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� Pore structure development of a hydrating C3S was revealed by X-ray Nano-CT;
� The shape, size/volume and spatial distribution of the pores was revealed in 3D;
� The sealed pores grow larger and the open pores become smaller during the hydration.
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a b s t r a c t

Tricalcium silicate (C3S) is the most important component among the four main clinker phases of
Portland cement. Pure C3S is widely used as a simplified model system of cement in various researches.
However, the spatial structure development of cement, even pure C3S during hydration at the nano-scale
has been rarely directly reported. In this work, X-ray nano-computed tomography (X-ray Nano-CT), a
non-destructive X-ray analytical method, was used to study the hydration of a pure C3S sample with a
water/C3S mass ratio of 0.5. The three-dimensional (3D) structure of the hydrating C3S specimen was
investigated to see the internal pore structure evolution within the hardened C3S paste. Investigation
of the 3D structural development of the C3S specimen at different hydration times was performed to
monitor the changes of pore shapes and sizes/volumes. It is found that volumes of the sealed pores gen-
erally grow larger, and the open pores become smaller while the volume and the external morphology of
the whole hardened C3S paste remains almost the same during hydration.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The chemical reactions of Portland cement with water deter-
mine the setting and hardening behavior of the cement mortar
and cement concrete, as well as the overall structure of these mate-
rials [1–4]. The internal spatial structure or morphologic organiza-
tion produced by these hydration reactions has been widely
investigated in order to understand their impact on the setting
and hardening process of the cement-based materials, and later
on the properties and performance of these hardened materials.
Research has shown that the morphologic organization of
cement-based materials has great impact on their mechanical
and engineering properties and performance, sometimes even
more important than their chemical composition [5–10]. In the
cement-based materials, the pore structure is a critical factor that
determines the internal morphologic organization. Hence the pore
structure directly affects the key properties and performance of
cement-based materials such as their impermeability, shrinkage,
elastic modulus and strength [11,12]. Tricalcium silicate
(3CaO�SiO2, or simplified as C3S), as the most important constituent
of Portland cement clinker, has been extensively investigated [13–
17] because its hydration controls the setting and strength devel-
opment of the cement-based materials. In our study, C3S was used
as a simplified model system of cement to investigate the internal
pore structure development of the sample during the hydration
process.

Direct observation of changes in the microstructure of cement-
based materials is challenging for many experimental techniques.
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So far, the microstructure of cement paste has been widely studied
in order to have a better understanding of the cement hydration
process, and thus to develop better and more-dedicated cement-
based materials [18–23]. However, there are few reports on the
internal pore structure of cement paste, especially at the nano-
scale [24–27]. This is partly because the cement paste is extremely
complex and disordered, and partly because three-dimensional
(3D) imaging techniques are needed for completing the measure-
ments. Although it is hard to precisely measure the porosity of
cement paste, there are 3 methods are usually used to estimate
its quantity: gas adsorption [28], mercury intrusion porosimetry
(MIP) [29] and direct observation techniques including optical
microscopy and scanning electron microscopy (SEM) [30–32].
Gas absorption and MIP only provide indirect measurements of
the pore structure. SEM, which is frequently used to characterize
the cement materials, usually can only show the pores in two
dimensions. However, it has not been reported making direct
observation of the evolution of the structure of cement paste over
time by these techniques in three dimensions. What is more, these
techniques require dedicated sample preparation that may also
introduce artifacts.

