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ABSTRACT: Calcium silicate hydrates (C—S—H) are the most abundant hydration products in e csH cH

ordinary Portland cement paste. Yet, despite the critical role they play in determining mechanical
and transport properties, there is still a debate about their density and exact composition. Here,
the site-specific mass density and composition of C—S—H in hydrated cement paste are
determined with nanoscale resolution in a nondestructive approach. We used ptychographic X-
ray computed tomography in order to determine spatially resolved mass density and water
content of the C—S—H within the microstructure of the cement paste. Our findings indicate that
the C—S—H at the border of hydrated alite particles possibly have a higher density than the

apparent inner-product C—S—H, which is contrary to the common expectations from previous

works on hydrated cement paste.

1. INTRODUCTION

Critical to the understanding of cement hydration processes is
accurate site-specific knowledge of the mass density of calcium
silicate hydrates (C—S—H)." For instance, the hypothesis that
C—S—H is less dense at the original cement particles’ outer
rims than in their interior is integral to most modeling of
cement-based materials.””® These two types of C—S—H are
easily distinguished in electron microscopy and are called inner
or outer products, or “phenograins” or “groundmass,”
respectively.'’

Density measurements of C—S—H depend on the method of
sample preparation and the hzfdration condition, and various
values have been reported.”"*®''"'® Furthermore, most
density measurements lack spatial resolution. For site-specific
densitometry of C—S—H, we used here ptychographic X-ray
computed tomography (PXCT),*® which is an X-ray imaging
technique having demonstrated an isotropic 3D resolution
better than 20 nm.*' PXCT nondestructively provides 3D
images of the sample’s complex-valued X-ray refractive index,
usually written n(r) = 1 — &(r) + iff(r), where the refractive
index decrement 6 and the absorption index /3 give rise to phase
and absorption contrast, respectively. Having determined ¢ is
often sufficient for density mapping.>> The high penetration
power of X-rays allows for samples of many tens of
micrometers in thickness, thus alleviating the risk of altering
mass densities when extracting small samples. In a previous
study, we could distinguish individual material phases within a
30 um thick sample of epoxy-impregnated hardened cement
paste and determine their densities quantitatively.”> Here we
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analyzed more than 400,000 um® of alite-based hardened
cement paste in saturated never-dried conditions, correspond-
ing to about 10° resolution elements and used accurate
measurements of the complex-valued refractive index to gain
insight into the composition of the specimen as well.***

2. EXPERIMENTAL SECTION

Alite powder was put inside a tapering capillary, which was
filled with distilled water immediately before both ends were
sealed. Sixteen days later, two parts of the capillary were
investigated: (i) a small volume of about 25 ym thickness close
to the capillary tip, denoted as volume A, and (ii) a larger
volume further away from the capillary tip, where the specimen
thickness measured about 90 um, denoted as volume B.
Volume B was measured 1 day after volume A. Further details
of the sample preparation and the PXCT experiment
conducted at the c¢SAXS beamline of the Swiss Light Source,
Villigen, Switzerland, are provided in the Supporting
Information.

3. RESULTS AND DISCUSSION

The reconstructed data set of volume A was about 40 X 40 X
23 um?® in size with a voxel size of 43.7 nm. Vertical slices of the
absorption and phase contrast tomograms are shown in Figure
1. The 3D spatial resolution of the phase contrast images was
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Figure 1. Vertical slices of the (a) phase contrast and (b) absorption tomograms of the hydrated cement paste in the volume A, where the colorbars
correspond to § and f3, respectively. UN: Unhydrated C;S; C—S—H: calcium silicate hydrate; Q: quartz capillary; and W: pore solution. (c) 3D
renderings of the volume showing how the material phases are located with respect to each other. (d) Bivariate histogram of § and f. (e) Radial
electron density profile of the particles as a function of distance from surface inward. The effective particle diameters are shown in the legend. (f)

Site-specific water content of the C—S—H at the same slice shown in (a) and (b) with a resolution of 1 ym, where the colorbar is given in units of
mol of water.

estimated to be 130 nm, whereas the resolution of the
absorption images was found to be 250 nm due to lower signal-
to-noise ratio. As was seen as well in environmental scanning
electron microscopy,”® C—S—H needle-like structures, hun-
dreds of nanometers in length, growing outward from the
surfaces of the original particles were characteristic for the
morphology of the hydrated alite particles.

