as pre- and post-mortem tomography
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have, for example, been applied to resolve the for-
mation of features in cements and concretes [14],
including those resulting from hydration [15], sul-
phate attack [16], crack formation under load [17],
and the effects of accelerated leaching [18]. However,
in-situ tomographic analysis of cement hydration has
mostly been limited to simplified model cases [12],
despite demonstration of its value in fields including
earth sciences [19] and biology [20-22].

It is extremely challenging to conduct in-situ
analysis of the first hours of hydration of cements, as
the anhydrous particles experience changes in mor-
phology as reaction products are forming, as well as
moving within the sample holder in the earlier stages
of the time of testing, until solidification occurs. The
authors have developed a new approach based on
digital image cross-correlation to resolve contiguous
microstructural volumes of interest in X-ray micro-
tomography data for fluid suspensions that undergo
significant microstructural changes over time [23].
This method enables tracking and segmentation of a
particular cluster of particles in large sets of
sequentially collected data, overcoming the compli-
cations due to particle sedimentation that otherwise
hinder morphological analysis of cement hydrates in-
situ up to the time of setting of cementitious pastes.

In this study, time-resolved synchrotron X-ray
microtomography has been applied, for the first time,
to elucidate with high temporal and spatial resolution
the microstructural changes taking place after mixing
of Portland cement with water. Images are collected
from the very earliest minutes of the hydration
reaction; a period that has not previously been pro-
bed in in-situ tomographic studies of cement hydra-
tion, and during which reaction processes take place
that can have a critical influence over the later-age
durability and performance of these materials, for
decades or more [24]. Direct correlation between the
thermal output of the reaction and the spatial distri-
bution of hydrous and anhydrous phases was iden-
tified, and the evolving properties of the pore
structure determined.

Materials and methods
Materials

For this study, a Hanson Ribblesdale Works CEM I
52.5N Portland Cement (PC) meeting the EN 197-1

@ Springer

J Mater Sci (2022) 57:4952-4969

Table 1 The chemical

composition of the Portland Oxide wt%
oescenc spoctoniops <20 0537
P Py Si0, 19.99
Al,O3 4.55
SO, 3.23
F 6203 3.12
MgO 2.09
Minor 1.65
Table 2 Particle size
characterisation of the Portland ~ Parameter
(cie':;?ren: matterial by laser dtoyhm 5
iffractome
Y dx(SO)/ Hm 14
dx(go)/um 42
Fineness*/m* kg™ 376
Density/kg m™> 3.14
*By the Blaine method
7By helium expansion
pycnometry

standard [25], provided by Hanson Heidelberg
Cement Group, was used. The oxide composition of
this cement is presented in Table 1. Characterisation
and compositional data are shown in Tables 1, 2
respectively. In this paper, some chemical reactions
and compounds are described using cement chem-
istry notation, where C represents CaO, S is 5iO,, H is
H,O, and A is Al,O3;. A hyphen indicates variable
stoichiometry.

The particle size distribution was determined using
a Malvern Instruments Mastersizer 3000 PSA with an
Aero S dry dispersion unit regulated to a feed pres-
sure of 0.4 MPa. The particle sizes identified in this
cement are reported in Table 2.

Mixing and mounting

Portland cement pastes were produced with a water—
cement ratio of 0.47, which was the minimum
required water content for production of a paste that
could be loaded into a 2.0-mm diameter borosilicate
glass capillary and is within the typical limits pro-
vided by BS 8500 [26] for producing durable con-
cretes. The resulting paste was compacted into the
capillary using an oscillating head, though due to the
risk of capillary wall fractures, complete compaction
was not possible. Entrapped air resulted in settlement
of the paste which was most prevalent within the first
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minutes of the reaction, and this was corrected in the
measured data by the method presented in [23].

After mixing of the cement with water, the samples
were immediately transferred into the beamline and
mounted on the instrument stage. The time taken to
mix, load and transfer the sample and initialise
acquisition of the first scan was approximately
10 min from the moment the water contacted the
anhydrous cement.

