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INTRODUCTION

Calcium silicate hydrate (C-S-H), is the principal hydration product of Portland ce-
ment that mainly contributes to the physical and mechanical properties of concrete.
This paper aims to investigate the three-dimensional structure of C-S-H with Ca/Si
ratios of 1.0 and 1.6 at the nanoscale using electron tomography. The 3D reconstruc-
tions and selected region of interest analysis confirm that the morphology of both
C-S-H materials are foil-like structures. The difference between the two materials is
the density of elongated structures. C-S-H with Ca/Si ratio 1.6 is clearly composed
of denser particles compared to the other C-S-H material due to overlapping of the
foil-like structure. Pore analysis shows that C-S-H 1.0 and C-S-H 1.6 have porosi-
ties 69.2% and 49.8% respectively. Pore size distribution also reveals that C-S-H 1.0
has pore size range between 0-250 nm and C-S-H 1.6 between 0-100 nm. The pore
network's size of C-S-H 1.0 is significantly larger than 1.6. This study illustrates the
capability of using electron tomography to determine the 3D nanoscale structure of

cementitious products and to distinguish between C-S-H 1.0 and 1.6.

KEYWORDS

calcium silicate hydrate, morphology, portland cement, transmission electron microscopy

alternative compounds to reduce the carbon footprint during

manufacturing process.4’5 It uses less energy in its production

Portland cement-based concrete has been used as the primary
construction material for the modern infrastructure during the
past 65 years.1 The reasons behind its success are attributed to
the low cost and global availability of the raw materials used
in Portland cement manufacture and concrete production and
to its robust, excellent resistance to water, leading to a control-
lable and high performance behavior.? According to the US
Geological Survey, the yearly production of Portland cement
has increased dramatically in the past century, with an annual
manufacture of 4.1 billion metric tons in 2018,3 adding 2.9
billion metric tons of CO, into the atmosphere and contribut-
ing significantly to global warming. Green concrete contains

and may contain industrial by-products such as fly ash or blast
furnace slag, reducing the generation of CO,. The change in
existing technologies to produce efficient green concrete re-
quires optimization of the micro/nano structure such that less
cement will be required in its manufacture. Some essential
hydration products such as calcium silicate hydrate (C-S-H)
consist of particles generally a few nanometers in size,®’
which significantly contribute to the concrete mechanical
behavior.®’ Several imaging techniques have been used to
characterize the pore network such as transmission electron
microscopy (TEM)," focused ion beam/ scanning electron
microscopy (FIB/SEM),'"'? and X-ray irnaging.13
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The reactive Portland cement powder, mainly consisting
of tricalcium silicate (Ca;SiOs, or C5S in the cement nota-
tion) and dicalcium silicate (Ca,SiO,4, or C,S), can be mixed
with water to produce a hardened material through complex
reactions that produce the main binding product: calcium sil-
icate hydrate (C-S-H).

C-S-H formed during the hydration process is the key bind-
ing phase and primary contributor to the mechanical properties
of most hydrated Portland cement and concretes. The C-S-H
phases have poorly ordered crystal structures resembling the
mineral tobermorite (CasSis0,s(OH),-7H,0)."*!> The crys-
tal structure of 14 A tobermorite consists of complex layers
of central octahedral calcium oxide sheets with tetrahedral
silicate chains on both sides, which are attached with a pe-
riodicity of three tetrahedra (Figure 1). The space between
two complex layers contains additional calcium cations and
H,O. The poor crystallinity and short-range order character of
C-S-H have prevented a satisfactory structural description with
X-ray diffraction techniques.'® To better understand the C-S-H
structure, a precise three-dimensional model of C-S-H at the
nanoscale is needed.