According to all the work have been completed so far, there is
still no agreement reached about the detailed mechanisms of
cement hydration due to the lack of sufficiently detailed experi-
mental observations, especially the observations of the temporal
evolution of the microstructure of cement-based materials [33–
36]. This paper presents the use of X-ray nano-computed tomogra-
phy (X-ray Nano-CT) to directly observe the morphological evolu-
tion of a cement paste model, a hydrating pure C3S paste, as a
function of hydration time in order to enrich our knowledge of
the underlying hydration mechanism at the nano-scale in three
dimensions.
2. Experiments

X-ray Nano-CT is a 3D imaging technique that uses a transmis-
sion X-ray microscopy (TXM) instrumental setup as shown in
Fig. 1. In our investigation, a Zeiss Xradia 810 Ultra, an X-ray
Nano-CT instrument with capabilities to reach 50 nm resolution
in three dimensions, was used to record the projections of the tar-
get objects. Similar to a traditional CT machine, this X-ray Nano-CT
records the projections as a function of rotation angle in the for-
ward transmission geometry, and uses a Fresnel Zone Plate (FZP),
after the sample, as a projective lens with high magnification
(see Fig. 1). It then reconstructs a 3D image from the acquired pro-
jections using a filtered back-projection (FBP) CT algorithm.
Although Zernike phase contrast (ZPC) [37] imaging mode is avail-
able from the X-ray Nano-CT we used by inserting a phase ring in it
[38,39], considering the possibly unnecessary artifacts introduced
by ZPC, in the work reported here, phase ring was removed from
the X-ray Nano-CT. The absorption contrast only projections were
Fig. 1. A schematic diagram of the X-ray nano-computed tomography (X-ray Nano-
CT) setup.
collected to observe the spatial microstructure of a hydrated pure
C3S paste in three dimensions.

Pure monoclinic C3S was synthesized at Tongji University by
following the experimental procedure reported by De la Torre &
Aranda [40]. The synthesized bulk specimen was stored in a small
sealed box at room temperature with desiccant. It was later
crashed and ground into very fine powder. The C3S powder was
then mixed with water at a water/C3S weight ratio of 0.5. The fresh
C3S paste was injected into a thin-wall glass capillary tube with an
inner diameter of 100 mm. It should be pointed out that the injec-
tion tends to bring more water into the capillary. After that, the
specimen was sectioned immediately to a length of about 1 mm
to avoid capillary effects. These short sections of the paste were
then sealed into two layers of resealable plastic bags, and then
were placed into a waterproof lock-and-seal plastic container box
for curing under 23 �C. After 5 days of curing, the hydrated C3S
samples were taken out from the resealable bag. Because of the
limitation of the field of view (FoV) of the X-ray Nano-CT, about
64 mm � 64 mm, the capillaries that are containing the samples
were carefully cracked, the hydrated C3S particles were taken out
by steel scalpel. The particles with possibly suitable sizes were
then glued to sharp pins and checked by very quick X-ray Nano-
CT measurements. At last, one of the hydrated C3S particles with
most suitable size was selected and mounted to the X-ray Nano-
CT sample holder for the first full measurement. After the measure-
ment, this hydrating C3S paste sample was kept in a sealed box for
curing again till 28 days in a 22–23 �C atmosphere with about 55%
humidity. Then, it was measured again by the X-ray Nano-CT
under the same conditions.

During the X-ray Nano-CT measurements, the instrument cabi-
net temperature was stably kept at 27–28 �C. The sample was
mounted on a stage with four degrees of freedom: x, y and z trans-
lations for positioning and a rotation stage for tomographic data
acquisition. The X-ray Nano-CT uses a microfocus rotating Chro-
mium anode X-ray source (Rigaku MicroMax-007HF) operated at
35 kV and 25 mA with an resulting operating power of 0.875 kW.
The generated illumination X-rays are quasi-monochromatic X-
rays with an energy of 5.4 keV (Cr-Ka radiation), and the focal spot
size FWHM (full width at the half maximum) is 75 mm ± 11 mm. The
focus was done by a full-reflection glass capillary condenser lens.
The used detector is a 1024 � 1024 pixels 16-bit Peltier-cooled
CCD camera with a physical pixel size of 13.5 mm � 13.5 mm. For
each 3D tomographic measurement, the sample was rotated from
�90� to 90� with 0.25� interval, totally 720 absorption contrast
only projections of the sample in each measurement was recorded
for the 3D reconstruction. The exposure time for each projection is
60 s, and the total acquisition time (including detector reading-out
time) for each tomographic measurement is a bit more than 12 h.
3. Results and discussions