Beamline measurement

The experiment was performed at the XSD-IMG
2-BM beamline at the Advanced Photon Source (APS)
[27] which provided a high-flux X-ray source which
could capture microtomographic data at a potential
rate of sub-seconds per tomogram. The beamline
used a PCO Dimax sCMOS camera attached to a
silicon scintillator for dynamic imaging, which
resolved imaging data at 2.0 um per voxel, selected
due to the ability to capture at a very high frame rate
(> 1000 fps) and large internal buffer. Prior to
acquisition of the first image, dark current and flat
field images were captured which were used to
account for consistent systematic noise and scintilla-
tor artefacts, respectively. During monitoring, 600
projections were captured per time point at a full
frame 2000 x 2000-pixel resolution as the sample
rotated through 180°. The total acquisition and
refresh time of the instrument was less than 5 s.

The temporal resolution achieved was limited pri-
marily by the read-out time of the camera which was
approximately 20 min on entire filling of the internal
buffer, and this resulted in short breaks in capture
during the experiment. The sample was monitored
for approximately 13 h and 45 min at varying
intervals.

Reconstruction and data processing

Data reconstruction was carried out off-line after
collection using the TomoPy package [28] which
allowed for batch-processing of large volumes of
data.

Outliers were removed from both the unrecon-
structed dataset and open beam acquisitions, and the
data were corrected for the dark current and flat field
and written to disc in a binary format. The applica-
tion of corrections resulted in floating point trans-
mission values, and care was taken to ensure these
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remained consistently between 0 and 1 by verifying
the maximum and minimum of each image. Stripe
artefacts were removed from the dataset by the
Fourier wavelet method [29].

The axis of rotation of the sample was then found
visually at every fifth capture point. A correct loca-
tion was indicated by the closure of circular or ring
features within a reconstructed image; to test this, a
slice was reconstructed in the vertical centre of each
stack with the axis of rotation varied through a given
range, which was refined to a precise value.

Phase contrast was extracted using a simultaneous
phase and amplitude extraction from a phase con-
trast image algorithm [30] and was combined with
the grayscale attenuation contrast with an empirically
defined regularisation parameter value of 0.001, with
a baseline value set according to the standard
beamline procedure. Reconstruction to a three-di-
mensional stack of images was then carried out using
the Fourier grid reconstruction algorithm [31] which
allows for full reconstruction on a desktop worksta-
tion within minutes. Following this, a unique volume
was extracted from each reconstructed stack using
image cross-correlation in a three-dimensional stack
[23] and written to disc in a 16-bit nearly raw raster
data (nrrd) format.

Segmentation, meshing, and visualisation

Once the subset for analysis had been located within
the stack, the data were segmented by defining a
consistent global set of greyscale thresholds for pores,
hydrous, and anhydrous phases from the final scan
data, and applying this to each three-dimensional
volume. Thresholding in this manner is very com-
monly applied to segment data from both pCT [32]
and back-scattered electron imaging [33] data, and
global thresholding was opted for in the case of this
study due to the simplicity of the segmentation, the
ability to batch automate and rapidly debug the
process where potentially large volumes of data were
considered. The absolute threshold values were
defined from the final scan and are provided in Fig. 1
alongside a histogram providing the distribution of
grayscale values in the volume.

The threshold values were applied by loading data
into a NumPy array and thresholding using a series
of logical array operations which allowed for batch-
processing of the full set of nrrd files in a single shot,
minimising the required human input and thereby
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Figure 1 An example
histogram, segmentation
grayscale values, and the
segmentation of a single slice.
Data are shown for the final
scan, this being the point at
which the threshold values are
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reducing any bias. Each stack was loaded into Fiji-
imageJ] [34], and a 3D stereolithography (stl) file
exported [35] for each identified volumetric phase.
Remeshing was performed using a Loop subdivision
operation prior to the mesh being aligned to bounds
with an equivalent size of 250 x 250 x 500 pm (sig-
nificantly exceeding the representative element vol-
ume for cement paste with the voxel size used here
[36]) and ray-traced with indicative colourisation. An
additional render camera was placed internally
within the mesh and imagery to provide an internal
view in a consistent position, which was adjusted
only if the image was obscured by the internal
geometry. The field of view of the main camera in
conjunction with the camera position and the
bounding box size was used to approximate the
width of the field, 25 pm.

