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A B S T R A C T   

Hardened tricalcium silicate (C3S) pastes cured for different times from 12 h to 28 days were studied by serial 
block-face scanning electron microscopy (SBFSEM) with the region of interest (ROI) of (2.0 × 104) μm3 and their 
three-dimensional (3D) spatial structures with a voxel size down to 16.6 nm × 16.6 nm × 20 nm were quan
titatively analyzed. From these 3D images, the morphological characteristics of different components of the 
hardened C3S pastes in three-dimensions are observed directly, such as the connected pores and closed pores. 
Additionally, the degree of hydration and porosity of the samples are measured as well. Results show that the 
evolution of the degree of hydration reveals the high reactivity of C3S with water. The formation of the pore 
network is a complex process which includes not only the partition of the open pores but also the continued 
hydration of C3S in the closed pores, especially the newly formed closed pores during hydration. The quantitative 
analysis from SBFSEM measurements were compared with those from traditional TG-DSC and MIP, and it proves 
that SBFSEM has good applicability in the field of cement-based materials.   

1. Introduction 

Tricalcium silicate (C3S) is the most important constituent of the 
normal Portland cement clinkers and accounts for about 50% - 70% of its 
weight [1]. The main hydrates produced by the normal Portland cement 
hydration for strength development are hydrated calcium silicate (C-S- 
H) and calcium hydroxide (CH), both of them are generated mostly by 
the reaction of C3S with water [2]. The structure and hydrates of C3S are 
relatively simple compared with those of normal Portland cement, 
therefore C3S is often used instead of normal Portland cement for 
studying the hydration process [3,4]. Since the hydration process and 
microstructure characteristics determine the properties of the cement 
mortar and concrete, such as strength development and durability, it has 
been studied for decades. Therefore, progress made in understanding the 
microstructure development during cement hydration will attract wide 
attention, and could help researchers to regulate and control the process, 
hence improving the quality and decreasing the cost of the cement 
mortar and concrete [5–7]. However, so far, the mechanism of cement 
hydration has not yet been fully understood. The microstructure 

characterization, especially the characterization of pore structure evo
lution, has not been able to obtain comprehensive results because the 
limitations of the mainstream measurement methods. In fact, currently, 
due to the lack of sufficient experimental observation and data analysis, 
such as the direct observations that could be used to guide and verify the 
numerical simulation of the microstructure and its development, the 
proposed mechanism of cement hydration still has not yet reached full 
consensus [8–11]. 

Thermal analysis (TA), quantitative X-ray diffraction (QXRD) anal
ysis, mercury intrusion porosimetry (MIP), nitrogen adsorption, small 
angle scattering (SAS) by X-rays or neutrons, back-scattered electron 
image analysis (BSE-IA), and X-ray computed tomography (CT), etc. 
have been used to study the cement hydration and their microstructure 
development. Among those techniques, TA and QXRD analysis are often 
used to identify phases and study the hydration degree of cement pastes 
[7,12]. MIP can measure most of the pores from the nanometer to 
micrometer level [13]. The nitrogen adsorption method is mainly used 
to analyze the nano-scale pores [14]. Most of the gel pores and gel 
particles are mainly characterized by SAS [15]. BSE-IA performs 
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statistical analysis on two-dimensional (2D) BSE micrographs, therefore 
could quantitate the hydration degree and pores of cement-based ma
terials [16]. X-ray CT can perform three-dimensional (3D) structure 
measurement of the samples based on the acquired 2D projections 
[17–20]. Among those measurement methods for cement-based mate
rials, each has its advantages and disadvantages. For example, methods 
for characterizing the pore structure, such as MIP, nitrogen adsorption 
and SAS are all indirect measurement methods and they are not able to 
characterize the porosity heterogeneity along the altered profile. BSE-IA 
can be used to calculate the hydration degree and analyze pore structure 
from the directly-obtained images, but it is limited to two dimensions. X- 
ray CT can acquire 3D spatial images of the cement pastes features at a 
micro or sub-micron resolution, such as air-filled voids, pore network, 
fractures, etc. Besides expectation of continuously improving the spatial 
resolution of this technology, quantitative analysis of 3D images and 
regarding with real engineering problems is a new perspective. 
Compared with the other methods, in the last a couple of decades, 3D 
visualization techniques have great advantages in revealing the real 
spatial distribution and irregular morphology of the hardened cement 
pastes [21]. 

