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Micro Abstract

In this contribution, we show examples of X-ray phase and dark-field contrast X-ray imaging, based on
refraction and ultra-small angle scattering of the transmitted X-ray photons, respectively, as applied to
cement-based materials during changes in their water content due to distinct processes. We overview
what can be gained by using such imaging methods compared with what achievable with standard,
attenuation contrast ones.
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Introduction

Photoelectric absorption and Compton scattering are the two physical processes assumed as
the main contributors to the macroscopic attenuation of a X-ray beam transmitted through a
specimen. Such attenuation is what creates contrast between distinct material phases (or between
regions of distinct density of the same phase) in standard X-ray images (both radiographs and
tomograms). Standard, i.e., attenuation-based, X-ray imaging is one of the most used 3D
imaging methods for investigating mechanical and fluid (especially water) transport properties
of highly heterogeneous porous materials, both natural and man-made ones [1H4]. Related
with the investigation of water transport properties, standard X-ray imaging typically requires
substituting the liquid water with a water-based salt solution where the salt is made of high
atomic number elements and acts as a contrast agent. Compared with normal water such
a solution bears higher X-ray attenuation, thus higher contrast is achieved between regions
differing in its content. The need to use such a contrast agent strongly limits what can be



actually investigated: in the case of a chemically reactive water transport process, the ions in the
solution may strongly alter the physics and chemistry of the reactions of the liquid with the solid
substrate, thus perturbing the system which should be, supposedly, imaged without too much
perturbation. We present in this contribution the implementation, optimization and application
to the investigation of water transport in porous materials of other X-ray imaging approaches
which do not require the use of contrast agents. Our original driving goal was studying water
transport processes in hydrating cement-based materials and respective shrinkage/cracking
mechanisms without perturbing the cement hydration reactions. The approaches we present in
this contribution rely on two other types of X-ray - matter interaction processes which create
different types of contrasts in the final, respective radiographs/tomograms: X-ray refraction
(phase contrast) and X-ray small angle scattering (dark-field contrast). Both approaches bear
an advantage compared with standard, attenuation contrast X-ray imaging, in addition to not
requiring contrast agents: they reach higher sensitivity in detecting strong heterogeneities, e.g.,
cracks. As examples we show here results from X-ray phase contrast tomographic microscopy of
pore-scale 3D visualization of pure water evaporative drying in stones and mortars and from
X-ray dark-field contrast imaging of water capillary imbibition in cracked mortar specimens and
water release from internal curing particles embedded in high performance cement matrices.

1 Experimental methods and measurements

The first type of measurements we performed were X-ray phase contrast tomographic microscopy
ones obtained both with the free-space propagation approach, at the TOMCAT beamline of
the Swiss Light Source (Paul Scherrer Institute), achieving an effective spatial resolution of
about 10 pm on cylindric specimens of about 5 mm in diameter and 10 minutes of tomographic
temporal resolution [5], and with the Talbot interferometry approach at the P07 beamline
of DESY /Helmholtz-Zentrum Geesthacht, getting effective spatial resolution of about 5 pm
on 5 mm-diameter mortar specimens and 1.5 hours of tomographic temporal resolution [6].
The second type of measurements were X-ray dark-field contrast imaging by Talbot-Lau (TL)
interferometry with laboratory-scale interferometers custom developed and implemented at the
Chair for Biomedical Physics, Technical University Munich, and at Empa’s Center for X-ray
Analytics.

2 Examples of results

By theoretical calculations, we initially hypothesized that phase contrast images, based upon
information retrieved from the decrement (in respect to unity) ¢ of the real part of the X-ray
complex index of refraction, n =1 — § 4+ i3, should bear, at the same radiation dose level, up
to a ten-fold increase in contrast, compared to standard attenuation-contrast images, based
upon (3. We confirmed such hypothesis in proof-of-concept studies [5,6] (see Figure , where we
experimentally showed that phase contrast imaging could resolve water content changes in the
absence of any contrast agents and could help with mapping their spatial distribution within
the fraction of the pore space with size above the spatial resolution of the imaging system used.
When we targeted the visualization of water content changes in the fraction of the pore space
with size smaller than the spatial resolution, we showed that that dark-field contrast imaging,
based, e.g., upon Talbot(-Lau) interferometry, allows qualitatively visualizing and discerning
between regions with different water contents by producing different degrees of X-ray small-angle
scattering, thus different dark-field contrast levels [7].

Conclusions

X-ray phase and dark-field contrast imaging provide new opportunities for the spatial-temporal
mapping of water content changes in porous materials in the absence of any contrast agent added
to the water itself, which is a severe limitation when the water transport process is chemically
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Figure 1. 3D computer graphics rendering of the X-ray phase-contrast tomogram of a mortar specimen
at the end of an evaporative drying process. The 3D rendering of the binary images (masks) of pores
classified as having undergone either water loss or water gain (blue or red, respectively) during the
drying, based upon image analysis of the time-differential phase contrast tomograms, is superimposed on
top of the phase contrast tomogram. Adaptation from [6].
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Figure 2. Three time-lapse X-ray dark-field contrast radiographs of a mortar at distinct moments during
water capillary imbibition from the bottom. These radiographs were obtained by performing time-lapse
Talbot-Lau interferometry measurements at Empa’s Center for X-ray Analytics. The pixel value scale is
in arbitrary units of 9 - 10~2). Larger values indicate stronger cumulative small-angle X-ray scattering,
while lower values a weaker one. The red arrows point to the wetting front, visible by the naked-eye,
which leads to a decrease in small-angle scattering, i.e., smaller dark-field signal.

reactive, i.e., the solid substrate of the porous material chemically interacts with water and
get changed by it. The latter is the case in early-age (i.e., up to several days from casting)
cement-based materials, which were the main subjects of interest in our study. We report in
this contribution some examples of our work which has shown the higher sensitivity of phase
contrast imaging to water content changes in pores with size above the spatial resolution of
the images as well as examples of how to locate regions inside the pore space where water
content changes occur even when the pore size is below the spatial resolution, in the latter case
exploiting X-ray dark-field contrast imaging. Both contrast modalities, complementary to the
attenuation contrast of standard X-ray imaging, also allows for better resolving and locating,
respectively, microstructural features, e.g., cracks, which are relevant for the investigation of
the water transport process themselves, thus empowering the exploitation of X-ray images for
computational modeling development and validation.
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