Measuring the migration of precipitated
material

The ability to differentiate between the empty pore
space and precipitating material made it possible to
observe the migration of precipitates through the
pore space, and in order to quantify this, the mean
axial tortuosity of the empty pore structure (denoted
here as 1) in which no precipitates were identified
was determined. The tortuosity of the pore structure
is typically associated with the durability of the
material and is a numerical (although perhaps
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arbitrary) descriptor of the complexity of transport
paths through the microstructure [37]. Tortuosity
increases with the complexity of the pore space, with
a narrower and more restricted pore space or a pore
space with a lower connectivity yielding a higher
value, and it was therefore hypothesised that as
precipitated material formed and constricted the
empty space a higher tortuosity would result, with an
inverse observation as agglomeration occurred.
Tortuosity is challenging to measure using con-
ventional analytical techniques, and these typically
require pre-conditioning of the sample and the use of
significant assumptions regarding the geometry of
the pore space [38]. Moreover, the duration of the
analysis and requirement for pre-conditioning con-
flict with the rate at which the hydration reaction
occurs, especially in the very early stages studied
here. Sample tortuosity has also been previously
related to the permeability [39] and chloride diffusion
coefficients [40] in the literature, and these may also
be able to give a reasonable assessment of the com-
plexity of the pore structure. However, those meth-
ods are similarly incompatible with
microtomographic assessment as carried out here.
Quantification of tortuosity using the random walk
method on microtomographic data provides an
analysis method which is fully compatible with the
in-situ nature of the experiment where it is necessary
to minimise interaction with the sample through
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either pre-conditioning or intermittent movement,
and so was selected in this study. The tortuosity of
the pore structure was determined using a random
walk method implemented using a slight modifica-
tion of a typical application of the pytrax Python
module [41] which enabled a “hands-off” analysis at
each point in the time-series. The random walk
method simulates the time-dependent Brownian
motion of a group of walkers placed at random
within the empty pore space. The tortuosity value is
directly related to the mean rate at which walkers are
able to move away from their original starting loca-
tion; walkers which collide with objects in their path
(e.g. pore walls, defined by the precipitate boundary
in the case of this experiment) are restricted in
movement, lowering the rate at which they are able to
move and thereby increasing the tortuosity. Although
it is clear that pores below the voxel size threshold
cannot be captured in this analysis, similar methods
have in the past successfully been applied to study
the tortuosity of porous media [37] and have more
specifically provided positive results in studies of
alkali-activated binders [42] and hardened cement
pastes [43].

In this case, five volumes of 3,000,000 voxels each
were extracted from the reconstructed data, using the
method presented in [23], excluding regions con-
taining large fractions of entrapped air voids. Seg-
mentation was carried out as described above,
distinguishing the empty porosity (voxels containing
little or no solid material), and the voxels that con-
tained porous precipitates which were themselves
more porous than the fully-formed hydrates or
anhydrous cement grains. The calculation of tortu-
osity was carried out with 4 x 10° time points with
10,000 walkers running concurrently. The stride was
set to unity and the analysis run in parallel on 8 cores,
yielding a calculation of approximately 20 min per
volume analysed. Walker displacement was deter-
mined in the three axes for least-squares fitting of a
linear function to the mean squared displacement.

Isothermal conduction calorimetry

The cement hydration reaction was also followed by
isothermal conduction calorimetry, performed using
a TA Instruments TAM Air Microcalorimeter. The
instrument was held at 25 °C, matching the temper-
ature of the hutch at the synchrotron. Paste samples
were prepared in the same proportions detailed
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above, and were externally mixed for 2 min, and
placed into HDPE ampoules before being transferred
immediately into the calorimeter. Data were recorded
for the first 18 h of hydration, matching the time-scale
used in the synchrotron experiment.

Results and discussion

Hydration in the context of isothermal
calorimetry

Figure 2 shows the results obtained from isothermal
calorimetric analysis of the hydration of Portland
cement paste, including division of the signal into
five characteristic heat flow features.

The approximate time periods of the hydration
reaction identified from the calorimetric data are
defined in Table 3. The peak thermal output occurs at
around 8 h, and there is no clear sulphate depletion
point (which would have resulted in an additional
peak). The absence of this additional feature appears
to have resulted from masking of the sulphate
depletion event by the main thermal output peak; a
Bogue calculation [44] for the cement based on the
data in Table 1 indicates a C3A content of approxi-
mately 7%, indicating that the cement is unlikely to
have been so over-sulphated at 3.23% SO; (Table 1) as
to delay the sulphate depletion peak beyond the 18 h
experimental timeframe [45].

