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ABSTRACT

Eco-cements are a desirable alternative to ordinary Portland cements because of their lower CO;
footprints. For instance, the manufacture of Calcium SulfoAluminate (CSA) cements is more
environmentally friendly than that of Portland cements as their production may decrease CO;
footprint by up to 40%. CSA cements contain ye'elimite, CasAlsO1,SO4, as main phase. The
hydration of ye'elimite leads to hydrated compounds such as crystalline ettringite (AFt), crystalline
monosulfoaluminate (AFm) and amorphous aluminum hydroxide gel, AI(OH);-nH,O.

Here, we report the results of a ptychographic X-ray computed tomography (PXCT) study on the in
situ hydration of ye'elimite with gypsum at different early ages. PXCT is a nondestructive X-ray
imaging technique which provides 3D electron density and attenuation coefficient distributions of
cement pastes with an isotropic resolution close to 100 nm allowing distinguishing between
component phases with very similar contrast in more conventional absorption-based X-ray
tomography. The sample was prepared by hydrating ye'elimite with gypsum. Four datasets were
recorded at 48, 53, 58 and 63 hours of hydration. The main aim of this imaging study was to
quantify the microstructure evolution, within this time interval, with submicrometer spatial
resolution. The different component phases were identified and their mass densities determined.
Furthermore, the tomograms were segmented and the volume percentage of each component were
determined and compared at the four hydrating ages.

The overall porosity content (air and pore solution) decreased from 11.5 to 8.8 vol% and the
anhydrous material content (ye'elimite and gypsum) decreased from 14.7 to 7.5 vol% in the studied
time interval. Correspondingly, the hydrated content (crystalline ettringite and aluminum hydroxide
gel) increased from 73.7 to 83.7 vol%.

The time evolution of several anhydrous particles was analyzed to determine the dissolution rate of
the ye'elimite particles. Similarly, the pore filling process has also been investigated by quantifying
their time evolution. These rates are reported and some insights about the mechanisms of these
processes are discussed.



INTRODUCTION

Ye'elimite is the most important phase in calcium sulfoaluminate cements (CSA) (1) since it
develops early mechanical strengths. CSA binders may have quite variable compositions, but all of
them contain more than 50 wt% of ye'elimite phase, CasAls012,S0,, also called Klein’s salt or
tetracalcium trialuminate sulfate as their main phase (2,3). They also have minor amounts of other
phases such as belite, tetracalcium aluminoferrate, anhydrite, gehlenite or mayenite [4]. Ye'elimite
is also present, ~25 wt%, in sulfobelite cements (5,6). CSA cements are very promising
environmentally-friendly materials because they allow decreasing the CO, footprint of cement
production. For every tonne of ordinary Portland cement (OPC) produced, ~0.97 tonnes of CO; are
released into the atmosphere, with the cement industry contributing around 6% of all anthropogenic
CO, emissions translating into approximately 4% of the planet’s global warming (7). By
comparison, CSA cements are produced with significantly lower CO, emissions relative to OPC,
achieved through the use of lower amount of carbonated raw-materials (part of calcite is replaced
by gypsum) and a reduced clinkering temperature (1). Moreover, CSA cements are also relatively
friable after firing and consequently require less energy to be ground. The overall CO, emission
reduction can amount up to 40% (8).

During the 1970s, CSA cements were introduced into the Chinese market as a result of the high-
performing and dimensionally-stable cementitious matrices developed by China Building Materials
Academy (9). However, in Europe, the use of CSA cements is limited by the lack of standards
concerning special cements derived from non-Portland clinkers. Recently, the manufacture and
marketing of CSA cements has been started by several European cement companies (2,10-12).

Ye'elimite hydrates very fast and most of the hydration heat is released during the first hours.
Consequently, retarders are needed to ensure workability of the corresponding mortars and
concretes (13). The hydration reaction of ye'elimite in presence of a sulfate source has been
previously reported and it is shown in reaction [1], where the products are crystalline ettringite,
CagAl(OH) 2(S0O4)3:26H,0 (also known as AFt) and amorphous aluminum hydroxide (also known
as aluminum hydroxide gel, A-H gel or amorphous gibbsite) (14,15).