Serial block-face scanning electron microscopy (SBFSEM) [22] is a 
3D imaging technology originally designed for biological and life sci
ence research [23] and has been gradually extended to other research 
fields recently. It is becoming one of the key methods for acquiring 3D 
images of polymer materials [24], composite materials and metal alloys 
[25–27]. From those results, the internal features of the measured ma
terials can be observed directly and analyzed quantitatively. For 
SBFSEM measurements, materials are usually embedded in epoxy resin 
first, which can effectively avoid the collapse of their 3D structure while 
doing sectioning-imaging in the vacuum environment of the electron 

microscopes. The embedded sample block is alternately cut by the built- 
in ultra-microtome and then imaged. The thickness of the cut slices 
along the Z-axis direction could be 10 nm to 200 nm. The resolution of 
image slices in the XY plane (the electron microscope imaging plane) can 
be as high as about 2 nm, depending on the sample and the used electron 
microscope. Once the sample is cut, the newly exposed surface is imaged 
by using back-scattered electron detector, and then a new cut would be 
performed again. This process is automatically performed continuously 
according to the set parameters [28,29]. The 3D image is then obtained 
by stacking the serial slice images, automatically registered and in 
sequence, together. 

SBFSEM was used to study the hydration of C3S with the water to 
cement ratio (w/c) of 0.6 in this work. In BSE imaging, the grey-scale 
levels of unhydrated regions of the raw C3S, hydrates and pores in the 
hardened C3S pastes are all different [30]. Based on the resulting grey- 
scale levels of the slice images, ImageJ [31] and Avizo software were 
used to perform segmentation, 3D rendering and quantitative analysis 
on hundreds of slices obtained by SBFSEM [32]. In this research, the 
hydration degree and pore structure of the hardened C3S paste hydrated 
for 7 days obtained by SBFSEM was compared with those obtained by 
the other methods such as thermogravimetric-differential scanning 
calorimetry (TG-DSC) and MIP to verify the applicability of the tech
nique. Finally, SBFSEM was used to study the evolution of hydration 
degree and pore structure of the hardened C3S pastes after various hy
dration ages including 12 h, 3 days, 7 days and 28 days. 

Fig. 1. Characterization of the raw C3S specimen. (a) Secondary electron micrograph of the C3S; (b) Particle size distribution of the C3S; (c) Rietveld refinement 
result for the mixture of C3S with 10% Al2O3 (using Cu Kα radiation at 40 kV and 250 mA, with 2θ from 5◦ to 75◦, stepping-scan at a step of 0.02◦ and the exposure 
time of 2 s, TOPAS V4.2 was used to refine the XRD pattern of the Al2O3-C3S mixer specimen). 
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2. Materials and methods 

2.1. Raw materials and the sample preparation 

C3S used in the work was provided by DMT Materials Technology 
Co., Ltd. A secondary electron micrograph obtained by a scanning 
electron microscope (SEM, Sigma 300VP, Carl Zeiss Microscopy GmbH) 
is presented in Fig. 1a. The morphology of the triclinic C3S particles look 
regular. The specific area measured by the Brunauer-Emmett-Teller 
method (BET, Autosorb-iQ3, Quantachrome Instruments) is (1.8212 
± 0.0028) m2/g. According to the particle size distribution obtained by a 
laser particle size analyzer (LPSA, LS230, Beckman Coulter Ltd.) in 
Fig. 1b, most of the C3S particles are between 1 μm and 6 μm. In order to 
evaluate the purity of the raw C3S, 10% of Al2O3 by weight was used as a 
standard reference to mix with the C3S for QXRD analysis by an X-ray 
Diffractometer (XRD, Rigaku D/max 2550 VB3+/PC, Rigaku Interna
tional Corporation). The Rietveld refinement result presented in Fig. 1c 
shows that the raw material contains 97.8% of triclinic C3S and 2.2% of 
β-C2S. 

Since the C3S particles are ultra-fine, high w/c of 0.6 in this work is 
necessary to ensure better homogeneity of the mixed paste. The C3S 
particles were mixed with deionized water and stirred quickly with a 
glass rod for about 3 min. The well mixed paste was then kept in sealed 
plastic containers for curing of 12 h, 3 days, 7 days and 28 days at the 
temperature of 20 ± 2 ◦C. To ensure the hydration of the target samples 
were completely stopped [33], the cured samples at predetermined ages 
were broken into pieces smaller than 1 mm, and were then stopped 
hydration by immersing in the ethanol for 1 day and drying at 40 ± 1 ◦C 
in an oven for several days until the samples reached constant weight. 
These prepared samples were then kept in a vacuum drier for no longer 
than a couple of days before further processing and measurements. 