The porosity of C-S-H plays a key role in the durabili-
ty-based performance of concrete. The size distribution and
connectivity of the pores determine the ability of fluids and
ions to flow through the network, potentially degrading the
material. Both the porosity and the pore size distribution
are determined by the nanostructure of C-S-H. To date,
there have been several studies on the nanostructure and
morphology of a variety of Portland-cement-based sys-
tems.'”"?! While such studies answer many questions, such
as phase development in the system, the results of these
techniques, including scanning electron microscopy are
distilled into two-dimensional (2D) information that pro-
vide only limited, often inferred, volumetric information
of the nanostructure, and the pore network for a bulk paste.
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Simulations can also be used for these investigations.zz’23

Due to the complex nature of cement hydration and the
sensitivity of the products formed, only a few studies of
the three-dimensional (3D) structure at the nanoscale have
been completed.24

Transmission electron microscopy (TEM) can image
specimens at very high resolution. It is widely used in ma-
terials science including observations of cement, for exam-
ple, to observe the morphology of hydration products of

172528 1y characterize the effect of mineral admix-

30

cements.
tures, such as metakaolin,29 on the hydration reactions.
Electron tomography uses TEM images to reconstruct the
3D structure of an object from a series of projection images
from different viewing angles. This method has been ap-
plied to many porous systems in materials science such as
in imaging of nanoscale dendrites.>' A recent study10 used
electron tomography to investigate the nanostructure and
pore network of C-S-H and found two separate networks
of pores that are most likely attributed to two particles of
the same phase in different orientations. Due to sensitivity
of C-S-H to the electron beam, beam damage still occurred
and improvements are needed to develop a robust protocol
for TEM tomographic studies of cementitious materials. To
acquire a tomographic tilt series, the sample is rotated and
a series of 2D projection images is measured at different tilt
angles.32 This research studied synthetic C-S-H instead of
hydrated C3S because of the desire to have only one phase
in the system. The 3D reconstruction method used in this
experiment is the simultaneous iterative reconstruction
technique (SIRT) method.* This study aims to investigate
and compare the 3D structure of C-S-H with Ca/Si ratios
of 1.0 and 1.6 at the nanoscale using 3D electron tomog-
raphy. The resulting information of pore analysis is critical
for the development of a new generation of optimized green
cement.

calcium oxide sheet

FIGURE 1
structure of C-S-H. The layers of octahedral

Schematic of the atomic

calcium oxide sheet are drawn in dark
grey, whereas the light grey triangles are
SiO44’ tetrahedra. The interlayer contains
water and positively-charged species (blue
circles and green squares, respectively) that
can neutralize the structure (eg Ca>* and/
or KJ’)15 [Color figure can be viewed at
wileyonlinelibrary.com]
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2.1 | Materials

The samples in this work is the same materials to this pub-
lication.** C-S-H was synthesized by mixing calcium oxide
(CaO) and silica fume (SiO,) at Ca/Si molar ratios 1.0 (C-
S-H 1.0) and 1.6 (C-S-H 1.6) with water. The water to solid
ratio of both samples is equal to 45. CaO was obtained by
burning calcium carbonate (CaCO;, Merck, pro analysis) at
1000°C for 12 hours. SiO,, provided by Aerosil 200, Evonik,
was chosen for its high specific surface area. The synthesis
process and all the sample handling were carried out in a N,
filled glovebox to prevent CO, contamination. The samples
were stored in 100 mL high-density polyethylene (HDPE)
containers placed on a shaker moving at 100 rpm and equili-
brated at 20°C. For each equilibration time, a separate sample
was prepared. After equilibrated for 182 days, the solid and
the liquid phase were separated by filtration using a 0.45 pm
nylon filter. The solid phase for both Ca/Si ratio was ana-
lyzed by X-ray diffractometry (XRD) and only C-S-H is ob-
served. There is no portlandite nor evidence of carbonation.
The XRD results are shown in Figure 2.

2.2 | Electron tomography

The electron tomography requires several steps including
sample preparation, data acquisition, data alignment, data
reconstruction, and object visualization. The C-S-H sam-
ple was suspended in ethanol and deposited on a 200 mesh
ultra-thin copper hexagonal grid with carbon film support
(CF200H-Cu-UL, Electron Microscopy Sciences). 10 nm
gold fiducial markers (Aldrich) were deposited to aid in tilt
series alignment. Data acquisition was acquired on a Tecnai
12 TEM, operating at 120 kV. The C-S-H 1.0 was rotated
around one axis from —40° to +70° with 1° angle increment

producing 111 projection images. The C-S-H 1.6 was rotated
around one axis from —60° to +60° with 1.56° angle incre-
ment, producing 76 projection images. All images were ac-
quired automatically using the SerialEM software.

