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Abstract 
 Tricalcium silicate (C3S) is the most important cement mineral phase among the four main 
clinker phases and the majority of cement formulations use it.  Pure C3S is widely used as a 
simplified model system of cement in various research studies. However, the structure 
development of cement during hydration at the nano-scale has been rarely reported. In this 
work, Transmission X-ray Microscopy (TXM), a nondestructive X-ray analysis method, was 
used to study the hydration of pure C3S sample with a water/C3S mass ratio of 0.5. The 
three-dimensional (3D) structure of hydrated C3S sample was investigated, especially the 
internal pore structure development. 3D images have been obtained for the same sample of 
C3S, 5 days and 28 days after hydration, which allows us to reveal the structure development 
of the hydrating C3S, in three dimensions, includes the changes in pore sizes, shapes and the 
evolution of geometric structure of pores at different hydration times.  

1. Introduction  

The chemical reactions of Portland cement with water determines the setting and hardening 
behavior of the cement mortar and cement concrete, as well as the overall structure of these 
materials [1-4]. The internal spatial structure or morphologic organization produced by these 
reactions has been widely investigated in order to understand their impact on the setting and 
hardening process, and later on the materials properties and performance of the cement-based 
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 [5-9]. In the cement-based materials, 
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the pore structure is a critical component, which determines the internal morphologic 
organization. Hence the pore structure directly affects the properties and performance of 
cement-based materials such as their impermeability, shrinkage, elastic modulus and strength 
[10,11]. Tricalcium silicate (C3S), as the most important constituent of Portland cement, has 
been extensively investigated [12-16] because its hydration controls the setting and strength 
development 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 the changes in microstructure of cement-based materials is 
challenging for many experimental techniques. So far, 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 [17-22]. However, 
there are few reports on the internal pore structure of cement paste, especially at the 
nano-scale [23-25]. This is partly because it is extremely complex and disorderly and partly 
because it needs three-dimensional (3D) imaging. Although it is hard to precisely measure the 
porosity of cement paste, three methods were used to estimate this quantity: gas adsorption 
[26], mercury intrusion porosimetry (MIP) [27] and direct observation techniques including 
optical microscopy and scanning electron microscopy (SEM) [28-30]. Gas absorption and 
MIP only provide indirect measurements of pore structure. SEM, which is frequently used to 
characterize the cement materials, can only show the pores in two-dimensional images. 
Despite these observations being of great insight, it has not been possible to make direct 
observations of the evolution of the structure over time. In addition, these imaging techniques 
require careful sample preparation that may also introduce artifacts. 

After all these works completed so far, agreement is still not reached even about the basic 
mechanisms of cement hydration due to a lack of sufficiently detailed experimental 
observations, especially of the temporal evolution of the microstructure of cement-based 
materials [31-34]. This paper presents the use of Transmission X-ray Microscopy (TXM) to 
direct observe the morphological evolution of a cement paste model as a function of 
hydration time in order to enrich our knowledge of the underlying hydration mechanism at 
the materials level.  

2. Experimental procedures  

Transmission X-ray microscopes (TXM), a sophisticated technique, uses an instrumental 
setup which is shown in Fig.1. In our investigation, TXM records the X-ray absorption 
projections of target objects in the forward transmission geometry, using a Fresnel Zone Plate 
(FZP) as a projection lens with high magnification, as a function of rotation angle.  It then 
reconstructs a 3D image using the computed tomography (CT) back-projection algorithm. 
Although more advanced X-ray imaging modes exist [35-37], common to all of them is that 
the resolution is limited by the quality of X-ray optics currently available. For example, 
generally increasing the size of the X-ray optics usually has a positive effect on the spatial 
resolution [38]. Zernike phase contrast (ZPC) is a microscopy technique that produces phase 
contrast by converting phase modulations in the image into detectable amplitude modulations 
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[39]. In modern TXM set-ups, ZPC is introduced using a phase ring [40,41]. In the work 
reported here, TXM was used to observe microstructure of a model cement-based materials in 
3D. 

 

Fig. 1 A schematic diagram of the transmission X-ray microscopy setup. 
 

Pure monoclinic C3S powder was synthesized at the School of Materials Science and 
Engineering, Tongji University, following the experimental procedure reported by De la 
Torre & Aranda [42]. The specimen was stored in a small sealed box at room temperature 
with desiccant before the X-ray experiment. The microscale cement paste specimen was 
specially prepared with a water to cement ratio of 0.5 in a capillary tube of 100µm diameter. 
The pore microscale structure was characterized by using an Xradia Ultra X-ray microscope 
in University College London (UCL). 