For measurements by SBFSEM, the above hydration-stopped C3S 
paste at various ages are embedded in the epoxy resin in advance. The 
epoxy resin used in this experiment is Agar 100 resin supplied by Agar 
Scientific Ltd. The embedment was performed under low vacuum con
dition with a pressure of 10 kPa, and then the embedded samples were 
placed at room temperature of about 20 ◦C for 30 min, followed by 
keeping at 60 ◦C for about 48 h for hardening. A microtome (EM UC7, 
Leica Microsystems Inc.) was used to trim the embedded sample into a 
pyramid shape, and then a total depth of about 5 μm of the sample was 
cut by a glass knife to ensure that the upper surface of the C3S paste to be 
measured by SBFSEM is flat. Finally, conductive silver paste was applied 
around the pyramid-shaped sample to help reduce charging on the 
sample surface during SBFSEM measurements. 

For measurement by TG-DSC, the above hydration-stopped C3S 
pastes at various ages were ground into fine powder smaller than 5 μm. 
In order to calculate the degree of hydration of C3S with TG-DSC, a fully 
hydrated C3S paste sample was prepared separately. The already- 
hardened C3S paste with w/c of 0.6 at the hydration age of 180 days 
was broken and ground into powder, and then was mixed with excess 
water for continual hydration until 360 days. It was finally stopped 
hydration by immersing in the ethanol for 1 day and drying at 40 ± 1 ◦C 
in an oven. After grounding into the fine powder smaller than 5 μm, it 
was measured by XRD and TG-DSC. The main crystal phase, CH, in the 
XRD pattern in Fig. 2 confirmed that C3S was fully hydrated since there 
were seldom crystal phases from raw materials. 

For measurement by MIP, samples of the above hydration-stopped 
C3S pastes at various ages were made between 3 mm and 5 mm. 

2.2. Methods 

The SBFSEM system used in this work consists of an SEM (Sigma 
300VP, Carl Zeiss Microscopy GmbH) and a commercial 3View unit 
(3View®2.XP, Gatan Inc.) [22]. The BSE signal was selected to image 
the samples in order to show various components in the samples with 
different grey-scale levels. The 3View unit, a built-in ultra-microtome 

system of SBFSEM, performs continuous cutting and BSE imaging ac
cording to the set parameters. That is, after each automatic cutting, the 
freshly exposed surface of the sample is imaged by the BSE detector. This 
serial sectioning and imaging continues until hundreds or thousands of 
BSE micrographs are acquired upon request [22]. 

In this study, the cutting thickness of each slice and cutting speed of 
the ultra-microtome were set to be 20 nm and 0.6 mm/s, respectively. 
The dwell time for the BSE detector was 1.5 μs and the pixel size of the 
acquired BSE images was 16.6 nm × 16.6 nm, and the SEM was working 
under an accelerating voltage of 1 keV. Under such parameter setting, a 
data set consisting of 900 slices were collected in about 8 h. 

The TG-DSC curves were acquired by an SDT Q600 analyzer (TA 
Instrument, USA) at heating rate of 10 ◦C/min in N2 flow at a rate of 60 
mL/min. CH decomposition was calculated according to the TG mea
surement result. The TG-DSC result was used to calculate the CH con
tent, and hence quantitate the degree of hydration of the hardened C3S 
pastes. 

An MIP instrument (Auto pore IV9500 V1.09, Micromeritics Instru
ment Corp.) was used to measure the pore size distribution of the sam
ple. The penetration pressure was set from 0.1 psi (689.5 Pa) to 33,000 
psi (2.275 × 108 Pa). The contacting angle of 140◦ was used for the 
calculation of pore size. 