The initial very rapid heat release is related to
particle wetting and the dissolution of highly reactive
minor cement constituents, particularly alkali-con-
taining sulphates such as syngenite K,Ca(50,),-H,O
[46]. This occurs alongside dissolution of highly
reactive defect regions on the C;S surface, which
dissolve to release calcium and silicon ions into the
aqueous phase [47]. The subsequent reduction in the
rate of the reaction to a period of low heat output,
termed the “induction” or “dormant” period (period
2 in Fig. 2), the nature of which remains somewhat
contentious in the literature. This time period, during
which heat release is relatively low, has been asso-
ciated by some researchers with the formation of a
metastable barrier across the surface of anhydrous
alite grains, while others favour a theory based on
dissolution rate control by the degree of undersatu-
ration as this approaches the point at which bulk
precipitation of hydrate products would commence

[1].

@ Springer



4958 ] Mater Sci (2022) 57:4952-4969
1 2 3 4 5
35
- Heat Flow / mW g~
30 — Boundary
© 25
=
E 2
=
o 15
o
® 10
05 "]
00 T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Time t/hrs

Figure 2 The hydration of Portland cement observed by isothermal conduction calorimetry. The time periods labelled 1-5 are identified as
characteristic features of the heat flow representing distinct stages of the hydration reaction process.

Table 3 The approximate periods in the hydration reaction
sequence identified by isothermal conduction calorimetry

Period Start/h End/h
1 Dissolution 0 1
2 Induction 1 2
3 Acceleration 2 7
4 Peak 8 -
5 Deceleration 8 13.75%

*Time of final scan

The metastable barrier hypothesis describes the
formation of an initial hydrate product layer that
inhibits the contact of free water with the anhydrous
cement and passivates the surface, before the barrier
becomes breached at the end of the induction period
[48], allowing for the growth of hydrates during
acceleration (period 3 in Fig. 2) [49, 50]. This is a
hypothesis that is claimed to describe the slowing of
the reaction into the induction period (from period 1
to 2); the barrier would prevent contact between the
mix water and the anhydrous cement. However,
results captured with modern instrumentation at a
very high resolution show the formation of no such
continuous layer at the interface [51] and only the
formation of small regions of fibrillar calcium silicate
hydrate (C-S-H) deposited with little interconnec-
tivity, whereas such a reaction mechanism would
require the surface to be entirely coated. On this
basis, and also through studies of tricalcium silicate
hydration under varying conditions, the hypothesis
of a metastable barrier has received significant recent
criticism [1]. The current study, using an in-situ
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tomographic approach and studying cement pastes
with realistic water/cement ratios, offers the possi-
bility to gain more insight into these mechanisms,
although at a lower spatial resolution than some
surface-sensitive  spectroscopic or microscopic
techniques.

Early dissolution and the induction period

Figure 3 shows the development of hydrates at the
interface between anhydrous cement and mix water,
during the first 90 min of the reaction. These data
show the formation of a narrow and disconnected
layer by ten minutes, which interconnects, thickens,
and expands slightly by 30 min.

Within the first minutes of measurement, we
observed the formation of a disconnected layer of
moderate-density (hydrous) material at the cement
particle surface, consistent with results presented in
[51]. Although our spatial resolution is significantly
lower than that provided by the cryo-SEM used in
that study, the formation of proximate regions of
surface hydrates at this time will have resulted in
some of the reconstructed voxels adjacent to the
anhydrous particle surface containing sufficient
solids to become segmented as hydrate products.

Although it is not possible to carry out a chemical
analysis using these tomography data, it is hypothe-
sised that regions of hydrous silicates, potentially
consisting either of disordered C-5-H as in the (tens-
of-nanometres thickness) membrane identified in
[51], or by hydroxylation of the silicate sites near the
surface of the C3S as identified in [3], has formed a
partial coating at the interface between the reacting
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Figure 3 The formation of solid hydrated phases during the first 90 min of the reaction. Numbers shown in parentheses in each section of
the graphic indicate the reaction stage (defined in Fig. 2) corresponding to each time point shown.

