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CONSPECTUS: The production of cement is a key indicator of a region’s level
of development. As such, its use is essential for any society aiming to create
healthy, comfortable, safe and secure living and working environments. However,
these benefits come at a price; Portland cement production accounts for ≈8% of
the total anthropogenic CO2 emissions. If cement fabrication was considered a
country, it would rank as the third largest emitter, after China and the United
States. Consequently, reducing the CO2 footprint of the construction industry is a
societal need. Numerous low-carbon cement alternatives have been proposed,
primarily involving the partial substitution of Portland clinker with materials that
possess much lower CO2 footprints. However, these cements have not been
widely adopted because they exhibit reduced mechanical strength at 1 day of
hydration, failing to meet current practices for formwork stripping. Therefore, a
primary objective is to elucidate the mechanisms of early age cement hydration to
accelerate their hydration rates.
Portland cement and low-carbon cements are complex, multimineral materials comprising at least seven crystalline components.
Additionally, during the hydration process, new hydrate phases − both crystalline and amorphous − are formed, resulting in the
development of intricate, time-dependent microstructures. The compositional and spatial complexity, along with the inherent
heterogeneity, underscores the necessity for additional analytical tools such as 3D synchrotron X-ray imaging techniques.
Furthermore, as dissolution and precipitation processes are time-dependent, advanced 4D (3D + time) imaging tools are essential.
Many pertinent features, such as alite etch-pits, alite reaction zone, and calcium silicate hydrate (C−S−H) gel shells and needles, are
submicrometric in size, necessitating the use of 4D synchrotron X-ray nanoimaging. Consequently, various synchrotron X-ray imaging
techniques are presented, with a particular emphasis on those leveraging the coherent properties of synchrotron radiation, which are
better suited for 4D nanoimaging. The five stringent requirements necessary for obtaining relevant results to investigate early age
cement hydration are thoroughly discussed. Following this, examples of such studies are presented, highlighting the key data that can
be obtained. Both the advantages and current limitations of these techniques are addressed. Particular emphasis is placed on the
spatial dissolution rates of alite, which seem to be strongly dependent on the initial particle sizes. Additionally, descriptors related to
the C−S−H gel shells, such as growth rate and densification over time, are provided. Unfortunately, to date, 4D nanoimaging lacks
the temporal and spatial resolution required to measure the growth rates of C−S−H gel needles. However, optimized beamlines at
fourth-generation synchrotron sources are expected to enable these types of studies in the near future.
In the final section, future perspectives are presented. Initially, the technical specifications necessary to investigate the transition from
the accelerated to decelerated cement hydration stages are discussed. The key requirements are a temporal resolution better than
100 min concurrent with a spatial resolution of 100 nm. Upon meeting these technical objectives, the mechanistic role of admixtures
in accelerating low-carbon cement hydration could be elucidated, and the mechanical strengths at early ages are expected to be
further enhanced.
The accompanying image is an artistic view and it is explicitly stated that 4D nanotomography is performed on capillaries filled of
commercial cement pastes and not on concrete samples.

1. BRIEF INTRODUCTION TO CEMENT AND CEMENT
HYDRATION COMPLEXITY

Concrete is the largest manufactured product and ranks as the
second most utilized commodity, following freshwater. Portland
cement (PC),1 which is mainly based on Portland clinker, is the
primary component of concretes, with global production
reaching 4.2 gigatones (Gt) in 2022.2 On average, the
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production of one ton of clinker results in the emission of ≈850
kg of CO2 into our atmosphere,3 due to limestone
decomposition and fuel combustion. This corresponds to
≈8% of the total anthropogenic CO2 emissions.4 If cement
production were considered a country, it would rank as the third
largest emitter, following China and the USA. Consequently,
reducing the CO2 footprint of cements has been identified as a
critical societal need,5,6 leading to numerous proposals for low-
carbon cements. Here, I focus on the most significant category:
binders with a reduced Portland clinker factor achieved by
partially replacing fast-reacting PC with comparatively slower-
reacting supplementary cementitious materials (SCMs).7 In
order to have the CO2-footprints as low as possible, new types of
cements are being allowed in the standards, such as CEM II/C-
M authorized in the European Union in 2021, which permits up
to 50% of Portland clinker to be replaced. However, these low-
carbon cements exhibit lower mechanical strengths at 1 day
compared to the PCs currently in use. Understanding early age
cement hydration is crucial for mechanistically enhancing and
accelerating cement hydration, with the ultimate goal of
increasing the one-day mechanical strengths. It should be
noted that concrete in real-world applications requires several
days of curing before the formworks can be removed. The
specific times depend on the type of concrete and the intended
use. One-day strength is themost common proxy to ensuring the
target mechanical strengths at the required (early) age.
Gray Portland clinker is fabricated at ≈1450 °C and it

contains two calcium silicate solid solutions − impure alite as it
typically contains MgO, Na2O and Al2O3 (simplified Ca3SiO5 or
C3S), and impure belite (simplified Ca2SiO4 or C2S) − as well as
two calcium aluminate solid solutions − tricalcium aluminate
(simplified Ca3Al2O6 or C3A) and ferrite (simplified
Ca4Al2Fe2O10 or C4AF). PCs are produced by milling the
clinker with the setting regulator − calcium sulfate(s) − and
limestone (simplified as CaCO3). Hence, cements are multi-
mineral materials, each phase with variable chemical composi-
tion, due to elemental impurities, and a broad range of particle
sizes. Furthermore, there is a growing trend of using (i)
inorganic additions (i.e., SCMs) with diverse mineral contents
and textural characteristics, and (ii) chemical, mainly organic,
admixtures to tailor engineering properties. Low-carbon
cements are highly complex, typically containing seven
crystalline phases − C3S, C2S, C3A, C4AF, CaO, CaSO4·
2H2O, CaCO3 − from the PC, along with several crystalline
phases and at least one amorphous phase from the SCM
addition.
After cement is mixed with water, setting and hardening