The alignment, reconstruction were done using the IMOD
software.”® Visualization of the reconstructed volume was
done either by volume or surface rendering. The volume ren-
dering was optimized by manually adjusting the color and the
transparency. The visualizations were done using the Tomviz
1.8 software.*® IMOD and Tomviz are open source software
for volumetric data processing and visualization, especially
for electron tomography.

2.3 | Model analysis

The geometrical information of all particles (ROIs) was
obtained from the Tomviz software. The selected ROIs are
cropped and object sizes were measured using the ruler func-
tion. The pore analysis of the reconstructed models was ob-
tained using the Fiji/lmage] software. The segmentation,
which allows to isolate pores with respect to C-S-H, is based
on global thresholding with the Otsu algorithm.?” The poros-
ity is calculated based on the ratio of the white area (par-
ticles) divided by the total area. The continuous pore size
distribution (CPSD) and continuous pore size distribution
with mercury intrusion porosimetry simulation (CMIP) were
determined using the Xlib plugin12 in Imagel. For CPSD, the
pore space is separated into regions of different radii that can
be filled with objects of different radii.'* The sizes of these
radii are attached to the respective locations. For CMIP, same
PSD definition as for the CPSD. However, the balls of dif-
ferent radii are intruded into the pore volume from one of
the faces of the 3D image cube or from one of the edges of
the 2D image, respectively. This definition of the PSD cor-
responds to the data that are collected by mercury intrusion
porosimetry (MIP)."?
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FIGURE 2 XRD results of C-S-H 1.0 200 -
(red line) and C-S-H 1.6 (blue line). Three
main peaks of C-S-H are at around 8°, 34°, T T
10 15 20 25 30 35

and 37° 20 [Color figure can be viewed at
wileyonlinelibrary.com]
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RESULTS

Beam damage is a major problem in electron tomography.
Our particles were sensitive to beam irradiation so we were
careful to limit the dose and to check for damage before 3D
reconstruction. A beam dose of 5000 e'/(nm2 s) is suitable
for this research. The example of effect of beam damage are
shown in Appendix A.

Brightfield TEM images of two C-S-H particles of each
ratio are given in Figure 3. We can see that the C-S-H mor-
phology in the system is a combination of foil-like struc-
tures and elongated (fiber-like) structure. The C-S-H 1.6
appears to have a denser structure than C-S-H 1.0. However,
these particles have a complex 3D morphology and simple
2D TEM projection images are insufficient to describe the
morphology.
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FIGURE 3 Two 2D images of C-S-H
with Ca/Si ratio 1.0 (A) and ratio 1.6 (B) at
0° rotation

FIGURE 4 The 3D reconstruction of
C-S-H 1.0 (A-B) 1.6 (C-D) at 0° and 45°
rotation [Color figure can be viewed at
wileyonlinelibrary.com]

The morphologies of C-S-H are determined by the struc-
ture and chemical composition and/or kinetically of the hy-
dration reaction.*® Figure 4 shows isosurface renderings of
the reconstructed 3D structure of C-S-H 1.0 and 1.6. The
voxel size of both models is 1.14 nm. The morphologies
of both C-S-H are made up of elongated, connected struc-
tures with different orientations. The C-S-H 1.6 also shows
a higher density of these structures compared to C-S-H 1.0.