C3S grains and the mix water. These data do not  other authors are increasingly contending that the
demonstrate whether or not this is essential in con-  rate-controlling mechanism in this stage of the reac-
trolling the reaction during the induction period, as tion is the degree of undersaturation of the aqueous
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phase [1]. However, and importantly, these data
provide clear evidence for the development of
hydrous regions on the cement grain surfaces even at
this early stage of the cement hydration process.

In addition to the formation of these small siliceous
hydrate regions on or near the surface, the hydrous
calcium aluminium sulphate phase ettringite is
known to form very soon after mixing of cement with
water [24], by hydration of C3A from the clinker in
the presence of sufficient dissolved sulphate ions [24].
The presence of ettringite is typically indicated by a
needle-like structure within the solid product [33].
However, due to the challenge of segmenting phases
with closely matching grayscale intensities (e.g.
ettringite and C-S-H) without adding a tracer ele-
ment [52], and under the constraints of an in-situ
tomographic approach, it was not possible to specif-
ically identify ettringite needles within any of the
reconstructions here.

The formation of the empty pore volume, and of
porous precipitates, is shown in Fig. 4, while the
tortuosity values determined for the pore volumes
are shown in Fig. 5. The tortuosity of the solid phase
regions was also determined, and closely tracked the
pore network tortuosity except in the first minutes of
hydration (due to the low connectivity of the solid
network at that time), so the discussion here is based
on pore network tortuosity values.

During the initial period of heat release, the solu-
tion rapidly reached saturation with respect to cal-
cium and silicate-bearing phases, causing small
regions of hydrate (appearing as flecks within the
reconstructions) to precipitate within the fluid-filled
pore volume, controlled by the degree of undersatu-
ration [53, 54].

Precipitates are observed to form immediately
adjacent to the cement particle surfaces, suggesting
that an ionic concentration gradient had formed
within the pore solution, with a higher concentration
close to the surfaces of the anhydrous material lead-
ing to a higher local supersaturation in this region.

During the induction period of cement hydration
(50-90 min in Fig. 5), there is a weakly increasing
trend in pore tortuosity. Through the induction per-
iod, the pore fluid reaches then exceeds saturation
with respect to C-S5-H and/or Ca(OH),. When
supersaturation is reached, the induction period
ends, and further precipitation within the fluid-filled
space commences, leading the tortuosity to begin to
increase as the induction period is completed.
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The acceleration, peak, and deceleration
of the reaction

The mechanism which triggers the end of the
induction period remains a question of open debate
in the field; the assessment of Scrivener et al. [1]
indicated that neither diffusional restriction, nor
impingement of hydrate products, nor the dissolu-
tion of small (high surface area) cement grains, can
fully explain or control the transition from the
acceleration to the deceleration period. In the accel-
eration stage, there is a rapid increase in the
exothermic output of the reaction, marked as period 3
on the calorimetric trace (Fig.2). Tomographic
imaging data corresponding to this period are shown
in Fig. 6 for the solid phase and Fig. 7 for the void
space, while Fig.5 describes the evolution of
tortuosity.

During the acceleration of the reaction (period 3), a
low-density product began to form at the interface
between cement and pore fluid, and thickened
gradually as a result of both inward growth towards
the centre of the original grain (“inner product”) and
the deposition of precipitating material on the surface
of this inner layer, in the originally fluid-filled space
(“outer product”). The high temporal resolution and
the use of the particle-tracking algorithm [23] in this
work provide confidence that the same cement grains
were able to be identified in successive scans of the
material during the entire process of hydration,
despite settlement and slight sedimentation that took
place at early age. Considering the spatial resolution
of these measurements, it was not possible to resolve
the morphology of the product forming on the sur-
face, although microscopic analysis has shown that
this is often a fibrous growth [55].

The onset of the acceleration period is shown in
Fig. 6 to involve the bulk growth of precipitated
hydrates onto and into the surfaces of the cement
grains, accompanied by an increase in pore tortuosity
(Fig. 5) as the solid phase network starts to bridge
gaps between neighbouring cement grains and tends
towards percolation [56].