processes occur. This stunning transformation−from a liquid
that can be shaped by formwork to a solid load-bearing
material−enables to build structures that contribute to healthier,
safer and more comfortable and secure environments. The
cement hydration reactions are very complex. Following partial
dissolution, mass transport and supersaturation, interconnected
processes of dissolution, crystallization and precipitation occur.
The nucleation and growth of hydrated phases can occur
through heterogeneous (on surfaces) or homogeneous (within
the pore solution) pathways, and these processes may follow
either classical or nonclassical crystallization mechanisms.8 In
low-carbon cements, more than three hydrated crystalline
phases − ettringite, AFt or Ca6Al2(SO4)3(OH)12·26H2O;
portlandite, CH or Ca(OH)2; and hemicarboaluminate, Hc or
Ca4Al2(OH)13(CO3)0.5(H2O)5.5)− and usually three disor-
dered phases − C−S−H gel or ≈(CaO)1.8SiO2(H2O)4.0; C−

(A)−S−H gel or ≈Ca1.5Al0.2SiO3.8(H2O)4.0; and iron-siliceous
hydrogarnet, Fe−Si−hg or ≈Ca3Fe2(SiO4)0.84(OH)8.64) − are
formed. The stoichiometries given here for C−S−H and C−
(A)−S−H are very simplified, as they largely vary depending
upon cement initial composition and the hydration experimental
conditions. For an in-depth understanding of the hydration
processes in cements, comprehensive resources are available,
including books1,9 on cement chemistry and specialized texts on
characterization techniques.10−12

Next, the chemical and compositional complexity of building
materials should be briefly mentioned as it is the key reason to
use the X-ray imaging techniques. (1) Portland clinker, coming
out of every kiln, is at the heart of low-carbon cement fabrication
because it ensures homogeneous performances and fast
hydration. (2) Type I Portland cement is fabricated by adding
the setting regulator (calcium sulfates) and milling to an ever-
increasing finesse. (3) Low-carbon cements are fabricated by
partial replacement of PC (in Europe), or addition to the ready-
mix (in USA), by limestone filler and SCMs (i.e., blast furnace
slags, fly ashes, natural pozzolans, calcined clays, vegetable ashes,
etc.). (4) Several chemical admixtures (mainly organic) are
added to modify properties like the rheology at very early ages
and to tailor reaction some hydration rates (these chemicals
belong to the following nonexhaustive list of families: super-
plasticizers, accelerators, retarders, defoaming, air-entraining
agents, self-healing polymers, corrosion inhibitors, waterproof-
ing membranes and fibers). (5) The setting and hardening of
hydrating cement pastes can be carried out under a number of
variables that modify the final performances like water-to binder
mass ratio (w/b), temperature, pressure, etc. Here it should be
mention than additional CO2 curing for a short period of time
could yield lower carbon footprint(s) of the resulting building
materials. (6) So far, the mixes refer to pastes. Mortars are
fabricated when sand is added to the hydrating mixtures. The
sand can be natural, or arising from recycled materials, or even
carbonated recycled materials. (7) Finally, concretes are
prepared by adding gravel of different sizes that again can be
natural or arising from (carbonated) recycled materials. X-ray
CT, to be detailed in section 3, is very well suited to
nondestructively study processes taking place in these very
heterogeneous materials. This is the core of 4D (3D + time) X-
ray imaging: to quantitatively measure microstructural changes
with time. The main processes that are being investigated are
hydration, shrinkage, carbonation, cracking under mechanical
loads and deterioration because the exposure to harmful species
such as Cl−, SO4

2− and CO2, or to other conditions like high
temperatures or alkali-silica reactions. Selected key features that
are being mapped out by μCT during these processes are (i)
porosity evolution and clinker particle dissolution rates during
hydration; (ii) micro- and mini-cracks development under
mechanical loads; (iii) carbonation cracking during CO2-curing;
and (iv) porosity evolution during durability studies, just to
mention a few.
Furthermore, the applications of cements are primarily in

concretes and mortars. Here, the discussion is limited to cement
pastes, while acknowledging the challenges involved in trans-
lating knowledge from pastes to mortars and concretes. Moving
forward from 4D microimaging to 4D nanoimaging, it is
important to discuss how the study cement pastes with the
highest possible spatial resolution could affect/improve the
concrete performances. This is work in progress. I anticipate that
the following descriptors, studied as a function of cement finesse
and organic admixture addition, could be very important to
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understand and predict the hydration rates. (i) C3S spatial
dissolution rate as a function of the initial particle size; (ii) alite
etch-pit growth rate; (iii) C−S−H gel shells around alite
particles as thin and porous as possible; (iv) to maximize the
ratio outer product versus inner product C−S−H gel. In turn, if
we accelerate the early age hydration rates, we could decrease
the clinker factor (increase the SCMs amount per cubic meter of
concrete) as one of the main limiting factors nowadays of the
low-carbon cements is their low mechanical strengths at 1−3
days of hydration.
In addition to their chemical and compositional complexity,

building materials are extremely heterogeneous, see Figure 1. In
mortars and concretes, additional heterogeneity arises from the
sand and the gravel. Here, special attention should be given to
the interfacial transition zone (ITZ), the region of cement paste
surrounding the aggregate particles, which has locally increased
porosity due to packing effects.13 Restricted to cement pastes,
porosities span 6 orders of magnitude, ranging from water gel
pores with a minimum size of ≈1 nm to entrapped air with a
maximum size of ≈1 mm. After mixing with water, capillary
pores exhibit sizes of the order of several microns, enclosing the
cement particles. As hydration progresses, these pores become
partially filled with hydration products and gradually evolve to
smaller sizes filled with water-vapor, i.e. pore-drying.14

