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Abstract A recently developed synchrotron-based imaging
technique, X-ray diffraction microtomography (XRD-CT),
has been applied here for the first time to a complex
system, the hydrating Portland cement paste, in order to
monitor the evolution of microstructure and phase forma-
tion with a 3D non-invasive imaging approach. The
ettringite-XRD-peak-based image reconstructions, com-
bined with transmission microtomography (X-pCT)
images, allowed to assess the ubiquitous distribution of
this phase, which appears early in the hydration process and
showed its preferential concentration in the relatively less
compact regions of the paste. The comparison of greyscale
histograms for cement pastes after 9 and 58 h from
hydration showed an increase of ettringite content with
age, in agreement with the quantitative Rietveld analysis of
the sum patterns. By renormalizing the greyscale histo-
grams to the relative weight fraction, as obtained from
Rietveld refinements, a new technique which allows
estimation of phase contents with spatial resolution has
been developed. The results achievable by combining
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Introduction

The property of cementitious materials to develop me-
chanical strength when mixed with water results from a
complex set of chemical, physical and microstructural
processes taking place during hydration. Although the
overall chemical reactions and physical changes occurring
during hydration are known, we have limited knowledge
of the mechanisms involved in the microstructural
development of the hydrating paste. A major issue
concerns the location where the hydration products prefer-
entially develop in relation to the reacting Portland clinker
phases (C3S, C2S, C3A and C4AF; cement chemistry
notation: C = CaO, S = Si0,, A = Al,O3, F = Fe,0O3 and
H = H,0) and their relationships with evolution of the
paste physical properties.

Backscattered electron (BSE) imaging has been widely
used to examine the microstructure of hydrated cementi-
tious materials [1-4]. BSE imaging provides compositional
contrast (mean atomic number) allowing individual phases
to be differentiated and quantified using image analysis.
However, the mean backscatter coefficient for several
hydration products (C—S—H, ettringite, AFm phases) are
too close to be individually distinguished and the quanti-
fication of microstructural characteristics is restricted to
unreacted cement phases, portlandite (CH) and porosity.
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Reliable BSE imaging requires careful preparation of flat,
polished surfaces of dried specimens. Only two-dimensional
sections of a three-dimensional microstructure can be ob-
served in a destructive manner.

X-ray microtomography (X-puCT) has recently been
applied on cement materials for characterising their 3D
microstructural features [5—10]. This technique offers the
great advantage of imaging the internal structure of the
object in an almost non-invasive manner. Investigating
materials without perturbing the micro-structures is funda-
mental when the physical properties of the materials are
dependent on the evolution of the intimate organisation of
the structure. However, X-uCT clearly shows features
having high-density contrast, such as voids and fractures
within the solid material, though different crystalline or
amorphous phases with similar density and composition are
hardly distinguished.

A 3D non-invasive imaging technique (approximately
micrometre spatial resolution) with added chemical and
crystal phase selectivity has been recently proposed
combining absorption-, fluorescence- and diffraction-
microtomography [11]. In particular, XRD-CT (X-ray
diffraction microtomography) represents a powerful and
very promising method combining the principles of X-ray
powder diffraction and microtomography to map the spatial
distribution of a selected crystalline or amorphous phase
inside a sample with a non-invasive approach. The
functioning of combined X-ray fluorescence and diffraction
microtomography setup was also tested and illustrated by
De Nolf et al. [12].

This paper reports the first application of XRD-CT to
cementitious materials combined with X-uCT. The aims of
the present study were to assess the feasibility of scanning
tomography with a powder diffraction-based contrast on
complex heterogeneous systems such as mortar and cement
samples. The study was also motivated by the need of
experimental data on the hydration products distribution to
be compared with simulated microstructure models as
obtained by 3D computer modelling of hydrating cement
[13, 14].