2.3. Data processing 

Preprocessing of the data was performed by ImageJ [31] before 
doing segmentation on the images, and then the segmentation and 
quantitative analysis of the 3D images were done by Avizo [34,35]. 
According to the BSE image contrast of cement materials [16,30], pores, 
hydrates and unhydrated C3S are shown in different grey-scale levels. 
The tangent method [36,37] is used to make a preliminary determina
tion of the threshold grey-scale levels for different components in the 
specimens, which provides a basis for subsequent segmentation by 
Avizo. In detail, the grey-scale threshold values used to identify the 
hydrates and unhydrated C3S is corresponding to the transition point T1 
in Fig. S1 in the supplementary materials, where a change of the tangent 
slope of the grey-scale histogram occurs. Voxels with grey-scale values 
smaller than T1 are hydrates (or pores) and those higher than T1 are 
unhydrated C3S. To further determine the preliminary grey-scale 
threshold value between pores and hydrates, tangent-slope grey-level 
thresholding method [36,37] was used. The threshold value is corre
sponding to the grey-scale value at the inflection point T2 in the cu
mulative volume fraction curve in Fig. S1. As 8 bit data were used, for 
the specimens analyzed in this work, the primary threshold values to 
distinguish between pores and hydrates are from 120 to 140, and to 
distinguish between hydrates and unhydrated C3S are from 150 to 170. 

Fig. 2. The XRD pattern of the hardened C3S paste hydrated for 360 days (using 
Cu Kα radiation at 40 kV and 250 mA, continuous scan at 5◦/min). 
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The used exact values vary a bit while the specimens are different. The 
further minor adjustment on the grey-scale threshold values used for the 
segmentation of 3D images by Avizo are performed manually under help 
by naked eyes. Data processing by Avizo mainly includes the following 
steps: alignment, noise reduction, segmentation, visualization and vol
ume analysis. The main data processing flow is shown in Fig. S2 in the 
supplementary materials. 

3. Results and discussion 

3.1. SBFSEM imaging 

Fig. 3 shows the two-dimensional (2D) slice images of the hardened 
C3S paste after 7 days of hydration from SBFSEM measurement. Fig. 3a is 
the BSE image of the cross-section of the whole mounted sample at lower 
magnification. The grey part in the middle is identified as the hardened 
C3S paste, the surrounding large darker region is the epoxy resin, and the 
regions with white dots around the edges of the epoxy resin is the 
conductive silver paste. Only the central part of the sample, i.e. the 
hardened C3S paste, was chosen for high-resolution imaging. Fig. 3b 
shows the first acquired two-dimensional (2D) BSE image of the serial 
slices of the hardened C3S paste after 7 days of hydration. The generated 
pixel size of the image is 16.6 nm × 16.6 nm. The black parts in Fig. 3b 
represent the pores, the large grey part is the hydrates, and the whiter 
parts are unhydrated C3S particles. Fig. 3c shows the 100th, 300th, 
500th and 700th images in the serial of slice images obtained by 
SBFSEM, the changes at the corresponding positions in different images 
can also be clearly seen. 

Region of interest (ROI) of about 2.0 × 104 μm3 (18 μm × 33 μm ×
33 μm) was chosen from the central region of the embedded hardened 
C3S paste in this work for 3D rendering and analysis (see details in 
3.2.3). Fig. 4 shows the 3D rendered volume images of the hardened C3S 
paste after 12 h (Fig.s 4a-c), 3 days (Fig.s 4d-f), 7 days (Fig.s 4 g-i) and 
28 days (Fig.s 4j-l) of hydration, respectively, in which the blue parts 
represent the unhydrated C3S particles, the red and yellow parts repre
sent the pores and the grey regions are the hydrates. The distributions of 
the unhydrated C3S and the tortuosity and connectivity of the 3D pore 
network within the specimens after 12 h (Fig.s 4b and c), 3 days (Fig.s 4e 
and f), 7 days (Fig.s 4 h and i) and 28 days (Fig.s 4 k and l) of hydration 
are also visualized clearly in Fig. 4. 

3.2. Quantitative characterization by SBFSEM 

From those segmented 3D images in Fig. 4, the degree of hydration 
and the porosity of the measured specimens can be calculated using 
Avizo software. 

3.2.1. Degree of hydration 
Based on the 3D analysis, the degree of hydration at time t can be 

calculated according to the Eqs. (1) and (2) [38,39], which results in 
55.6%, 81.3% and 88.8% at 12 h, 7 days and 28 days of hydration. The 
evolution of the degree of hydration at various ages is shown in Fig. 5a. 