Regarding the anhydrous particles from PCs and SCMs, they
exhibit varying size distributions and dissolve at significantly
different spatial rates, see Figure 1. In geochemistry, it is well
established that, for a given crystalline phase, the dissolution
rates are strongly influenced by the particle size.15 C−S−H gel
from PC hydration and C−(A)−S−H gel from the pozzolanic
reaction are intrinsically heterogeneous. C−S−H gel exhibits
features spanning 3 orders of magnitude, from the smallest
building blocks of approximately 5 nm to Hadley grains of
around 3 μm − hollow-shell structures formed in the spaces
originally occupied by small alite particles. Key characteristics
include C−S−Hgel shells/rims, which are layers that precipitate
and thicken over alite surfaces, and C−S−H gel needles.
Moreover, inner product (the C−S−H gel that is formed within
the boundary region of the anhydrous cement grain) and outer

product (the C−S−H gel that is formed in the originally pore
solution-filled volumes) have slightly different chemical
compositions, densities and binding performances.16 Inner
product C−S−H gel is generally related to the shells/rims and
outer product C−S−H to the needles. However, it is noted that
the morphology of C−S−Hmay depend on the technique used
for its characterization and it usually presents fibrillar
morphology when observed by TEM.

2. EARLY-AGE CEMENT HYDRATION
The hydration of PC can be studied by analyzing the heat
released by the chemical reactions. Calorimetry, while
representing a composite signal of all these processes
(dissolution and precipitation), is highly illustrative and
experimentally robust. Its widespread use further enables
reliable comparisons. Figure 2 shows the typical isothermal
heat flow trace of a hydrating cement at early ages and it can be
considered that cement hydration takes place in five stages.17

The initial fast dissolution (a few minutes, ①) stage, i.e. wetting,
is followed by an induction period (≈2 h,②) that can be strongly

Figure 1. Scheme illustrating the spatial heterogeneity and complexity of building materials. A nonexhaustive set of features is highlighted including
their relevant length scales. Porosity (blue and pale blue): water-gel, pore solution porosity, dry pores, entrapped air, entrained air and ITZ additional
porosity. Anhydrous particle size (green): C3S (and other clinker components), SCMs, sand and gravel. Hydrates (mainly but not only C−S−H gel)
are plenty of features at different scales (brown): basic building blocks, shells, needles and Hadley grains for C−S−H gel. The size of other hydrates
such as portlandite and ettringite are not given for the sake of simplicity. Moreover, X-ray nanoimaging data allows to measure spatial dissolution
rate(s) of (dissolving) anhydrous components [such as C3S, C3A or metakaolin] and spatial growth rate(s) of (precipitating) hydrated components
[such as C−S−H gel or ettringite] from time-lapse data.

Figure 2.Typical heat flow trace for a PC 42.5N paste (water to cement
mass ratio (w/c) of 0.50 at 20 °C) during the first 2 days. The end of the
induction period, ≈130 min, and the maximum of the heat flow curve,
≈10 h, are highlighted. For the meaning of the numbers, see the text.
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modified by the additions and the admixtures. During this time,
hydration reactions are occurring but with very slow rates. Then,
the acceleration period develops (several hours until the
maximum in the heat flow trace, ③), which is followed by the
deceleration period (tens of hours, ④). Finally, cement
hydration enters in a diffusion-controlled stage (weeks-months
to years, ⑤) because the lack of liquid pore solution close to
partly reacted particles. It is now agreed that dissolution
controlled by undersaturation is the mechanism responsible of
the induction period, ②,18 and not the protective membrane
theory. Conversely, there is still no agreement in the mechanism
to explain the transition from acceleration to deceleration, i.e.
③→④, when there is (i) a degree of hydration of just 10−20% of
the PC (≈20−25% of C3S depending upon the finesse of the
PC), (ii) a lot of pore solution available, and (iii) plenty of space
for the hydrates to grow.
The most advanced theories19 are based on heterogeneous

nucleation and growth within confined regions taking into
account the initial particle size distributions,20 for instance, the
reaction zone.21,22 There are alternatives23 such as the needle
model19 where C3S hydrates24 to yield C−S−H gel.25 Neither
the dissolution of small grains, nor etch-pits coalescence, nor C−
S−H gel growth rate slowdown by impingement, nor water
diffusion − alone− can currently explain the transition from the
acceleration to the deceleration periods,17 see Figure 2. The
following factors may play a significant role in explaining the ③
→ ④ transition: (i) C3S spatial dissolution rate that seems to be
particle size dependent; (ii) etch-pits26 growth and coalescence;
(iii) the consequences of the pore solution-filled gap which
opens between the dissolving (inward) C3S grains and the
growing (outward) C−S−H gel shell;27 (iv) overall fraction of
the total alite surface covered by C−S−H gel shell; (v) C−S−H
gel shell spatial growth rate; (vi) C−S−H gel shell mass density
evolution with time; and (vii) C−S−H gel needle spatial growth
rate.
During cement curing, the microstructures evolve alongside

changes in both crystalline and amorphous phases. Crucially, the
evolution of the microstructures during hydration modifies the
diffusion of species such as Ca2+, OH− and H2SiO4