CasAlgSO16 + 2CaSO4nH,0 + (38-2n) HoO — CagAl(OH) 5(S04)326H,0 + 4A1(OH);-gel [1]

X-ray tomography has become an important tool for investigating Portland cement hydration to
study the pore network, tortuosity and other relevant parameters (16,17). In addition, in situ
hydration studies have been also performed in cement pastes by X-ray tomography. /n situ studies
are important to control the reaction kinetics and the microstructure of the hydration products in
spite of using protocols to stop the hydration which can alter the microstructure. The hydration of a
Portland cement from 1 to 60 days was studied in situ by synchrotron X-ray microtomography (18).
However, the study of the hydration mechanism was limited due to the low spatial resolution which
did not allow resolving the small pores and particles. An X-ray absorption tomographic study
focused on the characterization of OPC and CSA pastes was also reported (19). The study was
based on the study of the morphological evolution of mineral phases and the analyses of the three-
dimensional evolution of the pore network up to 12 hours. Moreover, a very recent in situ study was
devoted to the evolution of the gypsum plaster setting in order to study the hydration kinetics and
the final microstructure of gypsum. A thorough study was performed for different particles in order
to determine the dissolution speed of the hemihydrate as a function of the particle thickness (20). It
is important to point out that a review about the use of synchrotron radiation to investigate cements
has also been reported. That review includes an overview of the available imaging approaches (21).



Additionally, ptychographic X-ray computed tomography (PXCT) is a scanning microscopy
technique which uses the coherence properties of synchrotron radiation (22). In PXCT, the post-
sample X-ray optics is replaced by phase retrieval algorithms which, combined with the
ptychographic approach, make the technique very reliable and robust (22-26). A confined X-ray
beam is used to illuminate the sample and coherent diffraction patterns are recorded in the far field
from different overlapping illumination regions of the sample. Finally, the amplitude and the phase
of the complex-valued transmissivity of the sample can be obtained due to the redundancy in the
data and the use of iterative phase retrieval algorithms. This technique provides 2D high-resolution
projections of the sample and a three-dimensional distribution of the difference from unity of real
part of the refractive index, J(r), and the imaginary part of the index, f(r), can be simultaneously
obtained when applying a tomographic approach. Moreover, PXCT can provide isotropic 3D
resolution better than 20 nm (27) and, if the stoichiometries are known, accurate mass density
values. (28)

The 3D electron density distribution, 7.(r), can be obtained as (28)
__ 2mé(r)
ne(r) = 224 [2]
where 7, is the electron radius and 4 is the X-ray wavelength. PXCT provides quantitative
information for materials of known chemical composition. In this case, the mass density can be
calculated as (28)
_ ne(mA
p(r) = a2 [3]
where N4 1s Avogadro's number, 4 is the molar mass, and Z is the total number of electrons in the
formula unit.

The measure of the mass densities of every component within complex matrices with a high
sensitivity and selectivity makes the technique very appropriate for studying the microstructures of
cement pastes (29,30). PXCT was applied to investigate the hydration of an OPC. The composition,
density and microstructure of all their components were studied (29). Furthermore, the 3D
tomograms were segmented and the mass densities of the different phases were quantitatively
determined. This technique was also used to image the hydration of alite, the main phase of OPC.
In this case, the densities and water contents of C-S-H gels were determined (30). Finally,
ye'elimite-containing pastes have been recently investigated by PXCT. All the phases were
segmented and the composition and mass density of aluminum hydroxide gels were determined

31).

In this work, PXCT has been used to perform an in sifu study of a ye'elimite-containing paste. The
mass densities of the different phases have been determined. In addition, the tomograms have been
segmented and the volume percentages have been determined and compared at four different ages.
Finally, the evolution of the dissolution of some anhydrous ye'elimite particles with the hydration
time has been also characterized.

EXPERIMENTAL SECTION

Sample preparation.

