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Abstract

The evaluation of liquid transport through porous ceramics are of high importance in numerous applications of these materials,
ranging from chemical and physical filters to biomaterials. We present a proof-of-concept of the capability of speckle-based X-
ray dark-field imaging (XDFI) for studying the water transport through porous materials with high sensitivity and sub-pixel
resolution in a laboratory. Speckle-based imaging (SBI) takes advantage of a simple and flexible setup, with only an additional
and inexpensive textured mask, to provide complementary multi-contrast images. Porous ceramic samples with different pore
size ranges were imaged in dry and different pure water-saturated states, via an X-ray speckle-tracking setup. The retrieved dark-
field images revealed a high sensitivity to (1) the pore size range and to (2) the local water saturation degree. Independently of
the pore size range, the dark-field signal decreased upon water saturation. Compared with previously reported laboratory-scale
XDFI results for water transport through porous materials, the speckle-tracking approach allows achieving higher temporal and
spatial resolutions, thus broadening the range of (water) transport processes which can be investigated without using any contrast
agent.
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1 Introduction

The transport of water (pure or containing ions and other compounds) through most porous materials affects their properties,
eventually leading to corrosion, crystal growth, and consequent deformation or even cracking [1]. Porous ceramics have many
applications, e.g., as filters for removing chemicals from an environment or as bioactive materials for bone regeneration [2—6].
Therefore, an assessment of the liquid transport properties of porous ceramics is typically needed to characterize its durability
and performance [7].

Common methods for such characterization are neutron imaging, nuclear magnetic resonance (NMR) spectroscopy and imaging,
and X-ray imaging [1]. The latter is more accessible and allows achieving higher spatial resolution for the same specimen size.
Conventional X-ray imaging has been widely used in the laboratory or at synchrotron facilities for studying water transport and
pore size distribution in porous materials [8—10]. In this method, a highly-attenuating contrast material (e.g. salt, potassium
iodide, lead nitrate) is usually added to the water in order to increase the contrast between pores and the material. However, this
is not desired in experiments where the added contrast agent could be adsorbed or react with the porous material or alter fluid
properties [11]. Moreover, in standard X-ray imaging and tomography, the pores' size should be above the image resolution, in
order to be detected [10,12]. Therefore, the standard image contrast mechanism based on X-ray attenuation, with no contrast
agent, has lower sensitivity to local water content changes for most porous materials of practical interest [13]. X-ray phase
contrast (XPCI) and dark-field (XDFCI) imaging have been suggested to provide much higher sensitivity to small electron
density changes due to water transport [11,12]. These techniques enable to retrieve the refraction and (ultra-)small angle
scattering (USAXS, also called dark-field) components of the transmitted X-ray beam, which are much more influenced by local
water content changes [14]. The dark-field signal is indeed produced due to the photon scattering from structures at sub-pixel
length scales [15].

Yang et al. reported on an X-ray dark-field imaging based on grating interferometry (GI) for tracking water transport in mortar
samples [11]. GI relies on advanced phase and absorption gratings, which reduce the overall detected photons, resulting in very
long measurement times [16]. Yang et al. [12] obviated the need for an absorbing grating by taking advantage of the high
brilliance of synchrotron radiation and a high-resolution detector. However, synchrotron X-ray beams are not available for
routine NDT experiments. Furthermore, the complexity of the grating fabrication makes it expensive and difficult to achieve a
large field of view for the investigated sample. Finally, GI requires a phase-scanning procedure which may not satisfy the
temporal resolution needed for imaging of fast dynamic processes [17-19].
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Among demonstrated X-ray phase-sensitive techniques is the speckle-based imaging (SBI), proposed by several investigators
[20-22], which enables multi-modal imaging of a sample by tracking near-field speckles created from a diffuser. SBI takes
advantage of a simple and flexible setup, with only an additional and inexpensive textured mask, e.g., a sandpaper sheet,
positioned between the source and detector (see Fig. 1). This diffuser modulates the intensity and phase of the X-ray wave fronts
in the near-field region [23], making it possible to retrieve three image types stemming from three distinct contrast mechanisms:
the absorption, the differential phase, and the dark-field contrast images. They can be retrieved from the same raw images
acquired at the same time through appropriate algorithms [14,24,25]. This technique provides the phase-sensitivity at all
directions also in a single-shot mode. Another advantage of SBI is its independence of the X-ray beam's temporal coherence and
its low spatial coherence requirement [26,27].

Figure 1: A Schematic of the experimental setup for single-shot X-ray
speckle-based imaging.

In this study, we utilize a laboratory implementation of SBI to visualize the changes in pure water saturation degree in porous
ceramics with well controlled porosity and pore size ranges. Compared to the propagation-based XPCI [13], SBI enables to
retrieve also the dark-field contrast images with almost the same simplicity, photon flux efficiency, and time frame. Moreover,
unlike the same multi-contrast imaging realized by GI and reported in previous works [11,12,28], the SBI technique uses only
two single images to track the phase-shift and (ultra-)small scattering signals [14]. This is very important from the NDT point of
view. It implies a facilitated, inexpensive, and accelerated dynamic imaging and tomography acquisition implementable with
laboratory sources. In the following, the implementation of the experiments and analysis is described. In section 3, the results
are presented and discussed. A conclusion on the perspectives is contained in section 4.