2−. Therefore,
phase assemblages (type and reaction products forming) and
microstructure development are intimately connected. This
interplay partly explains the complexity of the curing behavior in
cementitious materials. Thus, measuring the evolution of phase
assemblage by in situ laboratory28 and synchrotron11 powder
diffraction is very important. However, these techniques
produce volume-averaged results that overlook spatial character-
istics, such as particle size dependence, diffusion barrier
appearance, or C−S−H gel needle impingement. On the other
hand, there are several electron microscopy modalities and SEM
and TEM are the most widely used in the characterization of
cement hydration. In particular, TEM and some of its variants
(such us FIB-TEM, STEM, etc.) provide data with very high
spatial resolution. However, they cannot analyze relatively thick
samples and cannot follow changes with hydration time under
relevant conditions. For instance, in situ liquid cell TEM was
used to study PC hydration but the paste was confined between
two silicon nitride membranes with a distance of 250 nm.29 The
PC was extensively milled to have extremally small particles
fitting within the cell and the w/c ratio used was as high as 15.
These are not relevant conditions. In addition, water-rich
samples subjected to the electron beam suffer from damage such
as water loss and alterations of the microstructures. This makes
TEM unsuitable for the time-lapse microstructural character-

ization of hydrating cements. Therefore, the visualization of the
evolving cement hydrating microstructures by 3D X-ray imaging
(computed tomography, CT)30 is becoming vital for under-
standing the hydration mechanisms. The key advantages of μCT
and nCT are the absence of sample conditioning (that can alter
the specimens during the preparations) and its nondestructive
nature during measurements (although possible radiation
damage should be checked for synchrotron experiments).

3. X-RAY NANOIMAGING OF CEMENTS
The spatially resolved characterization of hydrating and
hydrated cements is increasingly recognized as essential.12,31,32

Within this field, X-ray microcomputed tomography (μCT, in
their different modalities such as absorption-contrast, phase-
contrast and diffraction tomography, among others) of
cementitious materials is gaining traction as evidenced by the
reviews published in the last five years.33−37 Many features can
be followed, but here, I fully focus on the analysis of hydrating
cement pastes by hard X-rays.
There are many techniques that permit the extraction of 3D

information by a tomographic approach, where a virtual volume
is reconstructed from hundreds (or thousands) of angular
projections (i.e., 2D detector images acquired at each tomo-
graphic angle). In turn, 3D imaging techniques can be classified
in full-field microscopies, where an angular projection is taken at
once, and scanning microscopies, where an angular projection is
recorded from the combination of manymeasurements by raster
scanning the sample with a tiny beam. The interested reader is
addressed to the imaging chapter of a standard synchrotron
book.38 For phase-contrast imaging, there are six experimental
approaches for attaining the required information: (1)
Propagation-based imaging; (2) Modulation-based (also
known as speckle-based); (3) Grating interferometry; (4)
Analyzer-based; (5) Edge illumination; and (6) Mesh-based.
These techniques have different experimental set-ups, and
importantly, also different data processing approaches.39

Propagation-based tomography is undoubtedly the most used
experimental setup. Moreover, to increase the spatial and
contrast resolution, holographic X-ray computed tomography
(HXCT) can be used. In this approach, a (partly) coherent
beam passes through the sample and propagates a given distance
before being measured at the detector position. Several detector
images, taken with various distances of propagation, allow an
accurate reconstruction of the interior of the sample.
Additionally, there is a set of lensless imaging techniques

where ptychographic X-ray computed tomography (PXCT)40 is
framed. These techniques41 merge scanning X-ray microscopy
and coherent diffraction imaging to yield imaging data of
unprecedented spatial and contrast resolution by also
reconstructing the X-ray probe. Being a scanning technique,
the time resolution is not fast.
Because the heterogeneity of hydrating cements is so

pronounced, see Figure 1; the best possible spatial resolution
is required, i.e. X-ray nanoimaging. Here, a word of caution is
needed concerning spatial resolution and voxel size. For
attenuation-based, or propagation-based phase-contrast, syn-
chrotron μCT, working with parallel X-rays, the voxel size
depends upon the 2D detector physical pixel size and the
magnification system used. For other modalities such as those
employing divergent X-rays, the voxel size also depends upon
the optics configuration. However, due to radiation damage,
mechanical instabilities (sample and/or optics), poor signal-to-
noise ratio (SNR), and other error sources, the spatial resolution
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Figure 3. Selected views of three X-ray imaging studies for PC pastes. (a) Selected orthoslice and (b) gray-value profile of the yellow line (shown in the
left panel) including a sharp interface for the laboratory μCT study (PC-52.5 paste with w/c = 0.40). FoV = 1200 × 940 μm (H × V), number of
projections = 1637, voxel size = 1.0 μm, total time = 3.5 h. (c) Selected orthoslice and (d) gray-value profile of a sharp interface, as previously described,
for propagation-based phase-contrast, synchrotron μCT study (PC-52.5 paste with w/c = 0.50). FoV = 800× 1190 μm(H×V), number of projections
= 6000, voxel size = 0.65 μm, total time = 5 min. (e) Selected orthoslice and (f) electron density profile of a sharp interface for nf-PXnCT study (PC-
52.5 paste with w/c = 0.50, data set at 4 days of hydration). FoV = 186× 30 μm (H×V), number of projections = 420, voxel size = 186.6 nm, total time
= 3 h. Adapted with permission from reference 46. Copyright 2023 The Authors.
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can be worse, about 2 to 10 times poorer than the voxel size.30

