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ABSTRACT

Crystallographic defects play a crucial role in cement hydration, with initial dissolution being
dominated by the formation of etch pits that rely on the intersection of defects on surfaces.
However, the defects present in cement particles have remained a mystery due to the lack of
direct observation. In this study, we used scanning transmission electron microscopy to unravel
the defects in alite particles at the atomic level. Our observations identified different types of
defects, including vacancies, doping, dislocations, rough surfaces, and grain boundaries. Atomic
ordering in the alite crystal was further examined based on our single-atom recognition method.
Our findings indicate that defects in cement particles may serve as reactive sites during early
hydration, facilitating the initial dissolution and providing nucleation sites for hydration
products. This work provides insights into cement defects at the single-atom level and offers new
opportunities in tuning the hydration process through defect engineering of cement particles.
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1. Introduction

Since the first Portland cement was patented in 1824 by Joseph Aspdin, there has been a
continuous process of evolution in cement process technology and cement itself [1]. At the same
time, the cement industry is facing challenges to reduce CO, emission and enhance the
sustainability of cement production [2]. The use of supplementary cementitious materials
(SCMs) to replace part of the clinker in cement is the most successful strategy [3]. However,
Portland cement clinker is still, by far, the most important compound of modern cements.
Therefore, a comprehensive understanding of clinker chemistry is essential for its further
development and will become even more important if, as often desired, the SCMs percentage
further increases.

Alite (Ca;Si0s) is the dominant phase, constituting around 50% to 70% of Portland cement
clinker by mass [4]. It contains minor impurities such as alumina or magnesium oxide [5], being
responsible for early-age strength development during hydration of Portland cement. Because of
the importance of alite, much research work has been done on the crystal structure of alite in the
past century [6-8].

On reaction with water, alite undergoes a dissolution-precipitation process. The initial fast
dissolution can be attributed to the solution undersaturation [9], as explained by geochemistry
theory [10]. Defects in alite particles serve as the primary sites for dissolution with vacancies and
etch pits mainly forming at the intersection of surface defects. However, there have been limited
studies on the types of defects in alite and their evolution during hydration. Groves et al.
examined the crystalline structure of cement clinkers using transmission electron microscopy
[11,12], while Bazzoni et al. further investigated the impact of annealing process on alite
structure [13], observing twin bands and planar defects at a moderate resolution. The lack of
knowledge regarding these aspects significantly hampers the present perception of clinker
chemistry. In the light of the facts, the fundamental understanding of alite structure and its
chemistry remains a critical issue. It not only aids in comprehending the hydration mechanisms
but also paves the way for developing innovative strategies to produce more sustainable cements.
In this study, we investigate crystallographic defects in alite crystals at the atomic level, using
scanning transmission electron microscopy (STEM) and bright-field TEM and selected-area
diffraction. Through our analysis, we successfully identified various types of defects, including
vacancies, doping, dislocations, and grain boundaries. The presence and characteristics of these
defects have implications for the hydration behavior of alite, and our findings offer new
prospects for manipulating the hydration process by engineering defects in cement particles.

2. Materials and experiments

Alite synthesis. Tricalcium silicate (C;S in mineralogical stoichiometric notation, C=CaO,
S=Si0,) was prepared in the following protocol: we used a 3:1 stoichiometric mixture of calcium
carbonate (CaCQO;) and high-purity quartz powder (SiO,) purchased from Sigma Aldrich. Some
minor impurities (<5% Wt, see Table 1) including AL,Os, Fe,0s;, and SO; are introduced. Wet
milling was processed, then dried at 105 °C for 6 h, before the powders were pressed into pellets,
followed by a two-step burning synthesis process [14]. The sample was rapidly cooled down
using airflow (pressurized air) and finally ground into grains. Note that in the cement clinker
field, C;S with impurities is commonly referred to as alite.
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Powder X-ray diffraction (XRD). The Rigaku Miniflex 6G XRD, a benchtop X-ray diffraction
system, was used for mineralogy identification. It used a Cu K alpha radiation (A = 1.5418 A)
with a 600W X-ray source at 40 kV voltage and 15 mA current. The XRD pattern was collected
in 1D mode over the range of 26 =2-80° (0.02° per step), with a scanning speed of 2°/min.
Transmission electron microscopy (TEM). The Thermo Fisher Scientific ThemIS was used to
characterize the morphology at low magnification and to acquire chemical maps. The microscope
was operated at 300 keV. A Bruker energy-dispersive X-ray spectroscopy (EDS) detector, with a
solid angle of 0.7 steradian, allowed high count rates with minimal dead time for fast EDS
mapping. The dwell time was set 20 ps with drift correction enabled. For bright-field imaging,
the electron dose rate was ~11 e-A2s". About EDS analysis, a multi-polynomial model was
applied for background correction. Small particles and thin sample edges were used to accurately
quantify the elemental ratios. Additionally, we employed an absorption correction by using a
sample thickness of 500 nm and a density of ~3.1 g-cm™. Schreiber-Wims function was selected
as the ionization cross-section model. All the operations and analysis were done in the Velox
software.