To identify the material phases from the 3D images from
volume A, threshold-based image segmentation was carried out
on the phase contrast images in a similar way as presented
before.>> We identified the C—S—H, the capillary pores, which
represent the part of the gross volume that has not been filled
by the products of the hydration, and a few unhydrated residues
of C;S. No CH was found, and gel pores, ie., interconnected
interstitial spaces within the C—S—H structure that are much
smaller than the capillary pores, were not spatially resolved.
The 3D renderings of the volume are presented in Figure Ic.
Thirteen individual loosely packed C;S particles could be
identified, seven of which were fully contained within the
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tomographic field of view. Two out of these seven were only
partially hydrated and contained some residual unhydrated C,S.
The other five were fully hydrated. The bivariate histogram of
the refractive index decrement 6 and absorption index /3 values
extracted from the tomograms is shown in Figure 1d.

For the characterization of the volume B, the reconstructed
data set size was about 110 X 110 X 68 ym? with identical voxel
size of 43.7 nm. Vertical slices of the absorption and phase
contrast tomograms are displayed in Figure 2. The 3D spatial
resolution obtained on the phase contrast images was
approximately 130 nm, while the absorption images had
resolution of about 200 nm. The identified material phases are
C—S—H, CH, unhydrated residues of C;S, and capillary pores,
which were much less abundant than in volume A. Here too,
gel pores were not resolved. Figure 2¢ displays how the phases
are located with respect to each other, and Figure 2d displays
the bivariate histogram of § and J. The combined use of
absorption and phase information facilitates the identification
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Figure 2. Vertical slices of the (a) phase contrast and (b) absorption tomograms of the hydrated cement paste in the volume B, where the colorbars
correspond to § and S, respectively. UN: Unhydrated C,S; CH: calcium hydroxide; C—S—H: calcium silicate hydrate; Q: quartz capillary; and W:
pore solution. (c) 3D renderings of the volume showing how the material phases are located with respect to each other. (d) Bivariate histogram of §
and /. (e) Radial electron density profile of the particles as a function of distance from surface inward. The effective particle diameters are shown in
the legend. (f) Site-specific water content of the C—S—H at the same slice shown in (a) and (b) with a resolution of 1 ym, where the colorbar is

given in units of mol of water.

of different material phases independent of sample morphology,
which is often challenging for automated segmentation.
Segmentation of individual particles, as detailed in the
Supporting Information, allows for the electron density within
each particle to be measured as a function of the distance from
the surface. Such electron density profiles are displayed in
Figures le and 2e for volumes A and B, respectively. All seven
particles found to be fully contained in volume A were
evaluated, whereas only five loosely packed particles without
apparent concavities from volume B were used because of the
challenging task of distinguishing the particles boundaries as
described in the Supporting Information. For fully hydrated
particles, the highest value of electron density was found
between approximately 200 and 600 nm from the apparent
particle surface. Further toward the center of the particles, the
electron density decreases. Contrary to what has been hitherto
hypothesized,* ®® this indicates that the C—S—H at the border
can have a higher density than the inner-product C—S—H.
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In the case of partially hydrated particles, we observe a
different trend. Close to the surface, the partially hydrated
particles in volume A exhibit similar electron densities as the
fully hydrated particles, leveling off further from the boundary
before increasing to the expected value for unhydrated C;S. A
similar behavior is observed in volume B. However, the shell of
C—S—H around the unhydrated cores was found to be
significantly thinner. This difference can also be observed on
the bivariate histograms. Whereas in Figure 2d (volume B) C—
S—H occupies a region fairly symmetric in both 6 and f, the
C—S—H distribution in Figure 1d (volume A) appears
“skewed” and comprises higher values of both 6 and B. This
indicates the presence of two types of C—S—H in volume A not
thus observed in volume B. Since the particles in volume A
were in constant contact with water and the local water-to-solid
ratio in volume A was significantly higher than for the rest of
the sample (cf. Figure 1c), we consider volume B much more
representative of realistic alite-based cement paste. Whereas
CH was not found in volume A, in volume B it limits the
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Table 1. Average Mass Density Values and Composition of the C—S—H in the Fully and Partially Hydrated Particles, Where y
Represents the Estimated Number of Moles of Water in the Stoichiometry of C—S—H, Which Is Written As C,,SH,