There is no universally adopted figure of merit for estimating the
spatial resolution in 3D, but two approaches are becoming
increasingly used:42 (i) Fourier-Shell-Correlation,43 and (ii)
edge sharpness across selected interfaces. This second approach
is based on ISO/TS 24597 “Microbeam analysis - Scanning
electronmicroscopy -Methods of evaluating image sharpness”44

which estimates spatial resolution as the change between 25%−
75% gray value along the studied interface(s).45

I define X-ray nanoimaging, for the purpose of this discussion,
as studies reporting data with a spatial resolution better than 0.5
μm (500 nm). The spatial resolution is related, but not directly
proportional, to the voxel size. Hereafter, μCT refers to
synchrotron phase-contrast microcomputed tomography or
just microtomography. nCT refers to nanocomputed tomog-
raphy or just nanotomography. Figure 3 displays three X-ray
imaging works where the spatial resolution is estimated by the
edge sharpness approach. Figure 3a displays a typical laboratory
attenuation-based μCT with a voxel size of 1.0 μm and a spatial
resolution of ≈2.1 μm. Figure 3c shows a synchrotron phase-
contrast μCTwith a voxel size of 0.65 μmbut a spatial resolution
of ≈1.0 μm. Although the voxel size is submicrometric, this is
not a nanoimaging investigation. Conversely, Figure 3e shows a
synchrotron nf-PXnCT with a voxel size of 186.6 nm and a
spatial resolution of ≈250 nm. This is considered here a
nanoimaging study.
The next section moves to 4D nanoimaging which can help to

better understand the cement hydration processes taken place at
early ages, see Figure 2. In these 4D studies (time-lapse), the
trade-offs when selecting the experimental details are more
severe because both time resolution and space resolution are
critical, see Figure 4. For the target time resolution, and in

addition to the best possible compatible spatial resolution, other
features must be considered. Because of the experimental
configuration and the current detector features, the Field of
View (FoV) of a single measurement is typically ≈2000 times
larger than the size of the reconstructed voxel, as the most
commonly used advanced detectors currently have 2048 × 2048
pixels. Scanning techniques could allow larger regions to be
studied, but the total data acquisition is long. This may have
consequences for the extraction of the desired information, such
as the hydration behavior of different particle sizes of different
components, since the (nano)imaged volume may not be large
enough for that particular feature. For samples larger than the
FoV, stitching (a method that combines two or more data sets
into a unified one) can be used, but the overall acquisition time

increases, which may not be suitable for time-lapse experiments.
A second possibility is to use the half acquisition mode, where
the center of rotation is shifted close of the edge of the detector.
This approach combines the projections taken from 0 to 180 deg
with the other half captured from 180 to 360 deg, ultimately
forming a virtual volume with twice the FoV allowed by the
detector used. To the best of my knowledge, this method has not
been applied in studies of cement hydration imaging. Moreover,
and for a given time and spatial resolution the image quality of
the reconstructed virtual volumes can be evaluated by
determining the SNR and the contrast to noise ratio (CNR).
The higher the SNR and the CNR, the better image quality in
the virtual volumes. The SNR can be estimated by the ratio of
the mean gray level value (or the mean electron density) of the
voxels studied to the standard deviation of the gray level value of
the voxels in the background.47 Similarly, the CNR can be
estimated by the difference of the mean gray value of the voxels
of the studied component and the background (i.e., air) voxels
over the standard deviation of the gray level value of the voxel of
the studied component.47 SNR and CNR are key parameters
that may allow distinguishing between relatively similar
components, or not. It is noted that different nCT techniques
have different intrinsic CNR and acquisition times. For instance,
3D scanning microscopies require much longer experiments but
usually offer better contrast between the different components
(i.e., contrast resolution). Finally, the X-ray nanoimaging
experiment should allow relevant conditions to be investigated
like water-to-binder ratios close to 0.4−0.5 or the addition of
chemical admixtures.

4. 4D X-RAY NANOIMAGING OF EARLY-AGE CEMENT
HYDRATION

To gain a deeper understanding of the requirements for time
resolution in 4D nanoimaging studies, Figure 5 displays the
isothermal calorimetry traces of two PC pastes and two low-
carbon cement pastes. Comparison of PC and low-carbon
cement traces reveals that hydration kinetics are accelerated due
to the filler effect,48,49 resulting from the additional surfaces
introduced by the incorporation of the SCM. Additionally, the
use of a C−S−H nucleation seeding admixture further
accelerates these processes,50−52 which is crucial for achieving
adequate mechanical strength at 1 day of hydration. The alite
peak maxima can occur as early as 5 h, highlighting the need for a
time resolution of 100 min or better.
It is acknowledged that there are many works in 4D

microimaging of cement hydration.11,34 and that there have
been recent developments such as (i) the automated correction
for the displacement of suspended microparticles at very early
ages;53 (ii) quantitative measurements of the fast dissolution of
plaster and the gypsum precipitation;54 and (iii) the alite particle
dissolution measurements by fast synchrotron phase-contrast
nCT.45 However, none of these 4D imaging works combine
simultaneously the five stringent requirements needed for the
mechanistic understanding of cement hydration at early ages,
which are given in Box 1.
In particular, synchrotron phase-contrast μCT lacks both the

required spatial resolution and sufficient component contrast,
failing to meet criteria (3) and (5). While, attenuation-contrast
and phase-contrast synchrotron nCT, within a multiscale
approach, can satisfy criterion (5), it does not comply with
criterion (3). (3) is essential for classifying hydrates and tracking
the time-evolution of C−S−H gel. For instance, this is the case
of 4D nanotomographic studies on the sintering of metals and