A stoichiometric mixture of ye'elimite (32) and gypsum was prepared according to reaction [1]. The
starting anhydrous mixture was milled for 40 minutes in a vibratory mill and after that, it was
attrition milled with isopropanol for 30 minutes (3 cycles of 10 minutes) to ensure that large



particles could not block the narrow parts of the capillaries. Then, to prepare the paste for the PXCT
experiment the appropriate amount of the mixture was weighted. The mixture was loaded inside a
tapering quartz capillary using an ultrasound bath to shake the capillary for the powder to reach the
tip. Afterwards, the capillary was filled up with the appropriate amount of distilled water with a
water-to-solid (w/s) ratio of 1.4, and immediately both ends of the capillary were sealed with UV-
hardening glue. The sample was stored at room temperature (RT).

PXCT experiments and data processing.

The measurements were carried out at the cSAXS beamline at the Swiss Light Source, Paul
Scherrer Institut, Villigen, Switzerland, using the instrumentation described elsewhere (27,33)
which uses laser interferometry for accurate positioning of the specimen with respect to the beam-
defining optics (34). The energy of the X-ray photons was set to 6.2 keV using a Si(111)
monochromator. A coherently illuminated gold Fresnel zone plate (35) of 170 pum diameter,
outermost zone width of 60 nm, and 51 mm focal length was used to define the illumination onto
the sample. The sample was placed at 2.6 mm from the focus in order to obtain an illumination spot
of 8.7 um in diameter on the sample. The far-field diffraction patterns were acquired with the
detector EIGER 500k (36) with a pixel size of 75 um which was placed at 7.35 m distance from the
sample, satisfying the ptychography sampling conditions (37,38). Each ptychographic scan spanned
a field of view of 72 microns times 45 microns (horizontal x vertical) and consisted of about 360
positions following the pattern of a Fermat spiral (39) with a step size of 3 um and, at each step, a
coherent diffraction pattern was acquired with 0.1 s of exposure. From each diffraction pattern,
only a region of 400x400 pixels of the detector area was used for ptychographic reconstructions,
which resulted in a pixel size of 40.8 nm in the reconstructed images. The tomographic projections
were acquired using a binary acquisition strategy with 8 interlaced nests of projections as described
by Kaestner et al. (40). Finally, 600 projections at equally spaced angular intervals within the
angular range of 0° and 180° for the sample were obtained. The total acquisition time for the
complete tomographic dataset, including the time needed for sample positioning and other possible
overhead of the measurement was approximately 20 h. The final projections were divided and
reconstructed in four different sub-tomograms (5 h each) at the average corresponding hydration
ages, 48, 53, 58 and 63 hours. We estimate that the total dose imparted on the specimen ranged
from about 1.4x10” Gy for the A-H gel to 3.9x10’ Gy for ye'elimite for all 600 projections.

During the ptychographic phase retrieval for each projection, some projections still exhibited non-
physical phase vortices after 1600 iterations of the difference map algorithm, (41) which typically
indicates that the final convergence of the algorithm has not been achieved yet. Thus, in order to
assist the convergence, we pushed the reconstructions away from such stagnation point doing the
following: i) the vortex positions and their corresponding topological charges were found in each
projection using the procedure explained in Goldstein et al.; (42) ii) the vortices were removed by a
product with a phase vortex of opposite topological charge at the same positions; iii) the
reconstructions were then casted into further 500 iterations of the difference map algorithm until
the proper convergence was reached. Finally, 100 iterations of maximum-likelihood optimization
(43) were applied to the reconstructions.

The phase projections needed to undergo several processing steps including the removal of zero
and 1% linear terms, phase unwrapping, and vertical alignment (44) prior to the tomographic
reconstruction. In addition, the horizontal alignment of the projections was performed using a
tomographic consistency approach (45). Finally, we applied a modified filtered backprojection
(FBP) suitable for wrapped phase (44) using a Hanning filter with 0.2 normalized cut-off
frequency, taking into account its higher signal-to-noise ratio. The spatial resolution of the 3D



images of the phase contrast tomogram was determined using the Fourier Shell Correlation (FSC)
method with a threshold based on the half-bit criterion (27,46).

Segmentation of the material phases.