αt(%) =

{

1 −
V(t)
V(0)

}

× 100% (1)  

V(0)(%) =
1

1 + ρc × (mw/mc)
× 100% (2) 

In the Eqs. (1) and (2), αt presents the degree of hydration of the C3S; 
V(t) presents the volume of the unhydrated C3S at the hydration time t, 
which can be derived from the 3D analysis of the volume images. V(0) 
presents the volume of the C3S before hydration; ρc presents the specific 
gravity of C3S, which is 3.1. It is measured by helium pycnometry. mw 
and mc presents the mass of water and C3S involved in the hydration 
respectively, and mw/mc (w/c) is 0.6. 

3.2.2. Porosity 
The porosity is defined as the ratio of the total volume of pores to the 

total volume of the ROI. Since the connected pores have an important 
effect on the permeability of cement-based materials, the classification 
of the connected pores and the closed pores have been done using Avizo 
software. The connected pores (yellow parts in Fig.s 4c, 4f, 4i and 4 l) are 
defined as the pores connected to any boundary of the ROI. The closed 
pores (red parts in Fig.s 4c, 4f, 4i and 4 l) are defined as the pores that 
has no contact with any face of the ROI. The use of the ROI to define the 
sample boundaries is a kind of subjective and may overcount the con
nected pores for a real sample. This point is addressed below. 

Since the size of the 3D rendered volume image is 18 μm × 33 μm ×
33 μm, the total calculated volume of the pores is 2744 μm3, the porosity 
of the measured sample hydrated for 7 days is 14.1%. The connected 
pores and the closed pores count 6.2% and 7.9%. The evolution of the 
porosity at various ages is shown in Fig. 5b and c. The results are 
consistent with that of Gallucci[17] with CT measurement that total 
porosity and the average radius of pores of hardened cement paste 
decrease over time. The poor connectivity of pores at longer curing time 
was also confirmed by Promentilla[40,41] with CT measurement. 

3.2.3. Region of interest (ROI) 
In order to minimize the edge effect and reduce the time of data 

processing, the analyzed ROI in this study were chosen from the central 
region of the embedded hardened C3S paste, where the homogeneity of 
the pastes is also considered as the best.[17] To verify whether the 
sampling is representative, the changes of the degree of hydration and 
porosity of the samples as a function of the selected ROI are shown in 
Fig. 6. In Fig. 6a, it can be seen that once the selected ROI are larger than 

Fig. 3. Two-dimensional (2D) slice images of the hardened C3S paste after 7 days of hydration from SBFSEM measurement. (a) BSE image of the whole sample. (b) 
The first acquired 2D image of the serial slices. (c) The 100th, 300th, 500th and 700th images of the serial slices. 
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1.4×104 μm3, their calculated hydration degrees tend to be stable. The 
calculated porosity of the samples tends to be stable after the selected 
ROI are larger than 1.8×104 μm3 (Fig. 6b). This confirms that the 
selected ROI of (2.0 × 104) μm3 in this work is appropriate. 

3.3. Accuracy of SBFSEM 

To verify the SBFSEM results, the degree of hydration and porosity of 
the hardened C3S paste at 7 days from SBFSEM was compared with the 

results from TG-DSC (Fig. 7a) and MIP (Fig. 7b). 

3.3.1. Comparison with TG-DSC measurements 
The TG-DSC curves of the hardened C3S paste hydrated for 7 days 

and 360 days are shown in Fig. 7a. 
The degree of hydration of C3S is determined by the ratio of the 

generated CH content at time t to the CH content in its fully hydrated 
status, as presented in Eq. (3).[42,43] W(CH)t refers to the mass of CH at 
time t, W(CH)∞ refers to the mass of CH produced when C3S is fully 

Fig. 4. 3D rendering images of the hardened C3S pastes hydrated for various ages from SBFSEM measurement. (a) The hardened C3S paste hydrated for 12 h. (b) The 
unhydrated C3S particles (blue) and (c) The connected pores (yellow) and the closed pores (red) of the hardened C3S paste hydrated for 12 h. (d) The hardened C3S 
paste hydrated for 3 days. (e) The unhydrated C3S particles (blue) and (f) the connected pores (yellow) and the closed pores (red) of the hardened C3S paste hydrated 
for 3 days. (g) The hardened C3S paste hydrated for 7 days. (h) The unhydrated C3S particles (blue) and (i) the connected pores (yellow) and the closed pores (red) of 
the C3S paste hydrated for 7 days. (j) The hardened C3S paste hydrated for 28 days. (k) The unhydrated C3S particles (blue) and (l) the connected pores (yellow) and 
the closed pores (red) of the C3S paste hydrated for 28 days. (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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hydrated. 