Figure 4. Main elements for planning synchrotron 4D X-ray
nanoimaging experiments of cement hydration. The chief feature is
the time resolution that may impose constraint(s) to the second most
important aspect, the spatial resolution. Other characteristics also play
important roles and they must be carefully selected, such as to ensure
enough contrast between different components to distinguish the
growing hydrates and large enough field of view to prepare relevant
samples.
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alloys where a time resolution better than 45 min is already
attained. Synchrotron soft X-ray nCT55 meets (3) and (5), but it
requires very large w/c ratios and very small FoV which prevent
hydrates to growth in conditions relevant to practical
applications − failing to meet criteria (1) and (2). It is noted
that studies on the minimum representative volume element
(RVE) for nanotomography of cements have not yet been
performed. The sample size of 150−200 μm is the compromise
between the narrowest capillaries that yield reproducible paste
preparations and the maximum size for current algorithms to
robustly retrieve the phases. In addition, RVE will be different
for different extracted features. It could be lower than 150 μm to
determine the average thickness of C−S−H shell gel, but it is
likely higher than 300 μm to obtain quantitative segmentation
results for the different components.
To date, only near-field ptychographic nanocomputed

tomography (nf-PXnCT) fulfills all five requirements.46

However, the best reported time resolution was 3 h, which

allowed the study of the deceleration stage but not the
acceleration stage. Additionally, the best spatial resolution
achieved was 250 nm, which should be further improved.
The first 4D nanoimaging study of a cementitious sample was

reported in 2017.56 In this work, a model paste composed of
ye’elimite (Ca4Al6O12SO4) and gypsum (CaSO4·2H2O) was
imaged by ff-PXnCT, see Figure 6. The experiment config-
uration at that time, far-field, only allowed imaging of a limited
FoV in the horizontal direction (≈70 μm), which did not fully
meet the requirement (2) above. Moreover, the time resolution
was 5 h per tomogram. There were two key outputs. First, the
ye’elimite spatial dissolution rate in the deceleration period,
between 48 and 63 h, was estimated as≈120 nm/h, see Figure 6.
Second, the ettringite spatial growth rate during the same period,
was ≈60 nm/h.
The breakthrough in 4D nanoimaging of cement hydration

came with the tailoring of nf-PXnCT to cements, which allowed
us to measure larger samples in a time-effective manner.46 The

Figure 5. Isothermal calorimetries (T = 20 °C) for four typical cement pastes without superplasticizers, with values referenced to the mass of dry
binder, showing the effects of a strength-enhancing admixture (in this case based onC−S−Hnucleation seeding). Samples: PC 52.5R, Dv,50 = 10.3 μm,
Blaine = 466 m2kg−1, SO3 = 3.3 wt % [black traces]; the previous PC with 2 wt % of Master X-Seed STE53 [blue traces]; Limestone Calcined Clay
Cement (LC3): 53 wt % of this PC, 30 wt % of a kaolinitic calcined clay (Dv,50 = 12 μm, specific surface area: 4.0 m2g−1,≈40 wt % of metakaolin), 15 wt
% of limestone (Dv,50 = 5.0 μm) and 2 wt % of gypsum (Dv,50 = 13.0 μm) [red traces]; the previous LC3 with 2 wt % of Master X-Seed STE53 [green
traces]. (a) Heat flow curves up to 36 h for better visualization. The times for the maxima of the alite and aluminate peaks are given. The end of the
induction period ranges 50 to 110min. The inset shows the heat flows during the first hour, stage① in Figure 2. (b) Cumulative heats developed during
the first 6 days of hydration. The total heats (J/g) at 1d and 6 d of hydration are explicitly given.
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spatial resolution was a bit poorer than in far-field configuration
but relevant conditions could bemet. The horizontal sample size
can be now 200 μm which ensures requirements (1) and (2).
The spatial resolution, for a nCT scan of 3 h, was ≈270 nm.
These measurements were carried out at an PXCT optimized
beamline of a third generation synchrotron source. A similar
experiment at an optimized beamline in a fourth generation
synchrotron source is expected to get closer to the target
requirements (4) and (5). The optimized beamline should not
only have much higher coherent flux at the sample position and
higher optical and mechanical stability, but other features such
as fast motor movements, fast detector readout, moving
sample−detector distance, robust algorithms for fast phase
retrieval, among others, should also be taken into account.
Here, I highlight the most important findings of our recent 4D

nanoimaging study of a PC hydrating paste.46 Figure 7 displays
two selected orthoslices of the PC hydration study by 4D nf-
PXnCT. At 19 h (the start of the deceleration stage because the
paste had a superplasticizer), the sample contained plenty of
capillary water and aC−S−Hgel shell of≈450 nm thickness and
1.51 cm−3 of average mass density enclosing every alite grain.
The C−S−H gel shells densify with time and at 47 h its average
mass density has increased to 1.71 gcm−3. Moreover, Figure 7
also qualitatively shows that C4AF regions, intergrown with C3S
particles, slowed down alite hydration as the hydration front
stops as soon as the C4AF region is reached.
The 4D nanoimaging study permitted to quantitatively study

the alite spatial dissolution rates. To this end, Figure 8 shows one
example of the status of the components at 19, 47, and 93 h of
hydration. Electron density line profiles along selected regions
permit to measure the alite dissolution and the C−S−H gel
densification. At 19 h, the average spatial gap that opens between
the dissolving (inward) alite grains and the growing (outward)