Experimental
Materials

Ordinary Portland cement and mortar samples were used in
this study. The cement sample was prepared by mixing a
CEM I 52.5 R powder with deionized water according to a
water to cement ratio (w/c) of 0.5. The paste was mixed by
hand for 30 s and inserted in a 500-um diameter glass
capillary (borosilicate glass capillary, wall thickness
10 um). A small portion of the tube capillary was filled
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by gently sliding the paste inside and then sealed with
plasticine at both ends. The syringe injection method was
avoided because it can induce bleeding effects (water is
squeezed away).

For the preparation of the mortar sample, a very fine
sand composed of quartz and feldspar grains was added. A
CEN standard sand (Société Nouvelle du Littoral) con-
forming to the EN-196-1 norm (“Methods of testing
cement; determination of strength) was sieved in order to
separate the granulometric fraction between 80 and
100 wm. This fraction was then passed through an
isodynamic magnetic separator in order to separate quartz
and feldspar grains from all the other minerals of the sand.
The mortar sample was then prepared by mixing the CEM I
52.5 R powder, the separated sand and deionized water,
according to a 2:1:1 mass proportion.

Microtomography measurements

X-ray absorption and X-ray diffraction tomographic scans
were performed at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at the ID22 beamline
[15]. The experimental setup of the beamline did not allow
simultaneous measuring of X-uCT and XRD-CT data on
the same sample, so it was necessary to move the
goniometer head with the sample capillary on different
sample stages for the two kinds of measurements. Never-
theless, it was possible to compare X-uCT and XRD-CT
images of approximately the same capillary cross-sections.

X-ray microtomography

For each sample, several high resolution tomographies were
performed at different times of the hydration process (from
1 to 72 h) in order to monitor the microstructural evolution
of the reacting material. The electron beam current in the
storage ring was about 200 mA, while the energy of the
incident X-ray beam was kept fixed at 14 keV using a
double-crystal monochromator. For each complete 180°
scan, 1,800 projections with an angular step of 0.1° were
acquired using a FReLoN CCD camera [16] working with a
20x optical magnification; the resulting pixel resolution
was ~0.7 pm. Acquisition times ranged from 0.650 to
0.875 s according to the composition and thickness of the
sample and to the amount of beam flux decay with time.
These experimental conditions represented the best com-
promise between acquisition times (approximately 40 min/
scan) and signal to noise ratio (i.e. image quality) and
ensured negligible heating and drying of cement during the
data collection. The reconstruction of the tomographic
cross-sectional slices was carried out using the Filtered
Back Projection algorithm [17] via the ESRF software
package PyHST [18].



X-ray diffraction microtomography

X-ray diffraction microtomography

The experimental setup for XRD-CT included a monochro-
matic (E=18 keV) and collimated 2x4 pm® beam, a
FReLoN fibre-optic taper CCD for fast data acquisition,
and a sample stage which allowed precise translational and
rotational movements. XRD-CT is based on recording
diffraction data while translating (along y, perpendicular to
the incident beam direction) and rotating (w, around
vertical z axis) the sample irradiated by the pencil beam.
2D diffraction patterns were recorded using 4-pm steps in
the horizontal scan (along y), and scans were taken over
180° rotation (w) with steps of 3°. Thus, for sampling a
500 um capillary sample, 108x60 diffraction measure-
ments were acquired, each measurement requiring an
acquisition time of 0.8 s, for a total measuring time of
8 h. Azimuthal integration of the 2D diffraction patterns
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allowed to obtain a series of 1D diffraction profiles where
regions of interest (ROIs), corresponding to different
scattering contributions, were selected in order to extract
sinograms Sp(yw) relative to specific phases (Fig. 1).
Tomographic reconstruction provided the variation of the
intensity of any diffraction ROI as a function of x, y, z, thus
obtaining axial slices of the corresponding phases. The
XRDUA software package (v2.0.0.4) [19] was used for the
entire process of calibration and correction of 2D-diffraction
frames, azimuthal integration, sinograms extraction and
tomographic reconstruction. Diffraction frames were cor-
rected for spatial distortion and dark current, sinograms were
normalised for the incident beam intensity (which decays with
time due to the finite lifetime of storage ring beam current),
and the MLEM (maximum-likelihood expectation—maximi-
sation) algorithm was used for tomographic reconstruction.
The reconstructed images (tomograms) have a final voxel size