The segmentation study was carried out to determine the volume of the different component phases.
The segmentation study was performed with Avizo® Fire edition v. 8.0 (FEI Visualization
Sciences Group). A region of interest, excluding the capillary, was selected to perform threshold-
based image segmentation on the phase contrast tomogram. The materials were separated using the
average values obtained for the electron densities by applying the threshold tool which is included
in the segmentation editor of the Avizo suite®. The volume percentages of each component phase
were quantitatively determined using the tool “material statistics” of the Avizo suite®.

RESULTS AND DISCUSSION

PXCT generates two tomographic data sets: the 3D electron density distribution, ne(r), obtained
from the phase projections, and the 3D distribution of the complex-part or the refraction index,
B(r), obtained from the absorption projections. For this study, only the 3D electron density
distribution tomograms were used due to their higher spatial resolution.

The hydration kinetics of ye'elimite with gypsum has been investigated by PXCT at 48, 53, 58 and
63 hours of hydration. The volume of each reconstructed data set was about 1.5x10° pm”®. The 3D
spatial resolution, determined by FSC, was estimated to be close to 500 nm. The resolution of the
reconstructions is limited by the number of projections, the signal-to-noise ratio and also by the
possible movement of the sample during the acquisition time. Figure 1 displays the same vertical
slice of the tomogram at four different times. The phases have been labeled in the first tomogram,
top left corner. Here, different components were identified based on their electron densities.
Particles of anhydrous materials, gypsum and ye'elimite could be observed in the tomograms.
Hydrated material phases such as crystalline ettringite and amorphous aluminum hydroxide gel
were also identified. Finally, it is important to highlight the presence of a significant amount of air
porosity and volume regions with a density close to that of water (pore solution).

PXCT gives quantitative information of the different component phases. For this reason, ten
particles were analyzed for each component phase to determine their electron densities, which were
converted to mass densities by using equation [3]. Good agreement between the measured and
theoretical mass densities was found. No variations in the densities with time were obtained.
Consequently, results are reported only for the 63 hour tomogram. Table 1 gives the average
electron and mass densities obtained by PXCT. For the amorphous aluminum hydroxide gel, the
chemical composition obtained in a previous study for a similar sample (31), AI(OH);-2.3H,0, was
used for the determination of its mass density. In Table 1, the term pore solution is used to describe
the water which is dissolving relevant chemical species (f.i. Ca®', SO, etc.).
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Figure 1. Vertical slices of the electron density tomograms from PXCT for ye'elimite with gypsum
paste at the different ages.

Table 1. Electron and mass densities obtained by PXCT at 63 hours. Expected electron and mass
densities are also listed for the sake of comparison.

Expected electron Measured Expected mass

Material Chemical nJ/e~A®  density /e-A®  mass density density
phase Formula Jorem’ 3
g-cm /g:em
pore solution ~H,0 0.36(1) 0.33 (water) 1.1(2) 1.00 (water)
A-H gel Al(OH);-2.3H,0 0.46(1) 0.74 (cryst. Gibb) 1.45(3)* 2.40 (cryst. Gibb)
AFt CagAl(OH)12(S0O4)3-26H,0 0.558(9) 0.56 1.77(2) 1.78
gypsum CaS0,-2H,0 0.701(4) 0.71 2.28(1) 2.30
ye'elimite CasAlg01,S0, 0.767(7) 0.78 2.58(2) 2.60
capillary SiO, 0.673(7) 0.66 2.25(2) 2.20

* This number has been obtained by assuming the following stoichiometry, Al(OH);-2.3H,0, for
the aluminum hydroxide gel (31).

In the first tomogram, at 48 h, a relatively large amount of porosity (both air and water) is clearly
visible, see Figure 1. Moreover, we can observe the evolution of porosity, anhydrous particles and
hydrated material such as aluminum hydroxide gel and ettringite with time. Some pores and
anhydrous particles disappear with time leading to the formation of more hydrated material (Figure
1, green circles). This will be quantified below. The different electron densities of the components
allow us to follow the evolution of the anhydrous phases, the hydrated products and the porosity
during the hydration reaction.