2 Materials and Methods

Two prismatic porous ceramics samples (alumina and fused silica, DP82/81 and DP215, manufactured by HP Technical
Ceramics, UK, for filtration applications) with different pore size ranges (0.3-2 pm and 10-20 pum, respectively) were assessed
by our imaging setup. The samples were about 4 mm? in the base cross-section and 2 cm high. Before the experiment, they were
wrapped by a nylon sheet on all sides except the bottom, intended to be in contact with water, in order to avoid its evaporation
from the sides.

The X-ray speckle-tracking setup included a Hamamatsu (L10801) X-ray micro-focus tube operated at 70 kVp and 120 pA. A
Gadox scintillator coupled with a CCD camera through fibre optic bundles was used as the detector with a matrix size of 2016
x 1344 and an effective pixel size of 18 um. The detector was placed at 257 mm downstream the source. The sample was
positioned at 55 mm from the source. A sandpaper sheet with an average grain size of 18 pm was placed along the tube's optical
axis, 25 mm upstream the sample. The effective pixel size was 3.86 pm. The experiment was performed with both one and a
stack of four sandpapers to check the speckle visibility.

As the reference, one radiograph was acquired only with the diffuser in place. The other radiograph was acquired with the diffuser
and the sample, hanging over a water container. Each sample was first measured in the dry state. Then, it was lowered to bring
its open bottom in contact with the (distilled) water and immersed by 3 mm. Radiographs were then acquired over 2 seconds
with averaging 5 successive frames to increase the signal-to-noise ratio. Time-lapse imaging was performed during the capillary




suction, with a sampling time of 20 s for a total of 11 hours. The averaged radiographs were processed further in MATLAB by
a cross-correlation algorithm [14] with a 13 x 13 subset size to obtain attenuation and dark-field images of the samples.

3. Results and Discussion

The pure attenuation and dark-field radiographs retrieved from the single-shot SBI approach are presented at three time points
in Fig. 2 for the sample DP215. When comparing the two radiograph types shown there, no pore space texture is visible in the
attenuation radiographs (bottom row) in both dry and wet states. This is also observed upon comparing attenuation and dark-
field radiographs retrieved for the DP82/81, shown in Fig. 3.
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Figure 2: Retrieved dark-field (top) and attenuation (bottom)
radiographs of the DP215 ceramics acquired by the single-shot SBI
laboratory setup at the time points (a) O h, (b) 5.5 h, and (c) 11 h during
the gradual water saturation.

However, the dark-field radiographs for both ceramic samples exhibit a clear random texture due to strong (ultra-) small
scattering by the porous microstructure (Figs 2, 3-top row). The mean attenuation and dark-field signal (radiograph pixel value)
for the samples are reported in Table 1. Unlike the average attenuation signal, which did not mirror any change in the water
saturation degree, the average dark-field signal decreased as the water saturation degree increased. This resulted from gradually
fading the (ultra-)small angle scattering, and then diffusion, of X-rays upon interaction with the pores partially/fully filled with
water [3]. The results with a stack of sandpapers showed a lower speckle visibility, which could be as a result of additional
refraction and diffusion between the multiple sandpaper sheets. Since the sandpaper sheets could not be stacked together with
zero distance between them, such an inter-space enhanced the photon multiple scattering events. We believe this could increase
the speckle blur, and then, decrease the overall visibility, instead of increasing it due to higher attenuation of the speckles.

Generally speaking, the sample with higher pore size range showed stronger dark-field signal than the smaller-pore-size sample.
As such, decreasing the dark-field contrast during the gradual water saturation was more pronounced in the former sample than
in the latter. Although unsaturated water transport through porous materials depends on many features additional to pore size
range, e.g., pore size distribution in the given range, pore size spatial heterogeneity, the presence of cracks as special pores,
temperature, and materials properties, the overall sensitivity of X-ray dark-field images to changes in the local water saturation




degree can empower the characterization of unsaturated water (or, more generally, liquid) transport through porous materials.
The value of such images is especially enhanced if obtained by the more easily implementable and more time-resolved SBI
approach. Such value will be strengthened with further understanding of the relationships between pore size range/ distribution
and SBI system parameters, speckle characteristic length, and noise reduction, not only for radiographic but also tomographic

images.
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Figure 3: Retrieved dark-field (top) and attenuation (bottom)
radiographs of the DP82/81 ceramic sample by the single-shot SBI
laboratory setup at the time points (a) O h, (b) 5.5 h, and (c) 11 h
during the gradual water saturation.
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Table 1. Mean attenuation and dark-field signals (pixel values) retrieved at different time points during the
gradual water saturation.

Contra'st Dark-field mean pixel value (a.u.) Attenuation mean pixel value (a.u.)
mechanism
Time (h)
0 5.5 11 0 5.5 11
Sample
DP512 1.94 1.80 1.62 0.222 0.222 0.210
DP82/81 0.82 0.78 0.70 0.090 0.089 0.088




3 Conclusion

This study provides a proof-of-concept for the feasibility of using multi-modal X-ray speckle-based imaging for characterizing
(unsaturated) liquid transport through porous materials, without the need of any contrast agents but simply exploiting their
inherent microstructural heterogeneity. This technique is simple and fast to set up with a conventional laboratory X-ray source.
Furthermore, it doesn't need any long lasting measurement protocol with additional X-ray optics elements, as in X-ray grating
interferometry. Thus, it allows achieving higher temporal resolution and it is insensitive to mechanical instabilities, which makes
it very suitable for tomography purposes. All these advantages suggests SBI as an inexpensive and easily implementable method
for NDT inspections and characterizations.
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