Azimuthal
integrations

N, x N, CCD images

Selective phase
sinograms

Reconstructed slices

Fig. 1 Reconstruction scheme of the XRD-CT analysis: for every
translation (y) and rotation (w) of the sample, a 2D diffraction pattern
is collected, thus obtaining a set of azimuthal integrated linear
diffraction patterns. Regions of interest corresponding to a particular
26 range (e.g., a single peak) are selected on the linear diffraction
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patterns to build up sinograms, representing the variations of the
diffracted intensity as a function of y and w. Sinograms are then used
to reconstruct cross-sections mapping the spatial distribution of
selected phases of interest (sinogram a refers to ettringite while
sinogram b to the glass capillary)
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of 4x4x2 um? corresponding to the isotropic (x, y) sampling
of the reconstructed slice and to the slice thickness equal to
the vertical beam dimension.

XRD-CT data were collected on the mortar sample at
~12 h from hydration. The mortar sample was chosen in
order to verify the XRD-CT feasibility on a highly
heterogeneous system both in composition and grain size.
The cement sample was scanned at 9 and 58 h from
hydration in order to test the XRD-CT capabilities in
monitoring the evolution of cement hydration over time.

Results and discussion

The XRD-tomogram based on the 001 peak intensity of the
newly formed ettringite phase, CagAl,(SO4)3(OH);,-26H,0,
is shown in Fig. 2. Pixels with different grey values indicate
different amount of ettringite crystals inside the volume
sampled by the beam (4x4x2 pm?). The sub-micrometre
sized ettringite crystals were one order of magnitude smaller
than the probe size. The sampled volume thus contained a
sufficiently large number of ettringite crystals to give optimal
powder diffracted intensities, and the corresponding tomo-
gram was easily reconstructed. Large well-diffracting crys-
tals of quartz and clinker phases behaved as “single-crystals”
and tomogram reconstruction for these phases was affected
by severe artefacts hampering their mapping. The black pixel
areas in ettringite tomogram of the mortar sample (Fig. 2a)
correspond to quartz grains, macro voids and unreacted
clinker grains. These coarse features are in agreement with the
microstructural characteristics visible in the higher resolution
X-uCT tomogram of approximately the same mortar slice
(Fig. 2b). The good correspondence between the X-puCT and
XRD-CT features confirms the reliability of the tomogram
reconstruction based on the 001 ettringite peak intensity.
Unperturbed phase distribution of ettringite was also
obtained for cement samples (Fig. 3). Changes in ettringite
distribution as a function of hydration were monitored by

Fig. 2 a XRD-tomogram based
on the 001 peak intensity of
ettringite phase in the mortar
sample. b X-uCT tomogram of
the mortar sample.
Reconstructed images a and b
correspond approximately to the
same cross-section of the mortar
sample

50 um
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comparing the grey values histograms of the same sample
measured at different times from hydration (8 and 58 h,
Fig. 3c). As the age of the cement sample increases, the large
peak in the histogram shifts to higher grey values indicating an
increase of ettringite volume fraction per pixel. Ettringite
weight fractions inside the sampled slices were estimated by
means of Rietveld refinements on the averaged diffraction
patterns, and the obtained results (14 and 22 wt.% at 9 and
58 h, respectively) confirmed the increase of ettringite as
detected by XRD-CT. Because it was not possible to quantify
the amorphous content (e.g., C—S—H), the obtained weight
fractions are not absolute values and were used just to compare
the phase evolution in the cement sample with hydration.