3.1. General analysis of the structure of the C3S paste

Fig. 2 shows the reconstructed cross-sectional images of the
hydrated C3S paste specimen at 2 hydration times. Fig. 2a and 2b
present 2 cross-sectional images of the sample after 5 days of
hydration from different orientations; Fig. 2d and 2e also present
the cross-sections of the same sample after 28 days of hydration
from different orientations. Fig. 2c and 2f are the segmented
images of Fig. 2b and 2e, respectively, using the 3D image analysis
software package Avizo (Avizo, Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The dark parts seen in the non-segmented
cross-sectional images in Fig. 2 are ‘‘empty” space, and all the
white parts are the solid phases in the hydrated C3S paste. These
white parts in Fig. 2a, b, d and e have higher density. They are



Fig. 2. Reconstructed cross-sectional images of the hydrated C3S paste from X-ray Nano-CT. (a, b) Cross-sectional images of the hydrated C3S paste after 5 days of hydration
from 2 different orientations; (c) Segmented result of b; (d, e) Cross-sectional images of the hydrated C3S paste after 28 days of hydration; (f) Segmented result of e. The
yellow parts in panels c and f are the solid hydration products and the unhydrated C3S particles in the sample. The purple, light blue, green and red colored parts in panels c
and f are pores inside the sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the solid hydration products and the unhydrated C3S particles that
are colored as yellow in Fig. 2c and f. For the large dark part sur-
rounding the specimen (i.e. the solid phases of the sample), it is
atmosphere; for those black parts inside the specimen, they are
pores. The pores inside the specimen are colored in Fig. 2c and f
as purple, light blue, green and red etc.
Fig. 3. Rendering of the 3D volume images of the hydrated C3S paste specimen. (a) Surfac
rendering of the segmented 3D image in panel a from 2 different orientations (d) Surface
rendering of the segmented 3D image in panel d from 2 different orientations.
Fig. 3 presents the rendered images of the reconstructed volume
of the specimen. For both hydration times, we can clearly see the
whole morphology and internal structure of the C3S paste in three
dimensions. The 3D spatial distribution of the pores inside the
specimen are shown in Fig. 3b, c, e and f. The volumes of seg-
mented pores and solid phase are calculated by the software Avizo,
e rendering of the specimen structure after 5 days of hydration, (b) & (c) Transparent
rendering of the specimen structure after 28 days of hydration, (e) & (f) Transparent
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and the results are presented in Table 1. Generally, from outside,
the shape of the whole C3S paste specimen looks very similar at
both hydration times. From Table 1, it can be seen that the total
volume of the sample (solid and pores) remains almost the same,
increased from 45,162 um3 (after 5 days of hydration) to 45,214
um3 (after 28 days of hydration), with only about 0.1% change. This
confirms that during the hardening process (after final setting) of
the cement, the outside shape of the paste keeps almost the same.
The volume fraction of pores was seen to decrease as the hydration
time went from 5 days to 28 days with a clear change from 9.82%
to 9.13%.

Previous research has suggested that the hydration process
occurs not only on the surface, but also inside the cement paste,
even the techniques used in most of this work cannot resolve the
specific location where the hydration happens and is only roughly
quantitative [41,42]. Our result shows a clear evolution of shape
and spatial distribution of each pore, which will be discussed in
detail later.

3.2. Spatial distribution and shape analysis of the pores

Fig. 4 presents 3D renderings of the pores only (after segmenta-
tion). We identified 21 pores in total after removing all the pores
smaller than 64 voxels (4 � 4 � 4 voxels). They are named as pore
A to U, from large to small, and the large ones from A to K are
labeled in Fig. 4. Pores with different sizes and shapes could be
clearly seen, and they scatter within the sample which cannot be
visualized in 2D slice images or by traditional 2D imaging tech-
niques. There are two types of pores in the measured paste vol-
ume: sealed pores that are totally surrounded by C3S paste, and
open pores that have at least one path exposed to the atmosphere.
In the measured volume, pores E, F, I, L, M, N, O, R, S, T and U are
sealed ones, and the others could be treated as open pores. Pore
A, the largest pore in our measured sample, is crossing through
the whole sample, and becomes longer and narrower as the hydra-
tion time goes on from 5 days to 28 days. The sealed pores are
found to be distributed randomly within the specimen, and they
seem not to change much either in shape or size by first eye sight
while the hydration goes on.