The preparation of Nano-scale TXM specimens is a challenging task requiring special 
procedures. A special procedure was carried out to meet the specimen size constraint by 
injecting the fresh cement paste into a glass thin-walled capillary tube with an inner diameter 
of 0.08 mm and a wall thickness of 0.01 mm, designed for the X-ray diffraction with a photon 
energy of 10 keV. It should be pointed out that the injection tends to bring more water into 
the tube. After that, the specimen was sectioned immediately to a length of 1 mm to avoid 
capillary effects. This short section of cement paste was immersed into water for curing.  
The sample was examined twice with TXM, after 5 days and 28 days of curing. During the 
curing processes, the hardened cement paste specimens were kept in the sealed box with 
desiccant before performing the TXM image acquisition. 

The sample was mounted on a stage with four degrees of freedom: x, y, and z translations 
for positioning and centering of the sample, and rotation for data acquisition. The rotary stage 
allows for many X-ray transmission images of the sample to be recorded at a sequence of 
orientations. The absorption contrast imaging setting was used for the measurements. This 
generates contrast in the images based on the differential attenuation properties of the matter 
in the sample. 

3. Results and discussion 

3.1 A general analysis of the structure of the cement paste   
With X-ray energies sufficient to penetrate through the entire cement specimen, a series of 

2D projection images taken from sample in different orientations about a fixed rotation axis, 
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which can be used for 3D sample reconstructions in the form of a tomogram. Fig. 2 shows 
the projection images and reconstructed and cross-sectional images of the cement specimen at 
both hydration times in Fig. 2 a-f.  Fig. 2c and f are segmented from Fig. 2b and d using the 
software package ‘‘Avizo’’[43]. The dark part seen in Fig. 2 is the air which surrounding the 
specimen, as well as the pore space inside the specimen. Among those dark parts, the pore 
space inside the specimen is colored in Figs. 2c and f as red, purple, green, dark blue and 
light blue. The lighter parts in Fig. 2a, b, d and e, has higher density, represents the solid 
phase of the cement specimen, i.e. the cement hydrates and unhydrated cement particles 
which are shown as yellow in Fig. 2c and f. 

  

 

Fig. 2 Tomogram images and reconstructed cross-sectional images. (a, b) 5 days post 
hydration; (c) segmented result from Fig. 2b; (d, e) 28 days post hydration, (f) segmented 

result from Fig. 2e. 
 
Fig. 3 presents the rendered images of the reconstructed volume of the specimen. For both 
hydration times, we can clearly see the whole morphology of the cement paste from the 
outside in Fig. 3a and d.  The 3D spatial structure of the pores inside the specimen are 
shown in Fig. 3b, c, e and f.  After calculation which runs in software Avizo, the “volume3d” 
results which represents the volume of a segmented object are given in Table 1.  Generally 
from the outside, the shape of the whole cement specimen looks similar at both times.  From 
Table 1, it can be seen that the total volume of the sample (solid and pores) increased from 
45162 um3 after 5 days hydration to 45214 um3 after 28 days hydration. The fraction of pores 
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was seen to decrease as hydration time went from 5 days to 28 days with a clear change in the 
shapes and sizes of the pores.   
 
Previous research has suggested that the hydration process occurs not only on the surface, but 
also on the inside of cement paste formulations, although the techniques used cannot resolve 
the specific location and is only roughly quantitative [44,45].  Our result shows a clear 
variation of shape and spatial distribution of each pore, which will be discussed with detail in 
the next sections. 

 
Fig. 3 Rendering of 3D volume images of cement specimen. 5 days hydration in (a)original 

form, (b, c) after segmentation; 28 days hydration days in (d) original form, (e, f) after 
segmentation 

Table 1 the volume results of the cement paste in both hydration time 
 Porosity (%) Solid phase (um3) Pores (um3) 
5 days 9.82 40725 4437 
28 days 9.13 41083 4130 
 
3.2 Shape and spatial distribution of pores 
Fig. 4 presents 3D renderings after segmentation, analogous to Fig. 3, showing the 
distribution of pores in more detail.  We identified 21 pores in total, which are labeled A to 
U in Fig. 4. We can see pores with different size and shape scattered within the sample which 
cannot be classified in 2D slice images.  We define two types of pores: sealed pores, 
surrounded by cement, and open pores, which have at least one path exposed to the 
atmosphere. Pores E, F, I, L, M, N, O, R, S, T and U are sealed, while the others are open 
pores.  Not surprisingly, the open pores are distributed in the outer layer of the sample.  
Pore A, by far the largest pore, penetrating the whole sample becomes longer and narrower as 
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hydration time went on from 5 days to 28 days. The sealed pores are found to be distributed 
randomly within the model cement specimen and are not found to change very much in time.  