The electron density histograms of a cubic volume-of-interest (VOI) inside the capillary of about
1.4x10* um’ (a cube size of 24x24x24 um3) were computed at the four different ages and are
displayed in Figure 2a as colored solid line in logarithmic scale to emphasize low content
components. It is evident in the histogram the relatively high porosity of this sample. In the
histograms, the distinction between hydrates, ettringite and aluminum hydroxide gel, is not possible
due to the limited spatial resolution and the similarity of the electron density coefficients. The
electron density histograms at early ages have been compared with that obtained for a sample
hydrated for 18 days, which was previously reported (31). The starting materials were the same in
both cases, but the w/s ratio in the scanned regions of these two samples does not necessarily has to
be the same. For this second sample, the hydration reaction had finished and the obtained 3D
resolution was far better, 140 nm. The hydrated materials, aluminum hydroxide gel and crystalline
ettringite could be clearly distinguished, as well as air and water porosity (see dashed line in Figure
2a). Figure 2b displays the histograms in linear scale at 48 and 63 hours, the inset enlarges the
region of the anhydrous phase peaks. The histogram for the first tomogram indicates a smaller
number of voxels for the hydrated phases and higher amounts of anhydrous phases in comparison
with the tomogram at 63 hours. Moreover, the electron density peaks in the histogram at 63 hours
are better defined so that the evolution of the hydration reaction at that time is slower and
consequently this tomogram, recorded in exactly the same conditions, has slightly better resolution.

Threshold-based image segmentation was performed at the different ages for a large VOI of about
5x10* um’ of the electron density tomogram. In each case, three different components were
segmented and quantified: 1) the component(s) with electron densities lower than 0.42 ¢-A” were
considered porosity (including pore solution and air pores); i1) hydrated phases were computed for
electron densities ranging from 0.42 to 0.62 ¢“A” (including aluminum hydroxide gel and
crystalline ettringite); ii1) anhydrous materials were calculated for electron densities higher than
0.62 ¢-A”. Volume percentages for different ages are displayed in Table 2. Moreover, a 3D
rendering of a cut of the tomogram at each hydration time is shown in Figure 3. This figure displays
the evolution of the hydration with time. Table 2 and Figure 3 show how the porosity slowly
disappears as more hydrated material is formed partly filling these volumes. The dissolution of
anhydrous particles can also be observed. A decrease by 2.7 vol% of the total volume of porosity
was observed between the first and the last recorded tomogram. This is clearly linked to the
formation of more hydrated material that fills this porosity. Moreover, the anhydrous material
decreased by 7.2 vol%.

Table 2. Component contents (expressed in volume percentages) determined by PXCT for the
analyzed paste at the different hydration ages.

Material phase (vol%b) Hydration time

Anhydrous
(ye'elimite + gypsum) 14.7 10.0 8.0 75
Hydrated
(AFt + A-H gel) 73.7 79.5 82.6 83.7
Total porosity 11.5 10.4 9.4 8.8
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Figure 2. Volume-of-interest histogram of the electron densities for the sample in (a) logarithmic
scale at the different hydration times and (b) linear scale at 48 (black) and 63 hours (red). The inset
in (b) enlarges the region of anhydrous content.



Figure 3. 3D renderings of the segmented volumes showing the material components of the same
sample at different ages. Color codes: yellow for hydrated components (AFt and A-H gel); brown
for anhydrous components (ye'elimite and gypsum); and light blue for total porosity.

The time evolution of selected volumes was closely followed. Firstly, several anhydrous particles
were chosen and their dissolution rates were studied. This analysis was performed by monitoring
the evolution of the electron density value across the particles with hydration time. This
characterization was processed with ImageJ/Fuji shareware (47,48). Figure 4 presents the evolution
of the electron density for two selected (anhydrous) ye'elimite particles jointly with the
corresponding images of the particles. In the first case, the dissolution of the particle led to the
formation of some air porosity and, at the same time, the hydrated material was also precipitating
around the particle, see Figure 4 (top). However, this selected particle was not fully dissolved
between 48 and 63 hours. Conversely, Figure 4 (bottom) shows a similar study for an anhydrous
particle which dissolved completely. Both profiles show that the main differences for the
dissolution of these particles can be found between 53 and 58 hours. The evolution with time was
carried out for around 10 ye'elimite particles which were dissolving between 48 and 63 hours. It is
important to highlight that other particles were not dissolved during this analyzed time period, see
below. For the anhydrous particles, which were being dissolved, a dissolution speed could be
determined using the difference in the measured particle thickness between 48 and 63 hours. In this
case it was found that the average value for the ye'elimite dissolution rate, in this time period, was
~2 nm'min”'. The different morphologies of the particles showed that the hydration may well have
started before 48 hours. It is evident from the analysis of the studied particles, see also Figure 4,