Degree of Hydration (%) =
W(CH)t

W(CH)∞
× 100% (3) 

The amount of CH generated during the C3S hydration can be 
calculated according to Eq. (4) by the tangent method.[44,45] 

CH content (%) =
molar mass of CH
molar mass of H2O

×CH mass loss (%) (4) 

The degree of hydration of the C3S paste after 7 days of hydration 
calculated from TG-DSC results is 76.5%. This is slightly lower than the 
81.3% obtained from the SBFSEM measurement. The possible reason is, 

in the 3D image segmentation process, some of the unhydrated particles 
with sizes around or smaller than 16.6 × 16.6 × 20 nm3 (a voxel size of 
the acquired 3D SBFSEM image) were identified as the hydrates, which 
caused the degree of hydration from the SBFSEM measurement to be 
higher. 

3.3.2. Comparison with MIP measurements 
The pore size distribution of the sample after 7 days of hydration was 

measured by MIP as well, and the result is shown in Fig. 7b. There are 
two distinct peaks around the sizes of 15 nm and 200 nm. The porosity 
obtained by MIP is shown in Table 1. The total porosity is 21.4%. With 
reference to Wu’s classification[46] of the pores of cement-based 

Fig. 5. Evolution of the degree of hydration and porosity of the C3S pastes hydrated for 12 h, 3 days, 7 days and 28 days for a sample with w/c = 0.60. (a) The 
evolution of the degree of hydration during C3S hydration. (b)The evolution of the total porosity, the porosity fractions of the connected and the closed pores during 
C3S hydration. (c) The evolution of the porosity fractions of the pores with different sizes during C3S hydration. 

Fig. 6. Variation of the degree of hydration (a) and porosity (b) with selected ROI.  
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materials, the porosity obtained by the MIP and SBFSEM measurements 
was classified and compared in Table 1. It should be noted that the two 
measurements were not performed using the same region of interest 
(ROI) of the same sample. Due to the intrinsic heterogeneity of the 
cement-based sample, the analytical data obtained by the two methods 
will have a certain extent of volatility. Pores smaller than 20 nm were 
not identified by SBFSEM due to the cutting thickness of the sample and 
the limitation of the resolution, which greatly reduced the measured 
total porosity from SBFSEM. For pore diameters in the range of 20 nm - 
50 nm, the values obtained by the SBFSEM measurement (2.4%) is in 
good agreement with the 2.3% obtained by MIP. For pore diameters in 
the range of 50 nm - 200 nm, the porosity measured by SBFSEM (6.2%) 
is slightly higher than the 5.4% porosity obtained by MIP. This should be 
because MIP can only detect the connected pores, while SBFSEM mea
sures both the connected and closed pores. For pores with diameters 
larger than 200 nm, the porosity of 5.5% obtained from SBFSEM is lower 
than that of 6.3% from MIP. The maximum pore diameter measured by 
the SBFSEM measurement is 7.7 μm, limited by the size of the measured 
sample. While the MIP measurement shows the largest pore is 10.4 μm. 
It is also possible that the high-pressure mercury intrusion causes the 
pores to be broken and enlarged during the measurement. 

The SBFSEM measurement can visualize both the tortuosity and 
connectivity of the pores in three dimensions and can also detect the 
closed pores. Generally, the statistical results presented here (in Table 1) 
show that SBFSEM measurement agrees well with the classical MIP 
method. 

3.4. Spatial structure development of the hardened C3S pastes by SBFSEM 

The 3D rendering of the SBFSEM results of the hardened C3S pastes at 
various ages are shown in Fig. 4, in which the hydrates are rendered as 
grey, the unhydrated C3S particles as blue and the pores as red and 
yellow. It can be seen that, as the hydration times increasing, the vol
umes of the unhydrated C3S particles decrease. As shown in Fig. 5a, the 
degree of hydration of C3S increase quickly before 7 days of hydration 
and slows down afterwards, indicating that C3S has high reactivity with 
water. 

From Fig.s 4c, 4f, 4i and 4 l, it can be seen that the volumes of total 

pores (yellow and red) and the connected pores (yellow) show a 
decreasing trend with the increase of the hydration ages, especially 
before 7 days, while the fluctuation of volumes of the closed pores (red) 
is small. This indicates that, the volume of the connected pores decreases 
faster than that of the closed pores while hydration is going on. 