 
Fig. 4 Rendering of 3D spatial structure image of the pores inside the cement specimen after 

hydration for (a) 5 days and (b) 28 day 
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 see these changes, 
we recorded the center of mass of each pore, reported by Avizo, to show the distance of pores 
from Pore E in Fig.5.  We found that the pore positions barely changed during hydration. 
The result is consistent with the similar appearance of the pores in Fig. 4.  



7 
 

 
Fig. 5 Distance of pores from Pore E in the cement specimen examined after hydration for 

5 days and 28 days 
3.3 Structure quantification 

The details of the 21 pores found in the specimen post hydration for both 5 days and 28 
days are shown in table 2 in terms of the geometric parameters length(L), width(W), 
volume(V) based on the Feret method [43] and its percentage change between the two 
hydration states. Since these images were segmented manually, they may contain 
interpretation errors introduced inevitably. For a better accuracy of the subsequent analysis of 
the pore statistics, we take out the pores with the highest (pore H) and lowest (pore D) value 
of percentage change.  

The sealed pores, E, F, I, L, M, N, O, P, Q, R, S, T and U, all grow bigger in time.  The 
open pores mostly become smaller, except for J.  Pore A, the largest pore, is seen to get 
longer and narrower. This results in the volume of pore A becoming massively reduced, and 
dominates the change in porosity in table 1. For Pore B, the length and width are both 
increased. However, the length and width in Table2 are the longest and shortest Feret 
diameter of pores respectively, the volume turns out to be decreased; Pore C is decreased in 
length and volume, while getting larger in width; Pore G and K are both decreased in width 
and volume, but increased in length.  

The samples were prepared with sufficient water to allow the hydration reaction to 
continue during the whole experiment. For the water-accessible open pores, it seems 
reasonable that the hydration products will continue to grow and fill the solid phase of 
cement over time.  So, the increasing volume of the solid phase and the decreasing size of 
the open pores are expected results.  On the other hand, autogenous chemical shrinkage 
could be responsible for the growing size of sealed pores over time. Because a cement paste 
hydrating under sealed conditions will self-desiccate, this creates empty pores within the 
hydrating paste due to loss of water [46]. And the amount of the absorbed water corresponds 
to the chemical shrinkage, since the hydration products formed during the hydration of 
cement occupy less space than the corresponding reactants [47]. This phenomenon, chemical 
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shrinkage, also leads to tensile stresses through the formation of menisci, which is critical to 
the shrinkage of cement. Although pore J is open to atmosphere, but most of the surface is in 
contact with the cement and available to form menisci. This can also explain why the size of 
pore J get increased not like other open pores. 

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

  5 Days  28 Days Change 
(%)   L(µm) W(µm) V(µm3)  L(µm) W(µm) V(µm3) 

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 

4 . Conclusion 

 Transmission X-ray microscopy (TXM) is shown to be a useful tool for the nondestructive 
investigation of the porosity and morphology of cement materials over the long time periods 
needed to study the slow structural changes associated with cement hardening. It is 
demonstrated to provide detailed morphological information on pore shape, porosity, size and 
spatial distribution of pores within a cement-based model material.  These features changed 
by small fractions but significantly as hydration time went on from 5 days to 28 days.  TXM 
provides three dimensional images, as required to understand the development of the pore 
microstructure. In our work, evidence has been presented that hydration process occurs not 
only on the surface, but also inside the bulk of the C3S cement paste with solid quantification.  
The position of each pore shows no significant change during the process of hydration in our 



9 
 

experiment. Importantly, two types of pores were defined in our research: open pores and 
sealed pores depending on whether they were connected with the outside atmosphere. 
Significantly, we found a general trend that the size of sealed pores grows bigger, while the 
open pores become smaller between the two hydration times.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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