By 6 h, a thickening band of hydrate has formed
upon the surface of the cement grains, and the inner
and outer products can be described as hydrate shells
[57]. These then interlock, causing stiffening of the
paste and the formation of the solid matrix, both from
agglomeration at the edge of the hydrating layer, and
from the growth of the inner layer inwards to bring
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Figure 4 The formation of the pore structure across the first 90 min of the reaction. Empty porosity is shown in blue and precipitate
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Figure 5 The tortuosity of the precipitate volume as calculated
from the tomographic reconstructions. This is displayed alongside
the isothermal calorimetric trace measured for the same cement

continuing close contact between hydrous and
anhydrous constituents. Hu et al. [15] showed using
X-ray nanotomography that there was a density
gradient, on sub-micron length scales, within the
hydration products that formed on the surfaces of
hydrating C5S grains. Our results are consistent with
that theory, although collected at lower spatial reso-
lution to enable the time-resolved nature of this
study.

Eventually the surface of the cement particle
becomes entirely coated and dissolution begins to
slow at the peak thermal output (period 4), and
beyond into the deceleration period (period 5). The
precise nature of the mechanism responsible for the
timing of the peak and the slope of the post-peak
deceleration has also been contentious during the
past decade or more, and it appears that a combina-
tion of space-filling, water-exhaustion, and diffusion
barrier effects is needed to fully describe behaviour in
this timeframe [1]. The observation here of an
increasingly dense and thick surface layer of hydrates
is consistent with the current state of the art in
understanding the causes and mechanisms of this
deceleration process. The progressive densification of
the outer product hydrate shell is particularly
important in describing mass transport limitations
imposed by the newly-formed hydrates and is more
clearly observable from the tomographic data in
Fig. 6 than by other (usually two-dimensional) ana-
lytical techniques described in the literature. This has
not been identified in such detail in past tomographic
studies of cement hydration, and so the results pre-
sented here provide a new depth of information to
describe this process in three spatial dimensions.

@ Springer

hydration process. Tortuosity data shown are the mean of five
tortuosity calculations across five volumes of interest, segmented
at random from the stack.

The formation of hydrates at the time of capture of
the final tomographic dataset (13 h 45 min) is shown
in the lower part of Fig. 6. Hydrates have formed to a
significant degree, both on the surfaces of cement
particles and isolated within the pore structure (as
also seen in Fig.7) although the total degree of
hydration of the cement remains fairly low at this
time. As hydrates have been deposited, the access of
free water to the unreacted clinker grain surfaces has
been inhibited. The water/cement ratio of these
pastes (0.47) is sufficiently high that the water reser-
voir will not yet have been depleted by hydration
reactions at this relatively early stage of the reaction
process, but the transport of this water to the particle
surface is significantly impeded. The result is the
slowing of precipitation and a gradual reduction in
the thermal output as the layer thickens, blocking
access of water to the cement particle surfaces.
Interlocking and adhesion of these hydrates funda-
mentally results in the rapid strength gain of the
material across the first days of the hydration
reaction.

The calculated tortuosity (Fig. 5) decreases during
this time, which is attributed to the apparent closure
of the smaller pores considering the voxel size used
here (approximately 2 pm); the smallest pores move
out of the range that is accessible using this technique
and become sub-micron in size. This reduces the
calculated tortuosity of the pore network as a whole.
This observation of decreasing tortuosity with
decreasing porosity is somewhat counter-intuitive, as
tortuosity is widely observed to increase at decreas-
ing pore volume fractions. However, in a case such as
is observed here, with a multi-modal pore size dis-
tribution dominated by large inter-particle spaces
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and smaller inter-hydrate pores, a close-to-uniform
growth of hydrate products on all surfaces causing
the apparent closure of the smaller pore fraction can
decrease overall tortuosity by leaving only the larger,
less-tortuous pores available for transport. This
appears to be the case here. It would be expected that
further ongoing hydration, resulting in the refine-
ment of the remaining larger pores, would then give
the expected later-age increase in tortuosity to the
higher values recorded in the literature (e.g. 3 at
2 days, and 9 at 28 days, recorded by Promentilla
et al. [43] for Portland cement paste at water/
cement = 0.50).