The changes of the total porosity, the porosity fractions of the con
nected pores and the closed pores are shown in Fig. 5b. The volumes of 
the closed pores in the hardened C3S pastes decrease very slow, much 
slower than that of the connected pores, keep almost unchanged. This is 
because the hydration reaction occurs while the C3S is in contact with 
water, hence the precipitated solid hydration products would occupy the 
spaces in the connected pores and the open regions. The needle-like 
C–S–H grows into the pore space, leading to very small water-filled 
capillary pores from quite young ages.[47] This leads to the decrease 
of the volumes of the connected pores. Additionally, some of the con
nected pores, especially small capillary pores, would evolve gradually 
into closed pores with the filling of hydrates into the pores during hy
dration, which further decreases the volumes of the connected pores and 
increase the volumes of the closed pores. On the other hand, the newly 
formed closed pores from connected pores may enwrap some free water 
hence hydration will continue in those closed pores. However, without 
continuous supply of water, the hydration inside the closed pores is 
limited, which makes the volumes of the closed pores decrease very 
slowly. Fig. 5c shows the porosity fractions of the pores with different 
sizes of the hardened C3S pastes hydrated for 12 h, 3 days, 7 days and 28 
days. It can be seen that the porosity fractions of the largest pores with 
diameters between 200 nm - 7700 nm decrease sharply during hydra
tion, while smaller ones between 50 nm - 200 nm increase before 3 days 
of hydration and then decrease afterwards, and the smallest ones be
tween 20 nm - 50 nm slightly increase before 7 days and decrease at 28 
days. It demonstrates that, with the continued hydration, hydrates fill in 
the connected pores and hence separate the large pores into smaller 
ones, which causes the decrease of large pores all the way and the in
crease of smaller pores over a certain period of time, hence brings a finer 
pore structure and lower total porosity in the hardened C3S paste. On the 
other hand, as seen in Fig.s 4c, 4f, 4i and 4 l visually, the largest pores are 
almost all connected pores and the smallest pores are mostly closed 
pores. As shown in Fig. 5c, the volume of the former group decreases fast 
and contributes to the increase of that of the latter by involving in the 
hydration reaction strongly, while the latter group involves in the hy
dration reaction much less. 

4. Conclusions 

In this work, the SBFSEM method is demonstrated to be a very 
promising 3D visualization technique at nano-scale for both imaging and 
quantitative study of the spatial structure of the hardened C3S pastes 

Fig. 7. The TG-DSC curves and pore size distribution of the hardened C3S paste. (a)The TG-DSC curves of the C3S paste hydrated for 7 days and 360 days. (b) The 
pore size distribution (dV/dlogD) of the hardened C3S paste hydrated for 7 days. 

Table 1 
Porosity measured by MIP and SBFSEM.  

Methods Porosity (%) 

Total <20 nm 20 nm–50 nm 50 nm–200 nm >200 nm 

MIP 21.4 7.4 2.3 5.4 6.3 
SBFSEM 14.1 – 2.4 6.2 5.5  
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during hydration. 
Evaluation of the degree of hydration and porosity of the selected 

different volumes of the ROI indicates that a volume of sample no less 
than 1.8×104 μm3 needs to be used for 3D nano-structure investigation 
on the hydrated pure cement specimens. 

The spatial distribution of the unhydrated C3S particles, the hydrates 
and the pores in the hardened C3S pastes were revealed directly in three 
dimensions at nano-scale with a voxel size of 16.6 nm × 16.6 nm × 20 
nm. The degree of hydration based on the total volumes of the unhy
drated C3S particles was calculated. The pore structure of the hardened 
C3S pastes was clearly revealed in three dimensions through SBFSEM 
measurements. The spatial tortuosity and connectivity information of 
the pores are visually presented. With the increase of hydration time, the 
connected pores in hardened C3S paste decrease much faster than the 
closed pores. The porosity fractions of the large pores between 200 nm 
− 7700 nm decreases steadily during hydration, while those between 20 
nm - 200 nm increases firstly and then decreases, resulting in a denser 
hardened microstructure. It indicates that the formation of the pore 
network is a complex procedure which includes not only the partition of 
the open pores but also the formation of the new open and closed pores 
during hydration. 
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