High-angle annular dark-field imaging, scanning transmission electron microscopy
(HAADF-STEM). Atomic resolution STEM images of alite particles were acquired using a FEI
Titan 80-300 (TEAM 0.5) microscope operating at 200 keV. The beam current was set to 70 pA,
and the probe semi-angle was set at 25 mrad. The scattered electrons were captured by a
Fischione 3000 HAADF detector.

Selected area electron diffraction (SAED). SAED was performed on Tecnai T20 at 200 keV,
using Orius SCD200D CCD camera.

Diffraction pattern simulations. CrystalMaker and SingleCrystal software packages were used
for visualization of the crystal structures as well as simulating the diffraction patterns at different
zone axes with all parameters consistent with the experiment setups. Considering the perfect
symmetry in the crystal structure used, some spots in the simulated pattern can be missing due to
the extinction effect. These spots can be visible in experiments as natural crystals might display
defects to break the symmetries. We indexed the diffraction patterns by comparing the physical
distances between spots and the angles between respective spots. The Best-fit pattern with a
smallest sum-of-squares error, was considered the optimal indexing.

Table 1. Chemical composition (Wt%) of alite sample from energy-dispersive X-ray
spectroscopy. It is noted that Fe, Co, Cu, and Zr likely originate from the pole piece, grid, or
detector; Al, S, Cr, and Ni may be present, while Fe and Cu are more likely to be minor
constituents based on expected minor constituents.

CaO SiO, CuO ALO; NiO Cr,0; Fe,O; ZrO CoO SO,

73.2 23.4 24 0.1 0.3 0.1 0.1 0.2 0.1 0.1

3. Results and discussions

3.1. Identification of M1 alite

Alite exhibits complex polymorphisms that depend on burning temperatures and the type and
content of impurities [5]. Previous reports have identified seven polymorphic modifications,
including three triclinic (T1, T2, and T3), three monoclinic (M1, M2, and M3) and one
rhombohedral (R) structures [15]. Herein, we confirmed the alite sample used corresponds to the
monoclinic (M1) crystal form, both from the elemental and structural perspectives. M1 alite is a
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typical phase in Portland clinker; we used it as the model system to investigate the defects.
Figure 1A demonstrates the uniform distribution of calcium (Ca) and silicon (Si) elements in the
alite particles analyzed in our work. The Ca/Si ratio, determined from the EDS mapping, is found
to be 3.07+0.05, as indicated by the Si-Kg, Ca-Kq ; edges in Figure 1B. Additionally, we noticed
that some foreign ions are present in alite (Figure 1C, also see Table 1). Fe, Co, Cu, and Zr are
likely from the pole piece, grid, or detector; Al, S, Cr, and Ni are possibly present, while Fe and
Cu are more likely to be minor constituents in alite. These minor impurities can have a
significant impact on the crystal structure of alite. For instance, S tends to stabilize the M1 alite
polymorph, and the presence of Fe** and Al’* can further facilitate the incorporation of S into the
structure [14,16].
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Figure 1. Elemental analysis of alite particles. (A) HAADF image and EDS mapping of an alite
particle, and (B) its corresponding EDS spectrum. (C) Magnified EDS spectrum with foreign
elements highlighted. (D) Ca/Si ratios of four alite batches. (E) Ternary plot (At%) of alite
particles concerning elements of Ca, Si and other foreign ions (i.e., Al, S, Cr, Ni, etc.).