C−S−H gel shells was ≈490 nm. Other hydration features can
be deduced from this 4D nanoimaging study such as the drying

Figure 6. (Top row) 4D ff-PXnCT nanoimaging study of a paste composed of ye’elimite and gypsum pure-phases at the indicated hydration times,
cSAXS BL at PSI, E = 6.2 keV, FoV = 72× 45 μm, number of projections = 600, voxel size = 40.8 nm, total time per nCT= 5 h. (Bottom panel) Electron
density profiles along the yellow lines to show the dissolution of a ye’elimite particle and the development of air-filled porosity. Adapted with
permission from reference 56. Copyright 2017 The Authors.

Figure 7. Selected orthoslices of the 4D nf-PXnCT nanoimaging study
of a PC 52.5R paste, w/c ≈ 0.40, to qualitatively highlight the changes
during hydration in the deceleration stage (i.e from 19 to 47 h). Key
details of the two acquisitions are given. The enlarged views at the
bottom highlight the C−S−H gel shells that surround every alite grain
at 19 h and that have densified at 47 h. The enlarged views at the top are
given to underline the C4AF (i.e., ferrite) white regions which are
intergrown with the alite particles. The ferrite regions are clearly
identified by their electron density values, 1.06−1.10 e−Å−3, which are
much higher than those of alite, 0.94−0.96 e−Å−3. The top-right panel
clearly shows that hydration stops/slows down at the C4AF interface
because its much slower spatial dissolution rate. Note that the two data
sets are plotted with slightly different color scales. Adapted with
permission from reference 46. Copyright 2023 The Authors.
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of the water capillary porosity (with an electron density of 0.33
e−Å−3) to become water-vapor filled with negligible electron
density, see black regions in Figure 8. This identification can
only be done because of the quantitativeness in electron
densities of PXnCT.
Etch-pit quantification in alite is also underlined here. Etch-pit

dissolution mechanism18 is particularly relevant for conditions
far from equilibrium, which is the case in cement hydration.
Figure 9 shows one example where five etch-pits in an alite
particle were followed.46 In the 19 to 47 h period, the average

growth rate was estimated as ≈40 nm/h. This estimation was
carried out for alite particles larger than 10 μm. This rate almost
doubles the alite spatial dissolution rate of flat surfaces during
the same period, 25 nm/h. This emphasizes the importance and
role of defects in the dissolution rates.
To end this section, Box 2 summarizes the current values of

the main parameters, determined by 4D X-ray nanoimaging.
They are fundamental for a better understanding cement
hydration and, in particular, the transition from the acceleration
to the deceleration stages.

5. PERSPECTIVE

5.1. Where We Are and Where We Should Be Going in 4D
Nanoimaging of Cement Hydration

4D X-ray nanoimaging can contribute to the understanding of
the cement hydration reactions/processes at early ages.
However, in order to address the key transition from the
acceleration to the deceleration stages, technical improvements
are needed. The required advancements are depicted in Figure
10. Chiefly, the acquisition time for a full tomogram should be
decreased to ≈100 min. This is dictated by the kinetics of the
cement hydration as the acceleration period length ranges from
10 h to as short as 4−5 h, see Figure 5. Itself, 100min per data set
is not a big deal. However, this is a tremendous challenge when is
coupled to the other key technical requirements stated in Box 1,
chiefly the spatial resolution must be better than 100 nm. This

Figure 8. 4D nf-PXnCT nanoimaging study of a PC 52.5R paste, w/c ≈ 0.40, to quantitatively show the alite dissolution and C−S−H gel shell
densification with time at early hydration ages. Electron density profiles are displayed in the bottom-right panel which correspond to the straight lines
in the other three panels (blue at 19 h, red at 47 h and green at 93 h). The line profile at 19 h also signals the pore solution region (gap) surrounding the
two chosen alite particles. The C−S−H gel shell densities are given which underlines the densification taken place between 19 and 47 h. Pore solution
capillary porosity (electron density ≈ 0.33 e−Å−3) is easily distinguished from air/water-vapor filled porosity (electron density = 0 e−Å−3). Adapted
with permission from reference 46. Copyright 2023 The Authors.

Figure 9. (Left) Hydration evolution of a ≈10 μm size segmented alite
particle showing the evolution of five etch-pits at the given hydration
ages from the nf-PXnCT nanoimaging study of a PC 52.5R paste, w/c≈
0.40. (Right) Overlay of the (2D-projected) segmented pixels to show
the large variability in the growth rates of the etch-pits. Pale-blue arrows
show size changes from 19 to 47 h, meanwhile white arrows display to
the changes from 47 to 93 h. Adapted with permission from reference
46. Copyright 2023 The Authors.
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spatial resolution is essential to measure the C−S−H growth
rates of shells and needles as well as to determine the alite (and
other components) spatial dissolution rates as a function of the

initial particles sizes, see Figure 10 and Box 2. It should be noted
that achieving a spatial resolution better than 100 nm is
nowadays common for 3D nanoimaging. In fact, we have
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reported a 3D spatial resolution of 56 nm in cement pastes by
far-field ptychotomography.58 The limit of spatial resolution in
3D investigations of cement pastes is likely to be imposed by
radiation damage. The challenge is to combine the best possible
spatial resolution with the fastest possible measurement of large
FoV images.
Attaining simultaneously: (1) 100 min of time resolution; (2)