that the particles dissolved if the surfaces are close to pore solution which has an electron density
smaller than ~0.45 ¢-A”. In addition, it was found that the dissolution of the particles was not
regular along all the particle surfaces.

Secondly, some anhydrous ye'elimite particles were not dissolved within the studied period of time.
Figure 5 shows the time evolution of two ye'elimite particles exhibiting this behavior. It can be seen
that the electron density of the matrix which surround these particles is close to ~0.50 ¢*A™ or even
higher. These values are higher than those expected for pore solution and they correspond to
ettringite and aluminum hydroxide gel. Hence, we conclude that these particles do not dissolve
because the water (pore solution) content close to the particles was quite low which does not allow
mass transport.

Thirdly, the evolution of the air porosity was also followed. The electron density profiles for
selected small pores were measured at the different hydration ages, see Figure 6. It is important to
highlight that the electron density of the air porosity should be 0 but the small variations found are
within the errors of the measurements. Figure 6 shows that the air pores are being filled with the
hydrated phases. Moreover, the precipitation speed could be also determined based on 5 different
pores of similar size of 2-3 micron diameter. It was found that the average value for the
precipitation rate of hydrated phases in the studied time period was ~1 nm-min™,

From this study, some insights about the hydration mechanism of ye'elimite-containing cements can
be deduced: I) The measured ye'elimite dissolution rate, ~2 nm-min™ seems faster than the hydrated
precipitation rate, ~1 nm'min™. II) Porosity develops close to the volume previously occupied by
the dissolving anhydrous particles. III) The hydrated material partly occupied the initial volume of
the anhydrous particles but it also fills the existing pores. IV) Some anhydrous ye'elimite particles
were not dissolved within this period of time pointing towards a slightly inhomogeneous water
distribution.

Finally, it is important to clarify that additional work is required to fully characterize the evolution
of the ye'elimite/gypsum paste with time. PXCT allows us to monitor the in situ hydration of a
cement sample with good spatial resolution, close to 500 nm, although the time required for
obtaining the tomogram limits this type of experiments. However, instrumental developments,
including upcoming diffraction-limited synchrotron sources, are expected to shorten this acquisition
time. It is important to have a good spatial resolution, in order to be able to distinguish between
pore solution, hydrated components and anhydrous material, but also with better temporal
resolution. In any case, it is worth emphasizing that although the sample moves during acquisition,
as the hydration reaction progresses, the ptychographic reconstruction algorithms converge within
the required resolution, because these changes are small compared to the resolution within a single
projection acquisition. On the other hand, changes occurring during an entire tomographic
acquisition results in averaged microstructural information over the acquisition time.
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CONCLUSIONS

Ptychographic X-ray computed tomography has been used to perform an in sifu microstructural
study of a ye'elimite hydrating paste. Four datasets were collected at 48, 53, 58 and 63 hours of
hydration time. In this study, it was possible to identify all the different component phases present
in the paste. The mass densities of the different components such as anhydrous ye'elimite and
gypsum, hydrated crystalline ettringite, and aluminium hydroxide gel were accurately determined.
Segmentation of the tomograms showed the evolution of the hydration reaction with time. The
volume percentage of anhydrous materials and porosity decreased with time leading to the
formation of more hydrated material. Finally, the dissolution rate was determined to be ~2 nm-min"'
for some ye'elimite particles, while the precipitation rate was determined as ~1 nm-min”' for the
formation of ettringite and aluminium hydroxide gel within the pores.
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