We conducted detailed elemental analysis on different alite batches (P1-P4). The dots in Figure
1D represent the Ca/Si ratios measured from individual alite particles. Here, we focused on
particles smaller than 1 pm or thin particle edges to ensure a higher accuracy when measuring
the Ca/Si ratios. It was found that alite displays a consistent Ca/Si ratio of approximately 3.1
among different batches (as depicted in Ca/Si distributions in the upper panel). However, it
should be noted that certain particles may exhibit higher Ca/Si ratios if surrounded by residual f-
CaO [17]. Moreover, the ternary plot analysis in Figure 1E provides further support for the
reproducibility of current alite synthesis method [14], confirming that the alite sample possesses
a similar composition with minor impurities, accounting for approximately 5% atomic percent.
We identified the alite polymorphism as M1-C;S through Rietveld refinement (Figure 2A). The
alite crystal used in this work belongs to the monoclinic symmetry. The initial structure was
determined from Mumme’s diffractometry experiments [18] with consideration of the
superstructure modulations with impurities in this work. Figure 2B illustrates the ideal unit cell
model, where SiO, tetrahedra are incorporated within a network of CaOg octahedra. Interestingly,
realistic M1 alite crystals commonly exhibit orientational disorder of silicate ions in different
stacking modes [19], along with superstructure formation induced by substitutions along the a
axis [20].

The cell dimensions of the revised crystal structure are provided in Table 2. We found the fitted
cell parameters are in good agreement with the reported values [5,14,15], yielding an acceptable
R,, value of < 10%.

Table 2. Unit cell dimensions of M1 alite after Rietveld refinement, in the angular range of 2-80°

(200). u u U
ad  bA  cA  a® O yO) R,
This work 27.69 7.02 12.21 90 116.03 90 8.15%
Noirfontaine [15] 27.87 7.05 12.26 90 116.03 90 9.25%
Fernandez [5] 27.83 7.06 12.23 90 116.06 90 8.07%
Dvoték [14] 27.89 7.08 12.26 90 116.05 90 6.29%

Selected area electron diffraction (SAED) was carried out on individual alite particles to validate
the M1 crystal symmetry of the sample. The SAED patterns of alite collected from various zone
axes are shown in Figure 2C. These patterns contain spots that can be precisely indexed based
on the known crystal structure of M1 alite. Importantly, the experimental diffraction patterns
closely match the simulated ones (Figure 2D), exhibiting identical d-spacing distances and
angles between spots. In detail, the (300) facet possesses a d-spacing of 2.8 A, while the spacing
of the (020) facet is 3.5 A [18]. This agreement between the experimental and simulated patterns
provides strong evidence supporting the crystal symmetry of M1 alite in the sample.

Meanwhile, the emergence of forbidden reflections (i.e., the (010) spots) in the SAED pattern
confirms the monoclinic superstructure of M1 alite. This observation suggests that the crystal



structure of M1 alite might be distorted due to the minor constituents, resulting in the appearance
of these forbidden reflections. Additional studies have revealed that trace impurities like ZnO can
significantly impact the monoclinic C;S lattice by influencing the orientational disorder of the
Si0, tetrahedra [21], which is also a characteristic feature of the alite structure [20,22].
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Figure 2. Crystal structure of alite particles. (A) XRD and Rietveld analysis results of alite
sample. The M1 alite polymorphism was identified (black dots: experimental data; red line: fitted
data; green bars: PDF index; grey line: residual error). Inset is a SEM image of an alite particle.
(B) Refined M1 alite unit structure viewed in different directions. (C) Experimental and (D)
simulated electron diffraction patterns at different view perspectives. Some distinct facets were

indexed and highlighted.



3.2. Single-crystalline M1 alite

The alite grains, after the burning and milling processes [23], exhibit irregular shapes with sharp
edges (Figure 3A). The average size of the alite particles was ~20 um [24]. For high-resolution
STEM characterization, we specifically focused on grains of approximately 1 ym. Figure 3B
depicts the atomic arrangement of the alite single crystal observed from the [001] direction. It is
noted that the Ca atoms can be distinctly identified through some characteristic lattices, including
the (040) plane with a spacing of 1.8 A and the (300) plane with a spacing of 2.8 A (Figure 3C).