100 nm of spatial resolution; (3) 200 μm of horizontal sample
size (the largest alite grains have close to 25 μm and the volume
of interest should be about 8 times the size of the largest
feature); and (4) very good component contrast; is a
tremendous challenge. Therefore, some sacrifices may be
needed, as depicted in Figure 10. On the one hand, the vertical
size of the nanoimaged samples could be decreased from the
current 30 μm to 15−20 μm. This is possible because the overall
picture can be gained from a multiscale approach59 using
synchrotron phase-contrast μCT. The 4D nanoimaging
investigations can focus on the values/descriptors gathered in
Box 2, and μCT, with a much larger FoV, will obtain overall
details. On the other hand, the CNR/CR could be relaxed, for
instance with slightly poorer SNR, and advanced denoising
approaches could be implemented to counterbalance that. It is

worth mentioning that we have employed so far nf-PXCT.
However, holographic X-ray nanocomputed tomography
(HXnCT),60,61 could be equally adequate to reach the target
time resolution. A HXnCT beamtime has been already awarded
and the results will be reported elsewhere.
5.2. 4D Nanoimaging of Cement Hydration with
Accelerating and Retarding Admixtures
When the aforementioned requirements are met, the doors are
open to the study of scientifically interesting and technologically
important challenges. For instance, the mechanism(s) of
accelerating admixtures are not well understood.51,62 This is
the case even for CaCl2, which has been employed in concretes
for more than a century. There are indications that it could yield
a more permeable C−S−H gel that permits faster ion diffusion,
but it also modifies calcium supersaturation with respect to C−
S−H gel and CH.63 The comparison of the results for the in situ
nanoimaging studies of cement hydration, in the absence and
presence of admixture(s), may allow a mechanistic under-
standing and, therefore, a sound optimization of the processes.
So far, the accelerators are being developed through an empirical
approach, i.e. mainly trial an error. An accurate measurement of
the scientific descriptors given in Box 2 is expected to improve

Figure 10. Schematic representation of where we are (year 2024 − features highlighted with blue circles) and where we should be going (2025−2030
− features highlighted with green circles) in 4D X-ray nanoimaging of cement hydration at early ages. The targets are (1) to decrease the time
resolution to 100 min, to be able to study the key acceleration period, and simultaneously (2) to increase the spatial resolution to 100 nm, which is
mainly imposed by the C−S−H gel characteristics to be measured: shell size and growth rate, needle size and growth rate, etc. If strictly needed, two
features of the 4D nanoimaging studies could be slightly relaxed (see yellow circles). The horizontal size, ≈200 μm, cannot be narrowed as it is needed
to ensure relevant sample preparation, i.e. to have an adequate distribution of all cement particles.
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our understanding of early age cement hydration and the
possible synergies between different (already known) accel-
erator admixtures like C−S−H nucleation seeding and alkanol-
amine addition.51

6. CONCLUSIONS
4D synchrotron hard X-ray nanoimaging of cement hydration is
an emerging field. It is technically demanding, but synchrotron
beamline teams are starting to deploy these techniques to
nonexpert research groups. To make an impact, relevant
conditions must be kept at the center of the research plan.
Technical improvements are required in order to study the key
acceleration/deceleration transition as previously discussed. If
these requirements are met, the role of admixtures could be
mechanistically understood. One key goal is to rationally
accelerate cement hydration further, to be able to generally
adopt low-carbon cements.
We should be able to develop better curing approaches where

the sound understanding of cement hydration will allow the
choice of the right combination of chemicals and experimental
conditions that yield the target performances in a cost-effective
manner: lowest possible CO2 footprint, good flowability after
mixing, and best possible mechanical strengths and durability.
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C - ( A ) − S - H g e l , a m o r p h o u s
≈(CaO)1.5(Al2O3)0.1SiO2(H2O)4.0
C−S−H gel, amorphous ≈(CaO)1.8SiO2(H2O)4.0
FCDI, forward coherent diffraction imaging
Fe−Si-hg, amorphous ≈Ca3Fe2(SiO4)0.84(OH)8.64
FIB-TEM, focused ion beam - transmission electron
microscopy
ff-PXnCT, far-field ptychographic X-ray nanocomputed
tomography
FoV, Field of View
Hc, Ca4Al2(OH)13(CO3)0.5(H2O)5.5
HXnCT, holographic X-ray nanocomputed tomography
HXμCT, holographic X-ray microcomputed tomography
ITZ, interfacial transition zone
μCT, microcomputed tomography
nCT, nanocomputed tomography
nf-PXnCT, near-field ptychographic X-ray nanocomputed
tomography
PC, Portland cement
PCE, polycarboxylate ether
ph-μCT, phase-contrast microcomputed tomography
ph-nCT, phase-contrast nanocomputed tomography
PSF, point spread function
PXnCT, ptychographic X-ray nanocomputed tomography
PXμCT, ptychographic X-ray microcomputed tomography
RVE, representative volume element
SCMs, supplementary cementitious materials
SEM, scanning electron microscopy
STEM, scanning transmission electron microscopy
TEM, transmission electron microscopy
SNR, signal-to-noise ratio
CNR, contrast to noise ratio
w/b, water to binder mass ratio
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w/c, water to cement mass ratio
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