Next, we will take a closer look at the elongated regions
of interest (ROIs) to investigate the underlying morphol-
ogy at higher resolution. Elongated ROIs refer to foil-like
structures that are perceived as fibers when observing the
original 2D projection images of such structures. Five
ROIs were selected for each sample (Figure 5). The parti-
cles sit randomly on a TEM grid. The original projection
direction with the grid approximately flat (Figures 3 and
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FIGURE 5 Five selected elongated
ROIs of C-S-H 1.0 (A) and 1.6 (B) indicated
by red rectangles [Color figure can be

(A)

viewed at wileyonlinelibrary.com]

FIGURE 6 Morphologies of five
selected elongated ROIs of C-S-H
1.0 [Color figure can be viewed at
wileyonlinelibrary.com]
(1)
(2) 5
(3)
(4) @
(5)
50 nm

4) is arbitrary set as 0-degree rotation. Then we rotate 90° Figure 7 for C-S-H 1.6). The actual geometry and aspect
around the parent fiber direction. Each ROI is shown in  ratios of these ROIs are shown in Table 1. The thickness
0° rotation and 90° rotation (Figure 6 for C-S-H 1.0 and (a) of each ROI can be determined from the orientation
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(4)
(5)

FIGURE 7 Morphologies of five
selected elongated ROIs of C-S-H

1.6 [Color figure can be viewed at
wileyonlinelibrary.com]

%
X
+

50 nm

looking along the plate. The width (b) and length (c) can
be determined from the direction normal to the plate. The
thickness (a), width (b) and length (c) are represented by
red lines in both Figures 6 and 7. Both 2D aspect ratios
have high values (more than 5) indicating that all of them
are elongated platelets, not fibers.

The pore analysis shows that C-S-H 1.0 and C-S-H 1.6 have
porosities 69.2% and 49.8% respectively. Continuous pore size
distribution (CPSD) and Continuous pore size distribution
with MIP simulation (CMIP) was analyzed in this research
(Figure 8). Both CPSD and CMIP reveal that C-S-H 1.0 has
pore size range between 0-250 nm and C-S-H 1.6 between 0 and
100 nm. For CPSD (Figure 8A), the average pore size of C-S-H
1.0 and 1.6 are 72.0 nm and 26.4 nm respectively. However,
C-S-H 1.6 has a high number of small pore volume less than
50 nm. For CMIP (Figure 8C), The average pore size of C-S-H
1.0 and 1.6 are 57.1 nm and 16.0 nm, respectively. C-S-H 1.0

has three dominant peaks at 24.2, 28.6, and 41.8 nm. while
C-S-H 1.6 has only one dominant peak at 13.2 nm.

4 | DISCUSSION

From overviews of 2D images and 3D reconstructions, both
samples have morphologies of elongated and foil-like struc-
tures. However, only when the selected elongated structures
were tilted, they clearly display that the elongated structures
are also foil-like structures and not fibers. The real C-S-H
morphologies for both Ca/Si ratio 1.0 and ratio 1.6 in the
system are all foil-like structures, with no evidence for fi-
brous structures in both the samples. The C-S-H 1.6 sample
had denser particles than C-S-H 1.0. The denser structures of
C-S-H 1.0 come from the overlapping of the foil-like struc-
ture. However, the morphologies of C-S-H that came from
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TABLE 1 Actual geometry and aspect

ratio of selected ROIs of both samples
Sample
C-S-H 1.0
Particle 1
Particle 2
Particle 3
Particle 4
Particle 5
C-S-H 1.6
Particle 1
Particle 2
Particle 3
Particle 4
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73.00 149.00 10 21

84.89 171.52 11 22

76.89 106.24 13 18

68.11 78.97 11 12

62.10 99.37 11 18

58.85 141.06 7 17
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FIGURE 8 Pore size distributions of both samples: (A) Continuous pore size distribution (CPSD), (B) Cumulative continuous pore size
distribution (CCPSD), (C) Continuous pore size distribution with MIP simulation (CMIP), (D) Cumulative continuous pore size distribution with

MIP simulation (CCMIP) [Color figure can be viewed at wileyonlinelibrary.com]
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cement paste or hydrated C;S depend on the lime concen-
tration. Low lime concentrations (Ca/Si ratio < 1.4) during
synthesized will yield foil-like structures. High lime concen-
tration (Ca/Si ratio > 1.6) will yield fibrous structures.®

The pore analysis in ImagelJ, which was based on segmen-
tation by Otsu algorithm, reveals that C-S-H 1.0 has higher
porosity than C-S-H 1.6. The cumulative pore size distribu-
tion for both CPSD and CMIP (Figure 7B,D) also indicate
that C-S-H 1.0 has higher porosity than C-S-H 1.6. The peak
pore size for C-S-H 1.6 (Figure 7A,C) ranges from 0 to 50 nm
while for C-S-H 1.0 it ranges from 0 to 250 nm. There are
also peaks with pore size larger than 100 nm for C-S-H 1.0
(Figure 7A,C) which means, the pore network's size of C-S-H
1.0 is significantly larger than of C-S-H 1.6.