According to the fast Fourier transform analysis (Figure 3D inset) [25], we achieved an
unprecedented image resolution of up to 80 pm, a significant achievement in this study. To the
best of our knowledge, the image of the alite crystal in this study represents the highest quality
attained in the field of cement research. In Figure 3D, we captured the rhombic lattice composed
of CaOg octahedra. The picometer-scale displacements of the CaO4 octahedra along x and y
directions were further resolved after determining and refining the atom positions (Figure 3E) by
employing Gonnissen’s method [26]. Our findings uncovered atomic heterogeneity in the CaOg
octahedra, demonstrating their capacity to vibrate and deviate from the equilibrium positions.
Consequently, local domains within the crystal may exhibit walls, meanders, and other atomic
distortions, which could potentially contribute to the formation of defects in M1 alite.
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Figure 3. Single-crystalline features of an alite particle. (A) An individual alite particle with
sharp edges. (B) HRSTEM image showing atomic structure of the alite domain observed at [001]
zone axis. (C) Enlargement of the area in (B) overlaid with alite crystal model. (D) HRSTEM
showing atomic structure of another alite domain observed at [110] zone axis. Inset is its
corresponding FFT pattern. (E) Enlargement of the area in (D) overlaid with recognized atom
positions. (F) Picometer displacement of atomic positions along x and (G) y directions.

3.3. Defects in M1 alite

In addition to the single-crystalline features in M1 alite, various defects were identified at
different scales. Given the uniform thickness of the sample (~50 nm), the contrast of STEM
images can be primarily influenced by the atomic number, known as Z-contrast, under the same
imaging conditions [27]. Brighter dots in the image indicate atoms with higher atomic mass.
Figures 4A, B illustrate the presence of atomic point defects, specifically vacancies and
substitutions, within the M1 alite crystal. To analyze these defects, we calculated intensity
profiles of the crystal domain highlighted in Figures 4A, B. Vacancies were found to manifest as
an intensity drop, as shown in Figure 4C, while doping with heavy elements such as Cu and Fe
substituting the Ca ions, can result in an intensity rise (Figure 4D). Interestingly, the atomic
vacancies in alite appear characteristics of Schottky defects [28], suggesting that atoms move
from the interior to the surface of alite crystal. Furthermore, we observed that both vacancies and
substitutions tend to be located on the edges of the crystal. This aligns with the theory that
doping occurs dominantly through a diffusion process.

Based on the accumulated evidence, we have developed some alite models with point defects.
These models take into consideration both vacancies and substitutions (Figures 4E, F),
providing a more comprehensive description of the alite structure. The substitutions can play
different roles: for example, in previous reports, Cu?* ions were found to preferentially substitute
Ca sites, while AI** ions tend to replace Si sites. Fe** ions, on the other hand, exhibit a preference
in occupying the interstitial sites [5]. Moreover, specific description of defects can be valuable
for researchers conducting molecular dynamics simulations in silicate systems [30,31],
deepening the understanding of alite hydration.
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Figure 4. Point defects in alite. (A, B) Atomic vacancies (circles) and substitutions (arrows). (C)
Enlargement of the area in (A) with its intensity profile. The vacancy can be distinguished by an
intensity drop. (D) Enlargement of the area in (B) with its intensity profile. The substitution can
be indicated by an increased intensity. (E) An atomistic vacancy model and (F) substitution
model, observed from [110] and [301] zone axes, respectively.

Figure 5A reveals kink bands in the M1 alite crystal. We mapped the local curvature distribution
of the alite layers showing a significant diversity (Figure 5B). Additional analysis details can be
found in [32]. As alite is produced through a high-temperature process exceeding 1000 °C, the
observed structural bending can be attributed to stress-induced phase transformations [33].
External stress can lead to remarkable distortions in the CaOyq layers, as shown in Figure 5C.
Other line defects, such as dislocations, were also tracked between the layers (Figure SD). These
dislocations can cause rearrangements in the interlayer spacing [34]. Specifically, we found the
shrinkage of the spacing from 2.8 to 2.5 A in the region of dislocation core, while expansion was
noticed in the surrounding regions (Figure SE). Given the layered nature of the alite crystal
(Figure SF), the presence of dislocations is not surprising. Similar dislocations have been
commonly observed in layered oxides [35] and van der Waals crystals [36,37].
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Figure 5. Line defects in alite including kink bands and dislocations. (A) Structural bending
along the Ca layers, (B) calculated local curvature map based on the atom positions, and (C) the
corresponding atomic model schematic. (D) Edge dislocation in alite, (E) calculated spacing
map, and (F) proposed dislocation model.