The evolution of the microstructure during hydration was
also monitored by the greyscale histograms determined over a
volume of interest (400x400x250 voxels, voxel size =
0.7 um) extracted from the X-uCT tomograms (Fig. 3d).
The peak with decreasing height as the age of the sample
increases corresponds to unreacted cement (UC), whereas the
peak with increasing area indicates the increasing population
of hydration products (HP). Porosity (P) generates the peak
shoulder visible in the lower range of grey values and
overlaps with the grey level of hydration products.

The image in Fig. 3a also shows that ettringite is
ubiquitously distributed inside the capillary sample with
slightly higher concentration in areas close to the capillary
walls. A non-homogeneous distribution of the paste is also
visible in the X-uCT image (Fig. 3b), where it can be
observed that the compactness of the paste increases from
the capillary walls towards the centre. This preferential
formation of ettringite in less compact areas of the paste can
be interpreted as due either to the favoured circulation of
sulphate -rich pore solution near the capillary walls or to the
difficulties in achieving homogeneous filling of the capillary.

The histograms in Fig. 3c can be re-normalised in such a
way that the curve integrals (greyscale times voxels) are set
equal to the relative weight fraction of ettringite as obtained
by Rietveld. The obtained plots of wt.% fraction vs.




X-ray diffraction microtomography

Fig. 3 a XRD-tomogram based on the 001 peak intensity of ettringite
phase in the cement sample at 58 h from hydration. b X-uCT
tomogram of the same cross-section of the cement sample at 48 h from
hydration. ¢ Change in grey value histograms relative to ettringite
tomograms of the cement sample at 9 and 58 h from hydration. d

greyscale provide an estimation of the local content of
ettringite associated to any given greyscale value down to a
lower limit of about 0.1 wt.%.

Conclusions

On the basis of the results of these test measurements, it can be
concluded that XRD-CT can be successfully applied for the
three-dimensional investigation of cement materials in a totally
non-invasive way. The main advantage is the access to the real
distribution of selected crystalline or amorphous phases. This
method allowed to map the ettringite distribution in mortar and
cement samples and its evolution with hydration.
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Histograms of grey values (proportional to linear attenuation coeffi-
cient) for hydrated cement after 8, 24 and 72 h. The histograms were
determined over the 3D X-uCT tomograms (UC unreacted cement,
HP hydration products; P porosity)

The main problems encountered concern artefacts in
tomographic reconstruction for phases with crystal sizes
comparable to the dimension of the incident beam.
Effective correction strategies need to be developed. Other
drawbacks are the limited spatial resolution (4 wm in the
present study) compared to the X-uCT, and the long
acquisition time for a complete XRD tomographic scan
over a 500 um diameter sample. The long acquisition time
does not match the time resolution required for studying
paste evolution during the early stages of hydration. This
limitation can partially be overcome by reducing the size of
the measured volume thus reducing the total acquisition time.
As a general conclusion, we can say that the limits of
applicability of the technique concern the dimensions of
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crystalline objects that can be mapped in relation to the
obtainable spatial resolution. The main constraint in obtaining
phase mapping is to have crystals which are one order of
magnitude smaller than the X-ray beam size. Increasing the
beam size, crystalline materials with larger crystals can be
mapped but at the expense of spatial resolution.

Despite the present limitations, XRD-CT is a powerful
and very promising method to map the distribution of
phases, irrespective on their crystalline nature, with a 3D
non-invasive approach.

This technique can offer 3D imaging experimental data
to compare with 3D computer simulation of cement
hydration and microstructure changes.

The combined XRD-tomography-Rietveld method devel-
oped here for the first time is capable to provide spatially
resolved estimation of phase fractions allowing semi-
quantitative mass balance calculations to be added in the
microstructure modelling. The accuracy and precision of these
calculations will be mainly dependent on the amount of
amorphous phase(s) developed during the cement hydration
process. These are comparable to accuracy and precision of
Rietveld quantitative phase analyses typically reported in the
literature for cementitious materials (e.g., [20]).
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