While the spatial arrangement of pores is clearly shown in
Fig. 4, we still cannot easily identify the evolution of the position
of each pore during hydration. To clarify these changes, the centers
Table 1
The volume analysis of the C3S paste at both hydration times.

Porosity (%) Solid phases (um3) Pores (um3)

5 days 9.82 40,725 4437
28 days 9.13 41,083 4130

Fig. 4. Rendering of 3D spatial structure images of the pores within the
of mass of all the pores were calculation by using Avizo after 3D
image segmentation. Their distances to pore E were presented in
Fig. 5. It shows clearly that the relative pore positions within the
hydrated paste barely changed during hydration, which is consis-
tent with the similar image appearance of these pores in Fig. 4a
and 4b.
3.3. Microstructure quantification

The quantitative analysis result of the 21 pores found in the
specimen after hydration for 5 days and 28 days are presented in
Table 2 in terms of the morphological parameters including Feret
length(L), Feret width(W) and volume(V) that are calculated by
using Avizo. The volume change of pores (in percentage) between
the two hydration times is also shown in Table 2. Since the images
were segmented semi-automatically with manual operations, they
may contain interpretation errors introduced inevitably. For a
higher accuracy of the subsequent analysis and discussion of the
pore structure, we took out the pores with the highest and the low-
est value of volume change, pore H and pore D, respectively, in our
consideration.

It found that all the sealed pores, E, F, I, L, M, N, O, P, Q, R, S, T
and U, grow bigger via the hydration goes on. Almost all the open
pores, except for pore J, become smaller. Pore A, an open pore and
the largest pore in the observed volume, looks grow longer and
narrower in Fig. 4, and it becomes smaller (shrunken 14%) via
hydration, see Table 2. This obvious volume reduction of pore A
dominates the volume change of the pores within the specimen
C3S paste specimen after hydration for (a) 5 days and (b) 28 days.

Fig. 5. Distances of the pores to the pore E in the C3S paste specimen measured
after hydration for 5 days and 28 days.



Table 2
Pore size of C3S after hydration for 5 days and 28 days.

5 Days 28 Days Change in V(%)

L(mm) W(mm) V(mm3) L(mm) W(mm) V(mm3)

1 A 43.1 26.0 2980.8 A 45.5 24.5 2625.6 �14
2 B 22.1 10.8 615.1 B 22.8 11.7 605.2 �02
3 C 17.2 8.9 278.7 C 15.9 7.5 244.5 �14
4 D 12.0 7.8 158.8 D 10.1 6.8 93.7 �70
5 E 8.4 5.0 122.8 E 9.0 5.5 136.9 +10
6 F 6.4 4.5 73.1 F 6.5 4.8 80.6 +09
7 G 6.7 5.1 55.3 G 8.6 4.9 49.1 �12
8 H 13.3 6.6 52.3 H 18.4 8.5 166.0 +69
9 I 6.9 4.3 47.8 I 10.8 5.3 63.7 +25
10 J 5.0 3.8 24.3 J 7.4 4.4 32.7 +26
11 K 3.8 2.8 12.4 K 4.0 2.7 12.3 �01
12 L 2.5 2.1 5.2 L 2.9 2.3 6.8 +24
13 M 2.5 1.6 2.8 M 2.8 1.7 3.1 +10
14 N 2.0 1.7 2.6 N 2.4 1.9 3.2 +17
15 O 1.7 1.2 1.2 O 2.0 1.2 1.6 +21
16 P 1.5 1.2 1.0 P 1.8 1.3 1.3 +24
17 Q 1.4 1.1 0.7 Q 1.5 1.1 0.7 +01
18 R 1.4 1.0 0.7 R 3.7 1.4 1.2 +41
19 S 1.6 1.0 0.6 S 1.3 1.1 0.6 +00
20 T 1.1 0.9 0.4 T 1.4 1.2 0.9 +57
21 U 1.1 0.8 0.3 U 1.7 0.9 0.5 +43
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since it is much larger than all the other pores. Pore C, an open pore
as well, has similar change as pore A. For the open pore B, both its
length and width increased. However, its volume turns out to be
decreased, which means its height/diameter becomes smaller
and there are hydration products occupying its internal space. Pore
G, another open pore, has close width at 2 different hydration
times with increased length via hydration goes on, and its volume
decreases as well. Similar to pore B, this means its internal space
was occupied by the hydration products while the time goes.