Furthermore, we observed that the alite particles exhibit rough surfaces at the atomic level,
which can be considered as a type of surface defect (Figure 6A). The roughness of the surface
can be attributed to the grinding and milling processes involved in the synthesis. Typically, zig-
zag surface structures are considered unstable [38]. However, we propose that the presence of
foreign ions (i.e., Al, S, etc.) may contribute to stabilizing these structures; and they may serve as
the initial sites of dissolution, governed by the high surface energy (Figure 6B).



Figure 6. Surface defects in alite, such as rough surfaces with dangling bonds. (A) STEM image
showing rough surface highlighted in lines. (B) A proposed surface model.

Small-scale point, line, and surface defects can potentially evolve into bulk defects. For instance,
in Figure 7A, single-crystalline alite particles are fused together, forming polycrystals with
highlighted grain boundaries. These alite crystals exhibit different orientations and are
chemically bonded to adjacent particles. Figure 7B illustrates the presence of double helical
dislocations possibly facilitated by screw dislocations. It has been reported that a pure screw
dislocation can acquire helicity by absorbing point defects during the growth process [39].
Dislocations tend to accumulate near interfaces, impeded by grain boundaries. As they move
towards the interface, they encounter resistance and fail to pass through, resulting in a pile-up of
dislocations at the grain boundary (Figure 7C). High-density dislocations were also observed,
forming interconnected networks with localized internal stress (Figure 7D). As the density of
dislocations increases, these dislocation tangles can transform into dislocation walls at the
micrometer scale (Figure 7E). Notably, the formation of these dislocation walls gives rise to a
long-range dislocation cell structure that spans approximately 2 pm across the entire alite
particle. This dramatic dislocation pattern highlights the complex nature of dislocation
interactions within the alite crystal lattice.
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Figure 7. Other defects in alite, such as grain boundaries and dislocation bundles. (A) Grain
boundaries between alite particles. (B) Dislocation network in double helical shape throughout
an alite grain. Inset is its corresponding electron diffraction pattern. (C, D) Dislocation patterns
at different densities. (E) Long-range dislocation walls.

Crystallographic defects have a significant impact on cement reactions. When cement encounters
water, it undergoes rapid dissolution, and the spontaneous formation of hydration products. The
defects in cement serve as active sites for the initial dissolution and offer nucleation sites for the
subsequent hydration products. The induction period in alite hydration can be explained using
the geochemical theory regarding solution undersaturation [9], while the defects in the crystal
structure contribute to the rapid dissolution of cement particles within the first few minutes. The
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kinetics of dissolution are closely linked to the presence and the density of crystal defects: a
higher density of defects can lead to shorter induction periods in cement hydration, as indicated
by previous studies [40,41]. Herein, we have identified various defect types in alite crystal at
multiple scales, and we have discussed their evolution, which provides new insights into the
hydration mechanisms.

4. Conclusions

In this study, we employed transmission electron microscopy to investigate the intrinsic defects
present in alite particles.

Based on our findings, the following conclusions can be reached:

(1) At the atomic level, we successfully deciphered point defects such as vacancies and doping
within the M1 alite crystal. These defects can arise from the incorporation of substitutional
impurities during the calcination process.

(2) Line defects, including edge dislocations and kink bands, were commonly observed in the
particles. These defects may have the potential to act as reactive sites for the initial dissolution of
alite.

(3) Our analysis revealed that some alite particles exhibit a polycrystalline nature, characterized
by distinct grain boundaries. Additionally, we observed a high density of dislocation tangles
within the alite particles.

This work provides comprehensive analysis of cement defects at the atomic level, offering
insights into their fundamental properties and characteristics. Moreover, it opens up new
possibilities for manipulating the hydration process by engineering defects in cement particles.
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