TEM tomography is a powerful technique to illustrate the
3D reconstruction of microstructures. However, there are some
limitations. First, fiducial markers are required. To align the
data set, high-contrast reference points are needed. In this ex-
periment 10 nm gold particles were used as a fiducial marker.
Second, we can reach the magnification 18,500x with equal to
the beam dose of is 5000 e'/(nm2 s) for both C-S-H 1.0 and
1.6. For these magnifications, it is difficult to analyze the very
small intralayer pore structure. To go to higher magnification,
Cryo-TEM is suggested because it can reduce the beam dam-
age. Scanning transmission electron microscope (STEM) is
another method that may work. STEM satisfies the incoherent
imaging approximation in which diffraction and phase contrast
is decreased, and the image intensity depends on the sample
thickness and the atomic number.*’ Also, the digital control of
the beam in STEMs can minimize radiation damage.41

For the 3D nanostructure analysis based on TEM images,
These two samples are synthetic samples because of the desire
to have only one phase in the system so if the sample of Portland
cement is analyzed, the image reconstruction and segmentation
will be harder to do accurately because there are many phases in
the system. In previous publications,‘u’43 the authors proposed
an automated image processing pipeline with machine learn-
ing-based classifiers, which achieved accurate multiphase seg-
mentation results for the 3D X-ray micro-tomography images
of ancient Roman concrete samples. Similar methods can be
used for the image segmentation of TEM tomography of real
samples of Portland cement in the future study.

5 | CONCLUSION

This study uses TEM tomography with simultaneous itera-
tive reconstruction technique (SIRT) to generate the 3D re-
construction of C-S-H 1.0 and 1.6 microstructures which
can be found in Portland cement paste or C;S paste. The
projection images were aligned using the 10 nm gold na-
noparticles as references. The highest beam dose that can
achieve this with a little beam damage is 5000 e'/(nm2 S)
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for both Ca/Si ratio 1.0 and 1.6. To obtain higher mag-
nification and improve the quality of the reconstruction,
Cryo-TEM or STEM may provide better results. The 3D
reconstructions and selected ROI analysis confirm that
the morphology of both C-S-H 1.0, and 1.6 are foil-like
structures. The difference between two Ca/Si ratios is the
density of particles. The C-S-H 1.6 shows clearly more
densely packed structures compared to C-S-H 1.0 due to
the overlapping of the foil-like structure. The pore analy-
sis shows that C-S-H 1.6 has lower porosity than C-S-H
1.0. The CPSD and CMIP reveal that C-S-H 1.0 has pore
size between 0-250 nm and C-S-H 1.6 between 0-100 nm
and C-S-H 1.0 has pore network's size larger than C-S-H
1.6. TEM tomography shows the capability to determine
the 3D nanostructure and pore networks of C-S-H and in
the future related cementitious materials such as calcium
alumino silicate hydrate (C-A-S-H) should be investigated.
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APPENDIX A

Example of beam damage

Figure 9B shows the serious beam damage. The whole par-
ticle is almost destroyed. Figure 9D shows almost no beam
damage. The particle is almost the same.
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FIGURE 9 Compare the 2D images of C-S-H 1.6 at 0° rotation (A) before and (B) after tomography at 23 kX magnification. (C) before and
(D) after tomography at 18 kX magnification
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APPENDIX B

Example of image segmentation from otsu algorithm

FIGURE 10 Example of segmentation of a greyscale image (left) of C-S-H 1.0 with otsu algorithms (right). The segmented black phase in the
segmented image is C-S-H (solid phase) and the segmented white phase is pore phase [Color figure can be viewed at wileyonlinelibrary.com]
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