The sample were prepared with sufficient water to allow the
hydration reaction to continue during the whole experiment. For
the water-accessible open pores within the hydrating C3S speci-
men, the hydration products will continue to grow and fill the
‘‘empty” space within the pores. So, their volumes decreased while
the hydration went on. Another result of the growth of the hydra-
tion products is the volume increase of the whole solid phases of
the hardened C3S paste sample (Table 1). On the other hand, the
volume growth of the sealed pores over time should be caused
by the autogenous chemical shrinkage. Because the hydrating C3S
or cement paste under sealed conditions will self-desiccate, this
creates empty pores or extra space in the existing pores within
the hydrating paste due to loss of water [43]. Once the hydration
products formed during the hydration occupied less ‘‘empty” space
than the corresponding amount of ‘‘empty” space/pores created by
the loss of water at the same time, the chemical shrinkage would
happen [44]. Although pore J is an open pore in the observed vol-
ume, however, it is very similar to a sealed pore with little space
open to the atmosphere (see Fig. 4), and this could make pore J
behave like a sealed pore rather than an open pore.

From these results, obvious pore structure change could be
observed. However, compared with a regular hydrating C3S or
cement sample with a water/C3S or water/cement ratio at 0.5,
the structure evolution is quite less visible. This was very likely
caused by the loss of water of the hydrated C3S sample during
the X-ray measurements, especially after the continuous long-
time X-ray tomographic measurements. Because the X-ray illumi-
nation will heat-up the sample locally and cause the water evapo-
ration which would lead to the decrease of water/C3S ratio of the
measured sample and hence slow down the hydration of the C3S.
As the sample was kept in a sealed box and surrounded by air
for curing, not kept in a humid environment or water again after
the first X-ray tomographic measurement, so, its hydration was
happening at a slow rate between the 2 tomographic
measurements.
4. Conclusions

X-ray nano-computed tomography (X-ray Nano-CT) is shown to
be a powerful tool for the non-destructive investigation of the
porosity structure of cement-based materials such as the hydrating
C3S paste. The laboratory-based X-ray Nano-CT could observe the
slow structural evolution over a relatively long time period associ-
ated with such as C3S or cement hydrating and hardening. The
work demonstrates the detailed morphological information on
shape, size/volume and spatial distribution of the pores within
the hydrating C3S paste. These pores within the hydrating C3S
paste particle changed significantly as the hydration went on from
5 days to 28 days, while the external morphology of the measured
C3S paste particle including its shape and volume remained almost
unchanged. X-ray Nano-CT provides 3D images of the internal
structure of the measured specimens, as required to understand
the development of the pore microstructure within the cement-
based materials. It was further found that the relative position of
each pore shows little change during the hydration process in
our experiment. Importantly, there is a general trend that the vol-
umes of sealed pores within the hydrating paste grow larger, and
the open pores usually become smaller during the hydration pro-
cess, which confirms that the growth of hydrates within the hard-
ened C3S or cement paste would fill in the ‘‘empty” space of the
open pores during continued hydration.

On the other hand, the work shows that the X-ray illumination
tends to lead to the loss of water in the hydrating C3S or cement
paste, and slow down their hydration process.
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