C—-S—-H mass density [g-cm™]  relative mass of C  relative mass of S relative mass of H number of moles of water (y)
fully hydrated particles in volume A 1.726 + 0.006" 0.334 + 0.009“ 0.204 + 0.006" 0.462 + 0.014* 7.5 + 04°
1.909 + 0.005" 0420 + 0.009° 0257 + 0.006° 0324 % 0.015° 42 +03°
partially hydrated particles in volume A 1.860 + 0.004“ 0.383 + 0.007¢ 0.235 + 0.004° 0.382 + 0.011¢ 5.4 +0.3°
1.96 + 0.04° 0387 +0011° 0237 +0.007° 0376 + 0.018° 53+ 04”
partially hydrated particles in volume B 1.828 + 0.005 0.389 + 0.010 0.238 + 0.006 0.373 £+ 0.015 52 +04

“Apparent inner-product C—S—H. bApparent outer-product C—S—H.

availability of pore solution for hydration by restricting the
space around the particles and thus may slow down the
hydration process.

These findings corroborate the observation by Muller et al."’
that C—S—H density depends on hydration. Moreover, since
we did not resolve the gel porosity, there is significant
uncertainty on account of the unknown contribution of
interlayer water to our density measurements. With regard to
the high-density C—S—H found in fully hydrated particles from
volume A, we speculate that this is related to water diffusion. As
the C;S particles get hydrated, the water could diffuse inward
while the outer products could be pushed outward, which has
possibly caused the increase of density on the border of the
fully hydrated particle in volume A.

In order to assess in more detail the site-specific water
content of C—S—H in our measurements, we analyzed its
stoichiometry C,SH,, where x and y remain to be determined.
For the analysis, we assume x = 1.75 because the number of
moles of C should not vary far from this value according to the
literature.*'>'®*”?® Under this assumption and utilizing the
information on the complex-valued refractive index as provided
by PXCT, the water content of C—S—H can be quantified as
further described in the Supporting Information. Mean values
of mass density and composition of the C—S—H are presented
in Table 1.

The values of C—S—H densities presented here are higher
than those deduced from our previous measurements of epoxy-
impregnated hardened cement paste,23 which seems to confirm
the hypothesis stated therein that the results may have been
affected by incomplete epoxy resin impregnation of gel porosity
and carbonation-induced decalcification. Since the gel pores
contain water below the spatial resolution of the images, the
measured mass density of C—S—H is lower with higher degrees
of hydration.

Extracted molar concentration of water in the C—S—H of the
hydrated particles is shown in Figures 1f and 2f. We observed
that the fully hydrated particles of volume A exhibit a higher
amount of water at the particle border than in the inner part. It
is generally assumed that this water is located in the gel pores,
which are more present in the inner part. This also corroborates
the separation of high-density C—S—H at the border and low-
density C—S—H in the inner part. A similar behavior was
observed in the partially hydrated particles of volume A but
with less difference between inner and outer parts. Although we
did not observe the same behavior in the partially hydrated
particles of volume B, Figure 2f indicates a lower water content
of the C—S—H material in the center of the capillary.

4. CONCLUSIONS

In conclusion, we measured the density and water content of
C—S—H in ~16-day old saturated never-dried cement paste
using PXCT. The density values of such C—S—H ranges from
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1.726 g-cm_3 to 1.96 g~cm_3, and its water content ranges from
4.3 to 7.6 mol, assuming a C/S molar ratio of 1.75. Within
individual alite particles, we observed that the C—S—H density
can depend on the particles” states of hydration. For the fully
hydrated particles, the estimated density of the outer-product
C—S—H was larger than that of the inner-product C—S—H,
whereas for the partially hydrated particles, the densities of the
apparent outer and the inner products hardly differed. These
results exemplify new measurement opportunities at the
nanoscale for a large variety of complex multiphase systems.

B ASSOCIATED CONTENT
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Further experimental details and methods, supplemental tables
and figures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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