Linking the physical processes

It is challenging to reach precise conclusions
regarding the chemical processes involved in the
cement hydration reaction using tomographic imag-
ing alone. However, the ability to observe the three-
dimensional microstructural evolution of cement

1. Regions of disconnected surface hydrate form.
2. Precipitates form in pore structure.
3. Precipitates agglomerate on the surface.

o &
!

D

4. Surface hydrates grow and agglomeration
increases empty pore volume.
5. Interlock and reduction in pore volume.

Figure 8 The formation of porosity, precipitate, and interface
hydrate, and densification of hydration product in a Portland
cement, illustrated schematically based on the tomographic data
collected in this study.

4965

paste as a function of time enables discussion of the
mechanism of microstructural development that
leads to setting of the material, which we show in
Fig. 8. This schematic, and the text below, draw
together the discussion and analysis above into an
improved degree of insight into cement hydration in
four dimensions (three spatial and one temporal).

In the initial stage of the reaction (period 1 as
defined in Fig. 2), rapidly-soluble components dis-
solve, and small volumes of surface hydrate form, but
these do not yet percolate, cover the particle surfaces,
or result in the interlocking (percolation and stiffen-
ing) of the cementitious paste. Small precipitates also
form within the fluid-filled regions, potentially
through hydration of very small clinker grains that
are not directly observable at the spatial resolution of
analysis here; these do not agglomerate at this point.

During the induction period, period 2, the thermal
output of the reaction significantly decreases,
although throughout this period dissolution contin-
ues, as does the growth of the hydrate product layer.
The hydrating interface continues to thicken but does
not yet cause inter-particle bridging between initially-
separate cement grains.

Period 3 is the acceleration period, when the for-
mation of hydrate products is at its most rapid, and
the outer and inner hydrate product regions become
evident on and around the cement particle-mix water
interface. The low-density outer product grows out-
wards, and the denser inner product layer grows
inwards, to form concentric shells distinguishable by
a density gradient. The small inter-hydrate pores and
larger inter-particle pores form an increasingly tor-
tuous fluid-filled pore network.

Interconnections between the outer product layers
growing from initially-separated cement grains
begins to occur during period 3 and into period 4 (the
peak heat flow), while further precipitation and
agglomeration occurs. As the system evolves into the
deceleration period, the smallest pores appear to be
refined into a sub-micron regime, leading to an
apparent reduction in tortuosity when determined
using a tomographic approach with a voxel size that
is larger than this. The growth and densification of
the inner product causes the reaction to slow, the
regions of outer product closer to the interface with
the inner product densify, and the bulk outer product
regions continue to fuse to each other as they perco-
late, resulting in a rigid structure.
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Conclusions

In this study, in-situ X-ray microtomography has
been used to gain new insight into the process of
hydration, setting and hardening during the first
hours of hydration of Portland cement. A new and
strong relationship has been identified between the
stages of reaction identified by isothermal calorime-
try and the tortuosity of the pore network as it
develops during cement hydration, which is only
directly identifiable via in-situ tomographic analysis.

When cement is brought into contact with water,
hydrated phases are observable on cement grain
surfaces from very early in the reaction process. This
has not previously been observed in three dimen-
sions at the time resolution applied here, and so this
work provides an advance in the characterisation and
understanding of this aspect of cement hydration.
Although it is not possible to explicitly define whe-
ther the observed hydrates are formed by precipita-
tion or by hydroxylation of a surface layer on the
cement grains, such layers form during the induction
period and may influence the continuing rate of
reaction. With continued hydration, the hydrate
products gradually begin to grow both from particle
surfaces into the initially fluid-filled region, and also
into the space originally occupied by the cement
particle, forming an observable density gradient
within the microstructure.

During the acceleration period, the generation of a
percolated solid structure which can bear mechanical
load begins via interconnection of agglomerated low-
density outer hydrates, which are able to be visu-
alised directly in three dimensions in the results
presented here. These hydrates then densify as
hydration continues. This eventually solidifies the
structure into a hardened porous matrix, with pores
forming in regions where hydrates have not suffi-
ciently grown to fill the voids present between par-
ticles. The result is the porous medium known as
hardened cement paste, which forms the key binding
phase in concretes throughout the built environment.
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